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2 1.1. INTRODUCTION - CONTEXT

1.1 Introduction - context

“The ultimate answer to humanity’s energy problems
rises every morning and sets every evening.”

“Ever since Archimedes, men have been searching for the secret of the sun. [.../The dream
of ages has been brought closer by the Bell System Solar Battery. [...]The progress so far is like the
opening of a door through which we can glimpse exciting new things for the future. Great benefits for
the telephone users and for all mankind may come from this forward step in putting the energy of the
sun to practical use”. With those emphatic words, Bell Telephone Laboratories spread the news, in
19542, for their new invention: a device that can convert sun light into electricity (see Fig.1.1). Based
on the photovoltaic effect, discovered in 1839 by Alexandre-Edmund Becquerel, this first solar panel,
made of crystalline silicon p-n junction, had a 5-6% efficiency.

The sun is Earth’s natural power source, driv-
ing the circulation of global wind and ocean cur- P . a
rents, the cycle of water evaporation and con- B

densation that creates rivers and lakes, and the
biological cycles of photosynthesis and life. In-
deed, the potential of solar energy, as underlined
by the journal Nature in 2008!, is tremendous:
the total power received from the sun on earth
exceeds by ~ 10% times the mean power con-
sumed by Humanity. The solar energy, radiant
light and heat from the sun, has been harnessed
by humans since ancient times using a range of
ever-evolving technologies. Three main solar en- ot

ergy conversion processes can be distinguished: — su»“"‘ww-;m 7 HT‘; d i
i) the production of fuel (biomass), through nat- e e St ot il o o btiors ot up s elom
ural and artificial photosynthesis. ii) The energy
of the sun, concentrated or not, can also be used
to produce heat for direct use or further conver- Fig. 1.1 — "It's the Bell Laboratories Solar Battery, made of
sion into electricity. iii) It is possible to convert thin discs of specially treated silicon, an ingredient of common
directly solar energy into electricity, by creating sand”. Advertisement for the very first solar panel.”
electron-hole pairs in a photovoltaic cells. If we

also take into account the secondary solar-powered resources (wind, wave power, hydroelectricity, etc.)
the solar radiation account for most of the available renewable energy on earth. However only a mi-
nuscule fraction of the available solar energy is used.; solar’s uses are mostly limited only by human
ingenuity.

Bell System Solar Battery Converts Sun’s Rays into Electricity!

The supply and demand of energy determine the course of global development in every sphere of
human activity. Besides the energy from food necessary to sustain our body (~2500 kCalories per day,
corresponding to a 100 W light bulb), roughly 30 times more energy is used on average to make our
life more comfortable. Sufficient supplies of clean energy are intimately linked with global stability,
economic prosperity, and quality of life. Many of the global challenges humanity is facing today are
driven by two factors: i) the continuing increase of the word population and ii) the growing energy
demand from both the new developing and the developed countries. The evolution of the global popu-
lation is represented in fig.1.2. The 7 billions threshold was reached roughly at the beginning of 2012,
while 13 years earlier, there were only 6 billions people on the planet and 2 billions in 1927. This fast

'Editorial, Nature, 14th August 2008, A task of terawatts
2Science: Solar Batteries, Time magazine, 3 May 1954, Sun Electricity


http://dx.doi.org/10.1038/454805a
http://www.time.com/time/magazine/article/0,9171,807289,00.html
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Number of people living worldwide since 1700 in billions 2048: 9 bin

(. There are more people living inside
k‘!'thls circle than outside of it.

192:7:
2 bin

1700 1800 1900 2000

Fig. 1.2 — Evolution of the World population growth from the 18th century and foreseen trend. The
population density is largely non-uniform as shown in the inset. Source: United Nations Population
Prospects.

increase will most likely lead to an additional billion of people by 2024. Consequently, the world energy
demand is projected to more than double (30 TW) by 2050, and more than triple (50 TW) by the
end of this century. Covering 0.16% of the land on Earth with 10% efficient solar conversion systems
would provide 20 TW of power, nearly twice the present world’s consumption rate of fossil energy and
the equivalent of 20 000 nuclear fission plants (1 GW). In comparison, the ultimate resources for oil,
estimated at 3x10'2 barrels represent the energy delivered by the Sun in one day and a half.

1.2 Photovoltaic market

Burning fossil fuels to produce energy is a short term solution that has long term negative
impacts. From the accurate scientific understanding of the climate system (see IPCC report'), the
influence of human activities on the climate system is clear. This is evident from the increasing
greenhouse gas concentrations in the atmosphere, positive radiative forcing, observed warming of the
atmosphere and oceans, reductions in snow and ice, global mean sea level rise, and changes in some
climate extremes. For example, the atmospheric concentrations of carbon dioxide, methane, and ni-
trous oxide have increased to levels unprecedented in at least the last 800 000 years; carbon dioxide
concentrations have increased by 40% since pre-industrial times, primarily from fossil fuel emissions
and secondarily from net land use change emissions. Continued emissions of greenhouse gases will
cause further warming and changes in all components of the climate system.

Today, oil, coal and gas account for nearly 80% of world final energy consumption, as shown in
Fig.1.3. A diversification of energy sources is absolutely necessary in the current context of rarefac-
tion of fossil resources, climate change and ever-growing energy prices. This shift to a new mode of
production with better efficiency and less environmental impact becomes more obvious as we consider
that global energy demand will more than double by 2050 and even more than treble by the end of
century. Finding energy sources to satisfy the world’s growing demand is one of society’s foremost

'IPCC., Cambridge University Press, ISBN: 978 1-107 661820, 2013.
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Fig. 1.3 — Estimated renewable energy share of global final energy consumption, in 2012°.

challenges for this century. More particularly, the direct conversion of solar radiation into electricity
with photovoltaic (PV) devices, is a very promising solution since the solar radiation is relatively
well-distributed on Earth, there are no major geopolitical risks associated with this technology, and it
can potentially cover a large fraction of today’s an tomorrow’s energy demand”.

The fraction of renewable energy in the global final energy consumption in 2012 is estimated around
19%>. This value may seem important, however slightly less than half of it comes from traditional
biomass, that is burning wood for cooking and heating, in developing countries. The share of modern
renewable energies is thus only in the 10% range. Moreover, the wind/solar/geothermal energies
sources represent only 1.2% of the global energy demand. Looking more specifically at electricity
production, the share of photovoltaic technologies represent around 0.7%, while wind account for
2.9% and hydropower 16.4%.

: Thousand TWh
Gigawatts World Total
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a) BBy b) = Renewables
125 =
30 fl = Hydro
100 100 o
Nuclear
75 70 — 20
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50 40 B
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2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 1970 1990 2010 2030

Fig. 1.4 — a) Total world solar PV capacity evolution from 2004 to 2013°. b) World electricity
power generation in TWh*.

2A. SLAOUI et al., MRS Bulletin, 32: 211-218, 2007.
3REN21., Renewables 2014 global status report, ISBN: 978-3-9815934-2-6, 2014.
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However, despite contributing only to a tiny fraction of the energy mix, the photovoltaic market is
growing fast, as shown in Fig.1.4-a): 39 GW of PV capacity were added in 2013 to the existing 100 GW
of 2012. And, compared to 2013 level, almost half of the world PV capacity has been installed during
the years 2011 and 2012. This two digit growth of the PV market has to be compared with the total
electricity consumption increasing by roughly 2.5%" per year. Consequently the share of phovoltaic
in global power electricity generation, and more generally the share of renewable, will increase in the
coming years (see Fig.1.4-b)).

1.3 An intermittent energy

One of the major obstacles for extensive photovoltaic penetration into the grid, is the intermit-
tency of this renewable power source (day/night alternation, daily/season weather fluctuation). While
conventional electricity sources can produce at their nominal power more than 8000 hours per year,
photovoltaic yields is estimated to produce an equivalent of about 1000 h/year at nominal power. It
is indeed not acceptable for today’s society to access electricity only when the wind is blowing and/or
the sun shinning. So far, the intermittency of renewable sources has been balanced by back up peak
power plants (gas, coal); this is of course mitigating the low carbon impact of renewable energies. To
overcome this intermittency problem, several solutions have to be considered:

e The development of energy storage technology with low dissipation losses (pumped hydro, com-
pressed air, fuel cells, batteries, etc.) can potentially smoothen the electricity production from
renewables.

e Improving weather prediction and its correlation with electricity generation, on time scale span-
ning from minutes to days, is also crucial.

e Improving the grid interconnection between countries, e.g. at the European scale, can partially
compensate the uncorrelated weather fluctuation at large scale.

e And finally, all this will require smart grids to adapt production, storage and consumption in an
optimized way. Another option could be to implement local grid and decentralized storage.

Actual production

30.06. 01.07. 02.07. 03.07. 04.07. 05.07. 06.07.

Legend: [ Export B Import B Conventional > 100 MW Wind Solar

Fig. 1.5 — Electricity production (solar, wind and conventional sources) for the first week of July
2014 in Germany. From B. Burger®.

4BP., Available online, www.bp.com/energyoutlook, 2014.
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To illustrate the intermittent characteristic of solar photovoltaic energy, the electricity production
in Germany, as presented by Fraunhofer ISE®, during the first week of July 2014, is shown in Fig.1.5.
On this graph, the share of PV electricity is represented in yellow. The peak of PV electricity produc-
tion happens around noon, which corresponds also to the peak of electricity consumption; Germany
even exports electricity during this peak production. More than 30% of the peak electricity consump-
tion comes from solar PV panels. Of course this contribution can change a lot for less sunny weeks; in
average, during the first 6 months of 2014, PV has contributed to 7% of German electricity mix. As
a comparison, PV production in France, which features a higher sun irradiation, represented around
0.8% of the electricity mix in 2013.

1.4 Solar photovoltaic technologies

Much progress were made since the first solar panel from Bell Laboratories in 1954 (see Fig.1.1),
reaching 5-6% efficiency. The record conversion efficiencies and their evolution, for laboratory scale
solar cells, are reported in the NREL chart, in Fig.1.6. This chart includes all the PV technologies,
and spans from 1975 to 2014, including the latest certified record cells®. Indeed, improving the pho-
tovoltaic power conversion efficiency has been driving research for years, since it has a major impact
on electricity generation cost.

The highest conversion efficiencies, represented in purple in this graph, are achieved using semi-
conductors of the column III and V of the periodic table. The record certified efficiency to date is
44.7%" (and even 46% in december 2014), and these so-called III-V cells have still room for efficiency
improvement. Such solar cells are based on complex multilayer architectures to collect and convert
a large fraction of the incident solar energy. By concentrating the sunlight, the solar cell area (and
thus the required material) can be reduced, while at the same time a logarithmic efficiency increase
with the illumination is obtained, thus they are often used under concentrated light. However, these
so-called III-V solar cells remain expensive and relatively scarce; consequently they are mainly used
in space and terrestrial concentrator photovoltaic applications. This technology represents in fact a
tiny fraction of the solar market.

Crystalline silicon (blue curves in Fig.1.6) is by far the most common material for PV panels.
The best conversion efficiency achieved so far is 25.6%". This technology now follows an asymptotic
efficiency curve, because it is in fact getting very close to its theoretical upper limit. But this is
one of the cheapest technologies, and as we will see in the next section, it is based on the abundant
and non-toxic silicon material. If the cell efficiency has not changed much over the past 15 years for
this technology, the module efficiency has improved a lot, and the gap between best cell and module
efficiencies is now reduced to ~ 2%; the cost has also strongly decreased. A new technology based
on thin film crystalline silicon (see downward blue triangles) is progressively catching up with the
efficiency level of standard crystalline silicon; using ~3-4 times less materials compared to crystalline
silicon, it can potentially further reduce the cost and thus replace the standard crystalline silicon
technology at some point.

Another category of solar cell technologies, based on thin film, is getting close to the 25% value;
they are represented in green on this graph. Indeed they differ from crystalline silicon because they
have an active material thickness roughly 100 times smaller. The champion materials in this category
are CdTe and CIGS solar cells, reaching respectively 21% and 21.7% efficiency®. While potentially
low cost, the drawback of these technologies are material scarcity and/or toxicity issues. Finally, the
category of emerging PV is represented in orange; it includes organic solar cells, CZTSe, Quantum
dots, etc. Most of them are very recent, and some of them have a very high efficiency progression rate
(e.g. Perovskite cells). However, they are facing many issues such toxicity, light degradation, etc.

5B. BURGER., Available online, www.ise.fraunhofer.de, 2014.
SM.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.
"F. DIMROTH et al., Progress in Photovoltaics: Research and Applications, 22: 277-282, 2014.
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Fig. 1.6 — The yet famous NREL chart with best research cells efficiencies time evolution.
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1.5 Material availability

From small size off-grid applications to industrial grid connected power plants, photovoltaics
is a true multi-scale energy. Apart from specific small volume markets (space, etc.), the material
availability is a crucial point in solar cell technologies. If photovoltaic energy is to become a noticeable
source of electricity, then it has to reach the terawatt peak order of magnitude. As seen above several
materials can be used in solar cells. In this large scale and long term production scenario, the question
of chemical components abundance and ability to recycle materials by the end of product life is crucial
for both economical and environmental points of view.

1.5.1 Chemical elements abundance

Rock-forming elements

0
10 Br Mo Cs EWW '
= AR T
Ag In Hol g
10° oy T Au
Major industrial metals in red Rh Rej [Pt
Precious metals in purple . ~ Os
Rare earth elements in blue Rarest "metals Ir
10-6 L I L ' L I L I L l L ' 1 I 'l I L '
0 10 20 30 40 50 60 70 80 a0

Abundance, atoms of element per 10° atoms of Si

Atomic number, Z

Fig. 1.7 — Abundance of chemical elements in Earth’'s upper continental crust as a function of
atomic number. Graph from Wikipedia, data from United States Geological Survey - USGS®.

Fig.1.7 shows chemical elements abundance, for a 10% silicon atoms quantity of matter, in
Earth’s upper continental crust as function of atomic number®. The Earth crust is typically composed
of the 30 to 50 km outermost solid shell of our planet. Elements with small atomic number are the
most abundant ones (Rock forming elements, highlighted in green), the top 8 in decreasing order,
by weight %, being: O(~47%), Si(~28%), Al(~8.1%), Fe, Ca, Na, K, and Mg(~1.5%). All other
components occur in small to very small quantities. Major industrial metals (Al, Mg, Fe, Ti, Mn, Cu,
Zn, etc.), with a global production above 3x107 kg /year, are marked in red, precious metals (Au, Ag,

8USGS., Available online, http://minerals. usgs.gov/minerals, 2013.
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Pt, Ru, etc.) in purple and so called rare earth elements in blue (Y, La, Yb, Nd, Er, etc.). This latest
category is composed of siderophile elements, being depleted and relocated deeper into Earth’s core,
that have very little tendency to be concentrated in exploitable ore deposits in the crust. But some
rare earth components (Ce, Y, Sc) can have similar crustal concentration compared to common place
industrial metals (Cr, Ni, Cu, etc.), and even the least abundant ones (Tm, Lu) are roughly 200 times
more common than gold for instance.

1.5.2 Estimations of maximum output power

Simple calculations, based on US Geological Survey reserve estimations®, can give us a rough

idea of material challenges for terawatt scale photovoltaic energy production. Of course, the notion of
reserve is a tricky one, since it has both a physical and economical subtleties. The main uncertainty
factors for reserve estimation are the proprietary nature of the data and the extraction processes of
diluted elements. In, Te, Ga for instance are not mined directly but extracted as byproducts of other
metals (Zn, Cu, Al) mining processes, and data for Ge reserve from non-US mining companies are
hard to find. Anyhow, the point here is only to find estimations of order of magnitude for power
and production rate of each main solar cell technology. Following the approach of Tao et al.” and
Feltrin et al.'’, combined with latest values found for efficiencies, reserves, and production rates,
one can try to evaluate material challenges for terawatt scale photovoltaic deployment. We choose
to follow a rather simple and optimistic scenario, based on the following assumptions: - Efficiencies
are taken from champion lab cells® - Estimations of reserves, are taken from USGS®, and material
production rate is considered as constant (see Fig.1.8-a)) - Use of chemical element by other industries
is taken into account by arbitrary limiting reserve available for to 25% of the total value - Solar panel
degradation over its lifetime is not considered - We use the standard AM1.5G solar spectrum with 1000
W /m? - Weather and day/night variation taken into account by a time averaged output power of 20%,
corresponding to a daily 4.8 kWh/m? - And finally, given that global primary energy consumption in
2012 was roughly equivalent to 17 TW*!! we assume this number will reach 30 TW by 2050 and 50
TW by 2100.

e CdTe: Tellerium is clearly the limiting element for this technology. If we assume 2um thick
absorber and 22.10% tons of reserve, with 127.6 atomic mass unit (amu) the 0.6482 nm lattice
constant of blende like CdTe crystalline structure, one can find a maximum wattage of 693
GWp; efficiency of 19.6% is used in this evaluation. That is roughly 139 GW of time averaged
output power and thus ~0.3% of 2100 estimated world primary energy consumption. The present
tellurium production is equivalent to 2.8 GWp/year, and this would take ~ 244 years to reach
maximum CdTe solar panel volume.

e CIGS: A typical composition of CIGS is Culng7Gag3Ses. Estimated Indium reserves, 11.103
tons, show that it will be the limiting element by roughly a factor of 10. And thus, using the
above-mentioned composition, a chalcopyrite unit cell of 0.574x0.574x1.125 nm?, 114.8 amu for
indium, 2um thick absorber and 19.8% efficiency, one can find 1.1 TWp max power, which gives
220 GW by time averaging. This latest number correspond to ~0.4% of the 50 TW projection.

e GaAs: arsenic will be the limiting element, but its production clearly dwarfs the one of gallium.
Recently, 28.8% was achieved by Alta Devices for lifted off GaAs solar cell under one sun®'?.
Thus thin film GaAs can potentially enable wafer reuse: assuming 2um thick absorber and
880.10% tons of As reserve, with As 74.9 amu and the 0.56533 nm lattice constant of blende like

9C.S. TaO et al., Solar Energy Materials and Solar Cells, 95: 3176-3180, 2011.

10A. FELTRIN et al., Renewable Energy, 33: 180-185, 2008.

SM.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.

4BP., Available online, www.bp.com /energyoutlook, 2014.

HTEA., Available online, www.worldenergyoutlook.org, 2013.

12B M. KAYES et al., 37th IEEE Photovoltaic Specialists Conference (PVSC), 000004 —000008, 2011.


http://www.bp.com/energyoutlook
http://www.worldenergyoutlook.org/

10

1.5. MATERIAL AVAILABILITY

GaAs crystalline structure, one can find a maximum wattage of 11.5 TWp. That is roughly
2.3TW of time averaged output power and thus ~18.4% of 2100 estimated world primary energy
consumption. However, with the actual gallium production, this would take ~3000 years to

reach this GaAs solar panel volume.

e Crystalline silicon: Being one of the most abundant element on earth, there is no risk of shortage.

The results calculated above for CdTe, CIGS, GaAs and c-Si solar cells are gathered in Fig.1.8-b).
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Fig. 1.8 —a) Comparison between estimated reserves and actual production for various material used
in solar cells (USGS data®). b) Estimated maximum peak and averaged output power for various
solar cell technologies, using the approach of Tao® and Feltrin'?. The corresponding fraction (red
curve) of the foreseen year 2100 50TW energy demand is reported on right axis.

Nevertheless, contacting metals used in solar cells such as silver are often mentioned as limiting
factors. For instance, let us say we use the reserve of 540.102 tons of silver, with a density of 10.5g/cm?,
transformed in 10 pum thick contacts covering ~10% of the cell surface area, with 25% Si energy con-
version efficiency; this leads to a maximum of 12.8TWp corresponding to a time averaged 2.6 TW,
that is roughly 5 percent of the 50 TW scenario of 2100. Moreover, the Actual silver production will
limit this volume increase to ~343 GWp/year.

However, recent studies tend to prove that Cu and/or Al, more abundant and less expensive mate-
rials, may be good candidates for Ag substitution: i) Pluto-passivated emitter and rear locally diffused
cells (PERL) from Suntech Power company have reached more than 20% efficiency on 155cm? p-type
absorber with 90% copper front contact and Al back contact'? ii) Even 20.4% efficiency was recently
reported for 243cm? and 40um epitaxial lifted off Si absorber, by Solexel Company, using only Al
contacts'®. Thus, silicon solar cell technology is a credible candidate that may reach several terawatts.
Considering thin film solar cells, one can see from estimation above that CIGS and CdTe have se-
vere material limitation for terawatt scale PV. However alternative approaches have already shown
promising results: 12% efficiency was reported recently by IBM'® for solar cells with CusZnSn(S,Se)4
(CZTSSe) absorbers, composed of earth-abundant and non-toxic metals. In addition, amorphous and
micro-crystalline silicon are also interesting candidates. Despite their lower efficiency, in the 10 to 11%
range at the module size, they can contribute nonetheless to a significant portion of the energy mix:
by substituting ZnO electrodes to the commonly used indium tin oxide (ITO) and avoiding the use of
silver, like for ¢-Si, they have no major hindrance to reach TW scale.

137 WANG et al., Progress in Photovoltaics: Research and Applications, 20: 260-268, 2012.
4P KAPUR et al., 28th EU PVSEC Proceedings, 3D0.7.6: 2228 —2231, 2013.
5M.T. WINKLER et al., Energy & Environmental Science, 7: 1029-1036, 2014.
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1.6 Energy payback time

PV technologies produce electricity directly from the sun light, without fossil fuel consumption
nor greenhouse gas emission, during its operation. It might thus seem completely clean and with no
environmental impact. But one should remember that solar panel fabrication requires energy and
emits greenhouse gases. The PV systems environnemental impact are in fact evaluated with life cycle
assessment methods. Two indicators are commonly used: the energy payback time and the greenhouse
gas emission rate. The energy payback time (EPBT) is defined as the years required for a PV system
to generate the amount of energy which compensates the energy consumption over its lifetime cycle
(manufacturing, assembly, transportation/installation, maintenance, recycling). The greenhouse gas
emission rate quantifies the total emission divided by the amount of electricity generated, over the PV
system lifetime cycle.
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Fig. 1.9 — Energy payback times a) and b) greenhouse gas emission rates for various PV systems.'°

As shown in Fig.1.9-a) the energy payback time of PV technologies span from 0.75 to 3.5 years'".
This is rather small compared to lifetime of 25 to 30 years for crystalline silicon panels for instance'.
For the greenhouse emission, PV systems are estimated to produce between 10 to 50 g CO2_¢q/kWh;
as a comparison, this is roughly 20 times less than coal power plants. Of course, those numbers may
change depending on the details of life cycle analysis process (energy sources used to produce the

panel, etc.). But overall, PV appears to be an excellent strategy to produce clean energy.

1.7 Aim and outline of this PhD thesis

Within this general context of photovoltaic energy, this doctoral work is tackling issues from the
nanoscale material science to the electrical characterization of solar cells. We have studied thin film
deposition tools, performed several types of material analysis, and processed and characterized solar
cells based on Si, Ge and GaAs chemical elements. More specifically, we focus on a new and promising
way of growing monocrystalline silicon (perfectly ordered semiconductor) that can lead to low cost and
high efficiency solar cells: the plasma-enhanced chemical vapor deposition (PECVD). This technique,
routinely used by the industry to produce disordered semiconductor materials (a-Si:H, uc-Si:H, etc.)
on large areas, is here studied for its rather unknown ability to grow monocrystalline silicon (so-called
epitaxy) at low temperature, namely around 200°C. Thus, the aim of this PhD thesis is to gain some
insight on the effect of the plasma parameters enabling this unusual growth process, to quantify the
layers material properties deposited with this PECVD technique, and to evaluate the potential of solar
cell devices based on these layers (thin film monocrystalline silicon). We have finally developed an
original and innovative approach to reach high efficiency and low cost solar cells: the combination of
crystalline silicon and GaAs semiconductor using the low temperature PECVD technique. The outline
of this work is detailed below.

16J. PENG et al., Renewable and Sustainable Energy Reviews, 19: 255-274, 2013.
! And like nuclear power plants, the lifetime warranty is regularly increased for solar panels.
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After this short introduction presenting the
context and photovoltaic energy, we are going to
focus progressively on the topic of this doctoral
work. Thus, in Chapter 2 we set the basis of
the physics of solar cells and introduce the crys-
tallographic concept of epitaxy. Having done so,
the main experimental tools used in the following
chapters, for semiconductors layers deposition and
characterization, are presented. Then, with chap-
ter 3, 4 and b5, illustrated in Fig.1.10, we focus
respectively on the growth of mono-crystal mate-
rials at low temperature, the use of these mono-
crystals as a photo-active layer in thin film so-
lar cells, and finally their combination with III-V
semiconductors for tandem photovoltaic device.
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Chapter 3, Low temperature RF-PECVD epi-
taxial growth, presents a detailed study of the orig-
inal growth process of silicon mono-crystal in plasma-
enhanced chemical vapor deposition reactor, at
‘ temperature around 200°C. Using characteriza-
. t { tion tools such as in-situ ellipsometry, Raman spec-
troscopy, transmission electron microscopy, X-ray
diffraction and microwave photo-conductance de-

A RN ERERR R  cay, we investigate the link between deposition
A 1"1 Y '¢'9 W BN 8 parameters and crystal quality. By comparing

LA ' our experimental results with literature data, we
gain some insight into this unusual growth mech-
anism.
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In Chapter 4, Thin film PECVD epitazial so-
lar cells, we study the possibilities to use the epi-
taxial layers, as described in chapter 3, to build
ultra-thin (few microns thick) solar cells. Results
about epitaxial cells on crystalline wafer, epitaxial
lift-off of PECVD layers and epitaxial solar cells
transferred on low cost substrates are presented.
Additionally, we investigate strategies to increase
Fig. 1.10 — Thumbnails selected results from chapter absorption in thin crystalline layers by using pho-
3, 4 and 5, together with the main studied chemical tonic nanostructures and alloying silicon with ger-
elements. manium.
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Finally, the Chapter 5, Integration of Si on III-V: towards tandem devices, focuses on the combi-
nation of III-V compounds and silicon. Our innovative approach of growing silicon on GaAs at low
temperature is presented and compared with literature results in this field. We detail the performance
of ITI-V cells and tunnel junctions fabricated during this thesis and show how they behave when exposed
to a Ho plasma. The crystal quality of low temperature PECVD epitaxial silicon on GaAs is assessed.

This doctoral work is then summarized in the conclusion section which gathers the main contribu-
tions added to the research field and perspectives.
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2.1 Plasma enhanced chemical vapor deposition - PECVD

Plasma is by far the most common condition of visible matter in the universe (more than 99%),
both by mass and volume. Stars are made of hot and dense plasmas whereas interstellar medium
are cold and tenuous. A plasma is a ionized gas with free electrically charged particles, where charge
neutrality is globally respected, but not locally. Depending on the type of atoms and molecules,
the ratio of ionized to neutral particles, the particle energies, etc., plasmas of different nature can
be distinguished. Most of the industrial plasmas are weakly ionized and they thus contain lots of
neutral species (radicals, molecules, atoms). Ions and electrons make the plasma strongly influenced
by electric and magnetic fields: they behave at low frequency as a conductor and at high frequencies
like dielectric medium. Both internal and external fields induce therefore strong collective behaviors
of the plasma; electrons for instance are significantly more mobile than ions (due to the large mass
ratio) and causes localized charge separation within the plasma.

The so called low temperature plasmas are used in industry for various applications: microelec-
tronics, surface treatment of automotive components, aerospace and biomedical sensors, etc. Those
plasmas are produced by electrical discharge through gases using power sources ranging from DC to
GHz. Pressures range typically from a fraction of Pa to atmospheric pressures. At low pressure the
plasma operates in the so called "glow” regime in which the plasma occupies the chamber volume as
opposed to the filamentary mode generally observed at atmospheric pressure. Most of the volume
is occupied by quasi-neutral plasma separated from the chamber wall by a narrow region of positive
space charge, the ”"sheaths”. In absence of thermal equilibrium, the electrical power is preferentially
transferred to electrons heated to thousands of kelvins while heavy particles remain close to room tem-
perature. Electric fields in the sheaths tend to accelerate positive ions perpendicular to the surfaces
and ions bombarding surfaces are a crucial process parameter.

During this work, plasma reactors have been used as a tool for the deposition of thin film semicon-
ductor materials. We thus give here a brief introduction to plasma-enhanced chemical vapor deposition
(PECVD) as a deposition technique from a material science point of view rather than plasma physics.
A more comprehensive study of plasma processes is beyond the scope of this doctoral work, but the
reader can find detailed information elsewhere'+?.

Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a method to grow solids from gaseous source through chemical
reactions at high temperatures. Precursor gases are introduced in the reactor where the substrates lie.
Part of the precursor gases is adsorbed on the substrate, may diffuse on its surface and is eventually
dissociatively chemisorbed. Reaction by-products desorb and are pumped away as well as unused pre-
cursors. Continuous pumping prevents from reaching an equilibrium between the surface and the gas
phase. Thanks to the low kinetic energy of the reactants and to their possible diffusion on the surface,
CVD produces conformal layers even on rough substrates. Compared to physical vapor deposition
methods (e.g. sputtering), the precursors are provided by an external source, which can be changed
or refilled without opening the reactor. This possibility reduces the risk of contamination and makes
this method more adapted for continuous operation. The drawbacks of CVD are the large fraction
of precursor gases directly pumped out without being adsorbed on the surface, and the relatively low
deposition rate limited by the surface kinetics. Increasing the substrate and gases temperature is a
solution to increase this deposition rate, but high temperatures are discrepant with many substrates
(polymers, multi-layer substrates where different thermal expansion coefficients could lead to delami-
nation, etc.).

Plasma-enhanced CVD
This is a method derivated from CVD where the precursor gases are partially ionized. The exci-

'M.A. LIEBERMAN. Principles of plasma discharges and materials processing. 2nd ed Wiley-Interscience, 2005.
2P. CHABERT. Physics of radio-frequency plasmas. Cambridge: Cambridge University Press, 2011.
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tation energy is transferred from an oscillating voltage applied to the RF electrode. Since electron
temperature is high enough for dissociation, reactive species are created at temperature where the
precursor gases would not thermally dissociate; thus PECVD is carried out a substrate temperature
much lower than for pure CVD (e.g. 200 instead of 1200°C). The plasma frequency, defined as the
frequency of oscillations that occurs after electrons are collectively moved over an elemental distance,
gives information about how the plasma will react to external electric stimulation:

2m .
€Ny

Wpj = com; (2.1)

where n; is the density of species j and m; is the (effective) mass of species j. When a periodic
stimulation is applied to the plasma, the charged species will be able to oscillate at the same frequency
if their plasma pulsation is larger than the stimulation pulsation, otherwise species will remain at
fixed positions. In a typical hydrogen RF plasma where n, = n; = 10! em™3, f. ~ 900MHz and
fa+ ~ 2MHz : this means that electrons can react very fast to the RF excitation (13.56MHz) and follow
its oscillations, while H+ ions cannot. This difference partly explains one of the fundamental properties
of low-temperature plasmas: electrons (temperature around 5eV) are not in thermal equilibrium with
ions (temperature about 40meV).

ARCAM
= FI}“-:‘ Sads

Fig. 2.1 — Pictures of some PECVD reactors: ARCAM the 30 years old home-built reactor®, ARCAM
200, the automated reactor installed in Thales TRT clean room and the Total/LPICM cluster tool.

Pictures of some PECVD reactors facilities are shown in Fig.2.1. On the left is shown ARCAM?,
the thirty years old home-built set-up which was extensively used during this PhD. ARCAM 200, in the
middle, is a more recent and automated version of PECVD reactor, with similar geometry compared
to ARCAM, and installed in Thales TRT clean room. The picture on the right hand side is a PECVD
cluster with 6 plasma chambers, 1 sputtering and 1 vacuum characterization chamber. This cluster
tool, purchased by Total and shared with LPICM, was extensively used towards the end of this PhD:
after transferring deposition recipes from ARCAM reactor, we could benefit from its better vacuum
quality and in-situ optical characterization tool (ellipsometry).

The process pressure used in this PhD thesis were in the range of 50-2500 mTorr, corresponding
to a mean free path between few pym and hundreds of ym. The excitation frequency of power supply
was the usual RF 13.56MHz; this value was chosen by international communication standard as an
unoccupied frequency. The above mentioned PECVD reactor were all capacitively coupled systems:
they consist of two metal electrodes separated by few cm, one being connected to the RF generator
through a matching box (to minimize reflected power), and the other one being grounded. The plasma
is ignited between the two electrodes, and the sheath arises at the electrodes interfaces. Indeed, because
electrons are much lighter than ions, there will be a deficit of electrons near the surfaces and therefore
accumulation of positive charges. The resulting potential shape across the electrodes is shown in
Fig.2.2-a).

3P. Roca 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
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Fig. 2.2 — a) Schematic of potential distribution across the plasma between a RF and a ground
electrode®. b) Simulation of RF plasma potential evolution during one period between a grounded
and an RF electrode. From B. Bruneau.

If the area of the grounded electrode is larger than the one of the RF (as it is the case in ARCAM
and in Fig.2.2-a)) the discharge becomes asymmetric and makes RF electrode negatively charged. This
behavior is called self-bias or DC bias (Vj.). The empirical relation between the electrodes areas and
theirs voltage drops is: Vrr/Var = (Arr/Acr)? with g being close to 5/2'. Thus for reactors with
symmetric electrodes, this self bias is roughly zero. The details of the plasma potential between two
electrodes and during one period is shown in Fig.2.2-b) in the symmetrical case. One can see that the
time averaged potential is zero on the RF electrode and has a positive value for the plasma bulk. To
estimate the value of the plasma potential from the measurement of the RF-excitation peak to peak
voltage, one can use the following expression:

Vi = 1/2(Vip/2 + Vi) (2.2)

As mentioned previously, the plasma is a partly ionized mix of gases. Three kinds of species are
present in the plasma: electrons, ions and neutrals. Neutrals can be either stable molecules (like SiHy)
and radicals (like SiHg). Neutrals and positive ions can take part in the deposition, whereas negative
ions are trapped in the bulk of the plasma due to the repulsive forces arising from the sheaths. In
deposition plasmas, a huge amount of different chemical reactions can happen. They can be classified
in primary and secondary reactions. Primary reactions occur between electrons and neutrals : they
create ions or radicals. In the case of SiHy/Hs plasmas, the products of reactions are H™ and Si, H,
(0 < x <6), (1 <y <2). These species can react either with the substrate, leading to deposition
or etching on the surface, or with themselves and electrons. The latter reactions are called secondary
reactions. They lead to the re-formation of precursor gases or to polysilanes. This kind of reactions
can eventually produce silicon nano-clusters and even powders in the bulk of the plasma.

ARCAM is central to PICM’s activities: it is one of its oldest operating reactors but it is almost
continuously running. Fig.2.3 shows some pictures of it; its specific properties are the following:

e It is an “oven-like” reactor: completely heated by thermocoax cables embedded in its walls, this

allows the temperature to be homogeneous. The typical operating temperatures are in the range
150°C to 250°C.

e Substrates (up to 4 inch wide) lie face down on a rotating plate which bears six substrate
holders. This way, several substrates can be treated in a single pump-down process. In addition,
the plasma can be started in front of an empty substrate holder and the substrate to be treated
can be moved once the plasma is stable. This feature prevents the samples from being exposed
to the plasma transitions (a few seconds), which are a major cause of non-reproducibility.
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Fig. 2.3 — From left to right: picture of opened ARCAM reactor with the 3 plasma chambers visible,
grounded rotating plate with 6x4 inch substrate holders, RF electrode and plasma box.

e [t has three RF electrodes, each of them being in a separate plasma box. The plasma boxes
allow insulating the plasma and prevent cross-contamination. Each of them is dedicated to one
kind of deposition: intrinsic materials, n-doped materials, and p-doped and carbide materials,
respectively. In association with the rotating plate, this feature allows fabricating multi-layers
structures like PIN cells in a single run and with clean interfaces.

ARCAM has been used in this work, mainly for the deposition of epitaxial layers and N or P-type
amorphous layer. It is operated at a base pressure of 1 x 1076 mbar. Available gases include Ar,
SiHy, Ho, PH3 (for n doping), (CHs)3B (for p doping), SiFy, GeHy. The inter-electrode distance d is
between 12mm and 28mm.

2.2 Crystalline silicon and epitaxial growth

Solids are characterized by an extended three-dimensional arrangement of atoms, ions, or
molecules in which the components are generally in a fixed position. The components can be ar-
ranged in a regular repeating three-dimensional array -a crystal lattice- which results in a crystalline
solid (ordered structure over a macroscopic scale), or randomly to produce an amorphous solid (struc-
tural order over few atoms max.). All the intermediate state between this two extremes are possible.
This 3D atomic configuration determines the solid material and electrical properties: i) crystalline
solids tends to have sharp edges and faces. ii) Crystalline solids have well-defined physical properties
in contrast to amorphous (e.g. melting point). iii) Semiconductor crystals have a precise band gap
energy whereas amorphous features band tails and defect states within the gap.

Silicon, like carbon and germanium, crystallizes in a diamond cubic crystal structure: each of its
atoms is tetrahedrally bonded to the other four neighboring ones, with a lattice spacing of 543 A at
room temperature. The arrangement of silicon atoms in a unit cell of crystalline silicon is presented
in Fig.2.4-a): it corresponds to two interpenetrating face-centered cubic primitive lattices. The bulk
arrangement of the atoms in the crystal is obtained by stacking this unit cell in the three dimensions.
The network of silicon atoms in the crystal is represented in Fig.2.4-b) where the red lines highlight
one cubic unit cell. The effect of the periodic arrangement of atoms on electron energy levels is shown
in Fig.2.4-c). Isolated atoms have quantified energy levels, but when 2 identical atoms are brought
together, the electron wave functions begin to overlap and the quantized energy levels hybridize and
split into different levels. Due to Pauli exclusion principle, the discrete energy levels of individual
atoms split into bands belonging to the pair instead of to individual atoms. Thus in the case of a
crystal, when a large number of atoms are brought together at the inter-atomic equilibrium distance of
the crystal, the energy levels are split into a large number of levels which eventually form continuous
energy bands. For crystalline silicon, this process is responsible for the formation of the valence and the



20 2.2. CRYSTALLINE SILICON AND EPITAXIAL GROWTH

- -
| >
)

—

-~

Y

'!"“-llfll |

‘z!\\ /\

II r|||||||\|l||\|ll|\|I||||

N Allowed energies

»
>

L L
a; A Interactomic distance d Sl

Fig. 2.4 — a) Unit cell of crystalline silicon with diamond cubic structure represented with the
stick model. b) Extended crystalline silicon network with the unit cell highlighted in red. From
homofaciens. c) Splitting of individual energy levels to energy bands as atoms are brought closer
together. From optique-ingenieur. d) Schematics of calculated band structure of crystalline Si°.
From Wikipedia.

conduction band separated by an energy gap of 1.12 eV at room temperature, as shown in Fig.2.4-c).
The electrons wave function in the crystal periodic potential is described by Bloch wave; the com-
plete silicon band structure’ is shown in Fig.2.4-d) (see solid state physics books® for further details).

Such thin film monocrystalline materials can be produced by epitaxy. Epitaxy is a word derived
from the Greek, eme (epi - placed or resting upon) and Ta&e( (taxis - arrangement), which describes
the extended single crystal formation on top of a crystalline substrate. It seems that this word
was introduced in 1928 by the french mineralogist L. Royer®. Two types of epitaxial growth are
distinguished: i) the homoepitaxial growth in which the layer is the same as the crystalline substrate
and ii) the heteroepitaxial growth, which refers to film and substrates composed of different materials.
It may seem useless to extend the crystalline substrate by homoepitaxial growth, but this is actually
extremely useful since the epi-layer can have a superior crystalline quality and purity compared to
the substrate, and it can also be doped independently; the early dramatic improvement in the yield
of transistors was the consequence of the homoepitaxy process. Heteroepitaxy is also routinely used
for optoelectronic devices such as lasers or LEDs, and often involves III-V semiconductor compounds.
Unlike homoepitaxial growth, heteroepitaxy involves semiconductors with different lattice parameters,
and thus different scenarios are possible depending on the lattice mismatch. If the lattice mismatch

5J.R. CHELIKOWSKY et al., Physical Review B, 10: 5095-5107, 1974.

SN.W. ASHCROFT et al. Physique des solides. EDP sciences, 2002.

TC. KITTEL. Introduction to solid state physics. 8th ed Wiley, 2005.

8. ROYER., Société francaise de minéralogie et de cristallographie, 51: 7-159, 1928.


https://www.youtube.com/watch?v=ApqFLVd0XaI
http://www.optique-ingenieur.org/en/courses/OPI_ang_M05_C02/co/Contenu.html
http://commons.wikimedia.org/wiki/File:Band_structure_Si_schematic.svg?uselang=en
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is very small (e.g. ~ 0.1% for GaAs and Ge) then the growth is nearly identical to the homoepitaxial
case; however differences in polarity or thermal expansion coefficient may create interfacial and bulk
defects in the film. If the epitaxial film has a bigger (alternatively smaller) lattice parameter compared
to the substrate, then the layer may grow under in plane biaxial compressive (alternatively tensile)
strain: the epi-layer lattice deformation results in a bigger (smaller) lattice parameter in the growth
direction. This is illustrated on the two left schematics in Fig.2.5-a)’. The epi-layer growing in such
fully strained configuration corresponds to a so-called pseudomorphic growth. However, after some
critical thickness d. the layer relaxes into a more stable configuration: as shown in Fig.2.5-a), the
creation of crystalline defects such as edge dislocations allows the two lattices to accommodate their
crystallographic differences. This latter case is called metamorphic growth; there is a huge quantity of
scientific papers dealing with metamorphic growth and strategies to minimize crystalline defects and
their impact on epitaxial layer electrical properties.
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Fig. 2.5 — a) Schematic illustration of hetero-epitaxial growth, from left to right: strained tensile,
strained compressive and relaxed epitaxial films®. b) Schematics of cross section epitaxial growth
mode: from left to right Volmer-Weber (island formation), layer-by-layer and Stranski-Krastanov
(layer plus island). From Wikipedia.
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Three epitaxial growth mechanisms can be distinguished depending on lattice parameters and in-
teractions strength between adatoms and the surface (chemical potential)'"; the three modes are rep-
resented in Fig.2.5-b). In the Volmer-Weber (VW) growth, adatom-adatom interactions are stronger
than those of the adatoms with the surface, thus resulting in the formation of three-dimensional adatom
clusters or islands. The second possible growth mechanism is the layer-by-layer growth (Frank-van
der Merwe), adatoms attach preferentially to surface step sites resulting in atomically smooth, fully
formed layers; this is a 2D growth, in which complete layers form prior to growth of subsequent lay-
ers. The third mechanism correspond to the so-called Stranski-Krastanov growth: it is a combination
of 2D layer-by-layer growth over a certain thickness above which 3D island growth dominates. The
critical layer thickness for the transition is highly dependent on the chemical and physical properties,
such as surface energies and lattice parameters, of the substrate and film. Epitaxial growth can be
achieved from vapor, liquid or solid phase precusors. The common epitaxial processes are chemical
vapor deposition and molecular beam epitaxy; they involve high temperatures and/or ultra high vac-
uum. The specific PECVD epitaxial growth presented in this manuscript involves neither ultra-high
vacuum nor high temperatures. More information about silicon epitaxial growth physical mechanism
and technological processes can be found in the following books'!+'2.

9M. OPEL., Journal of Physics D: Applied Physics, 45: 033001, 2012.

K. OuRa, ed. Surface science: an introduction. Advanced texts in physics Springer, 2003.
1D, CripPA et al. Silicon epitazy. Academic Press, 2001.

12B.J. BALIGA, ed. Epitazial silicon technology. Academic Press, 1986.


http://en.wikipedia.org/wiki/Stranski-Krastanov_growth
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2.3 Crystalline silicon characterizations

Characterizations of thin film mono-crystals, both in-situ during the growth process and ex-
situ after deposition, are of foremost importance. To monitor the growth in real-time, in ultra high
vacuum environment, surface sensitive electron diffraction techniques such as LEED or RHEED are
used. The RHEED technique, reflection high-energy electron diffraction, is based on diffraction of
electrons of few tens of keV in grazing incidence, whereas LEED uses electrons of few tens of eV.
Post-deposition characterizations of crystalline films are often performed by TEM and XRD. TEM,
transmission electron microscopy, is a microscopy technique in which a beam of electrons is transmitted
through an ultra-thin specimen, interacting with the sample as it passes through. An image is formed
from the interaction of the electrons transmitted through the sample; TEMs are capable of imaging at
a significantly higher resolution than light microscopes, owing to the small de Broglie wavelength of
electrons'?. XRD, X-ray diffraction, is also a powerful technique since it is a non destructive technique
sampling a macroscopic area/volume of the sample. The crystalline atoms cause a beam of incident
X-rays to diffract into many specific directions. By measuring the angles and intensities of these
diffracted beams, it is possible to produce a three-dimensional picture of the density of electrons within
the crystal; thus the mean positions of the atoms in the crystal can be determined, as well as their
chemical bonds, their disorder and various other information''°. During this doctoral work, both
TEM and XRD have been used; however in this section we will not present them in details, but rather
discuss about two other characterization techniques: ellipsometry and Raman spectroscopy. While
being less precise compared to TEM and XRD, they are nonetheless fast characterization techniques
and offer valuable information which, as we will see in this manuscript, correlates with TEM and
XRD results. In addition, ellipsometry enables to monitor in-situ growth in non-ultra high vacuum
environment.

2.3.1 Ellipsometry

Ellipsometry is a technique of surface analysis based on the changes in the state of polarization
of light after reflection on the sample, which has been developed with the growing market of microelec-
tronics. It can measure optical constants of materials, thicknesses of thin films, roughness, monitor in
situ growing layer, etc.

a) Ellipsometry principe \P

Linearly polarized light  sample Elliptically polarized light

Fig. 2.6 — a) Schematic of ellipsometry principle and b) picture of the ex-situ experimental set-up
at LPICM.

The principle of the ellipsometry is the following: an electromagnetic radiation is emitted by a
light source, linearly polarized by a polarizer, and then falls onto the sample. After reflection the

13D.B. WILLIAMS et al. Transmission electron microscopy: a textbook for materials science. Springer, 2009.
YB.D. CULLITY et al. Elements of z-ray diffraction. Prentice Hall, 2001.
15y, WaSEDA. X-Ray diffraction crystallography: introduction, examples and solved problems. Springer, 2011.
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radiation passes a second polarizer, which is called analyzer, before reaching the detector (see Fig.2.6-
a)). Thus it is a specular optical technique which measures the change of polarization upon reflection
or transmission. The incident and the reflected beam span the plane of incidence, and the light
polarized parallel to this plane is named p-polarized, whereas a polarization direction perpendicular
is called s-polarized. The complex reflection coefficients at air-surface interface, or Fresnel equations,
are defined as:

ET r
r, = —2 |7p| ei(Pp—vp) = lr,| " % and r,=— = —'fSl eilPi—el) — = |r, |e (2.3)
P E,  |E} E, |E}

where the modules |r,| and |r,| stand for the amplitude attenuation and the arguments d, et Js
represent the absolute phase change due to reflection. The change in polarization is characterized by

. r |EZ| |EL| i(6p—0
the ratio : p = =2 = =2 1Zsl £i(0p—0s
P= T B IEY]

S

) that can be written as :

p = tan¥ etA (2.4)

with tan ¥ = ‘ e = 0p — d5 the phase difference. Knowing

the absolute phases and amplitudes is not necessary, that makes the measurement independent of any
fluctuations of the source'®.

The Pseudo-dielectric function (e€) is obtained from the ellipsometric angles (¥ & A) and the
optical model of a perfectly flat sample with infinite thickness. The formula for calculating the pseudo-
dielectric function is as follows:

(2.5)

1—p 2
€) = sin6? |1 + tan 62 <>
<> t [ t 1+p

in which p = tan ¥ exp(¢A) and 6; represent the incident angle. The pseudo-dielectric function is
equal to the dielectric function if the roughness of the surface is zero. According to the definition of
the complex index of materials, N = n + ik, the pseudo dielectric function is divided into real and
imaginary parts: (€) = (€,) + i(€;).

During this doctoral work both ex-situ Horiba Jobin Yvon ellipsometer and in-situ Woollam set-up
were used to determine the layer thickness and composition. This was done via some modeling: we
have used multilayer descriptions where the model inputs are the thickness, the composition and the
dielectric function of each material entering in the composition of the layers. The outputs were the
same except that we could ask to fit or not the dielectric function of the materials. The choice of the
input dielectric function of the materials used in the model can be taken from a library containing
the dielectric functions of materials of interest'®, or described by dispersion laws (generally a Tauc-
Lorentz). Even more interesting, is the fact that layers can be modeled using the Bruggeman Effective
Medium Approximation'!” (BEMA) which states that new dielectric function can be defined (ep,) for
a material from the combination of the dielectric functions of the different materials that constitute

this layer, by using the formula:
0= Z i (2:6)

€; —|— 2¢p,

where €; is the dielectric function of the material j with a fraction f; and €y, is the effective medium
dielectric function. This BEMA is mostly used when one wants to model microcrystalline films or
interfacial films.

18D E. ASPNES et al., Physical Review B, 27: 985, 1983.
"D.A.G. BRUGGEMAN., Annalen der Physik, 416: 636-664, 1935.
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In Fig.2.7, we have represented the modeled imaginary part of the pseudo-dielectric g; for various
epi-Si layer stacks, using the BEMA approximation. Fig.2.7-a) shows e; for 500nm epi-si layers on c¢-Si
wafer, with a 2nm interface layer composed of: 10 (squares), 30 (circles) and 50% (triangles) of void.
The inset zoom on the low energy part of the spectrum, where a net increasing of oscillations amplitude
is detected as the void fraction increased. Thus ellipsometry is sensitive to the wafer interface layer
composition, and as we will see further in this manuscript, this interface layer is a key point for lifting-
off epitaxial layers. Fig.2.7-b) shows the influence of surface SiOz layer on €;: the layer stack modeled
here is composed of 500nm c-Si layer, grown on c-Si wafer with a 2nm/10% void interface layer. Three
spectra are compared: one corresponding to the bare c-Si surface (squares), one with 1 nm SiOg layer
(circles) and one with 2 nm SiOg layer (triangles). A strong decrease of the 4.2 eV &; amplitude peak is
visible with increasing surface oxide thickness. Consequently, as presented in the next chapter, this 4.2
eV peak amplitude will be very useful to monitor in-situ silicon native oxide etching prior to epitaxial
growth. Finally, 2.7-b) shows e; spectrum of 1 pm thick layers composed of a mix between c-Si and
a-Si:H. With increasing a-Si:H fraction, a net decrease of 3.4 and 4.2 eV g; peak amplitude is detected,
as well as an increase in the 2-3 eV range. €; for the fully amorphous layer has a characteristic large
hill shape; all the intermediate compositions exhibit distinct spectrum shape. Thus by fitting, a broad
range of material from pure c-Si to microcrystalline and fully amorphous layers can be detected; this
enables to quantify the layer crystal quality and detect some potential epi-breakdown (during in-situ
measurement).
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Fig. 2.7 — Imaginary part of the pseudo-dielectric ; for various epi-Si films on c-Si wafer as modeled
using the HJY DeltaPsi software: a) 500nm epi-Si above 2nm interface layer with 10, 30, 50% void
fraction. b) 500 nm c-Si on wafer with 2nm 10% porous interface, covered by 0, 1 and 2 nm of
SiO2. ¢) 1 pum c-Si on wafer, with an increasing amorphous fraction: 0, 10, 50, 80 and 100%.
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2.3.2 Raman

Raman spectroscopy (named after Sir C.V. Raman) is a spectroscopic technique used to observe
vibrational, rotational, phonons and other low-frequency modes in a system. It relies on inelastic
scattering of monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet
range. The laser light interacts with the atoms and this results in the system being in a so-called
virtual energy state for a short period of time before an inelastically scattered photon is emitted. This
scattered photon can be either of higher (anti-Stokes) or lower (Stokes) energy than the incoming
photon. The difference in energy between the original state and this resulting state after inelastic
scattering leads to a shift in the emitted photon’s frequency away from the excitation wavelength,
the so-called Rayleigh line. This principle is represented in Fig.2.8 schematic on the left hand side.
Spontaneous Raman inelastic scattering is typically very weak (scattering cross section in the range
of 10728-10731 cm?2/sr !), and as a result the main difficulty of Raman spectroscopy is separating
the weak scattered light from the intense Rayleigh laser light. From the Raman signal, one can ex-
tract chemical and structural composition, as well as strain state of the layer: the Raman line peak
position is related to species identification, the full width at half maximum (FWHM) is related to
lattice disorder and the shift with respect to reference position is linked to the train state of the layer
and to temperature variations. To illustrate this point, the Raman spectrum of crystalline silicon,
amorphous silicon and partially crystallized silicon layers are displayed in Fig.2.8, on the right hand
side. c-Si exhibits a sharp peak centered at 520 cm™! (with typical FWHM of 4-5 cm~1!), and with
increasing a-Si:H content this peak broadens and decreases while the broad shoulder of amorphous
centered at 480 cm ™! becomes more and more pronounced. For cubic crystals (Si, Ge, etc.), in normal
back scattering configuration, only the third phonon (LO) is observable. More details about Raman
theoretical background and its application for stress measurements can be found in the paper of I. De
Wolf'®,
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Fig. 2.8 — Left: principle of Raman spectroscopy and right Raman spectra of silicon sample with
various crystallinity. From semrock.

Raman spectroscopy is thus very useful for the characterization of epitaxial layers, especially
because it gives complementary information compared to ellipsometry. This is illustrated in Fig.2.9-
a,b) where we present both e; and the Raman spectra of three epitaxial samples. Those samples
are epitaxial silicon with similar thicknesses, grown on c-si wafer, but they have undergone different

181.D. WoLr., Semiconductor Science and Technology, 11: 139-154, 1996.
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wafer interface treatments prior to epitaxy (namely a different He plasma exposure times). From
the ellipsometry curves, very few differences are noticeable: the €; peak amplitude are the same, and
the small differences in oscillations period and amplitude visible are related to the layer thickness
and interface composition. However if we look at Raman spectra acquired on the same samples (see
Fig.2.9-b)) the difference is much more pronounced. As a matter of fact, the three samples have
all sharp peaks with FWHM of 5 to 5.5 cm™?!, but the peak position is about 519, 520 and 523
ecm ™! respectively. This peak shift is related to the stress in the layer. Thus Raman spectrum is
very efficient for detecting stress, whereas this quantity cannot be detected by ellipsometry. Another
example of Raman spectroscopy application is shown in Fig.2.9-c¢). This graph displays the Raman
spectra measured on three epitaxial silicon layers grown on GaAs substrate with different crystal
quality. While the peak position is the same, the peak full width at half maximum is changing from
8.5 cm ™! for the best sample to 12.5 cm™! for the less crystalline. Both ellipsometry and Raman
enables to quantify the crystal quality of the layer; but with Raman spectroscopy it is additionally
possible to measure the strain state of the layer. These points will be further discussed in chapters 3
and 5.
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Fig. 2.9 — a) and b) show the &; and Raman spectrum for three epi-Si/c-Si samples with similar
thicknesses but different wafer surface preparations resulting in strain. c) Raman spectra of epitaxial
silicon deposited on GaAs substrate, with various levels of crystal quality.
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2.4 Photovoltaic solar cell basics

2.4.1 Properties of sunlight

The sun emits light with a range of wavelength spanning the ultraviolet, visible and infrared
sections of the electromagnetic spectrum. The extra-terrestrial sun spectrum is close to the spectrum
of a black body at 5800 K (the Sun’s surface temperature). A black body emits quanta of radiation, i.e.
photons, according to the Bose-Einstein distribution function. Therefore, the photon flux, ®pp(E)
emitted by a black body at temperature T into an hemisphere, per unit of energy interval and per

unit area of emitting surface, is expressed as'’:

Ppn(E) = on ( b > (2.7)

h3c? exp(ﬁ) -1

where E is the photon energy. The irradiance F, or energy flux density (W.m~2.nm™1), is related to
the photon flux and total power density H, or irradiation (W.m™2), according to:

F(E) = ’::i’ph(E) and H = /oo F(E)dE (2.8)

The comparison between the 5800K black body spectrum, taking into account the solid angle that
the solar cell forms, and the solar irradiance as measured just outside the atmosphere, the so-called
AMO spectrum, is shown in Fig.2.10. The solar power density of AMO spectrum is roughly 1350
W.m™2; when passing through the atmosphere, light is absorbed and scattered by various atmospheric
constituents (H20, COg2, O2, etc.), so that the spectrum reaching the Earth is attenuated and has
a different shape. The standard terrestrial spectrum is Air Mass 1.5 global, AM1.5G, corresponding
to the sun being at 48.2° angle of elevation (see Fig.2.10). This atmospheric thickness attenuates the
solar spectrum to an irradiation of 900 W.m~2, but AM1.5G is normalized so that the irradiation is
1000 W.m~2. AMO and AM1.5G spectra are used respectively for spatial and terrestrial solar cells
and module performance evaluation.
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Fig. 2.10 — Spectral irradiance from the sun measured outside Earth's atmosphere (AMO spectrum),
and standard terrestrial irradiance (AM1.5G spectrum) after passing 1.5 air mass, as shown on the
right (not at scale). The AM1.5G photon flux is also shown on the right y-axis.

19p K. NAYAK et al., Energy & Environmental Science, 5: 6022-6039, 2012.
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2.4.2 p-n junction

The p-n junction is the basis of solar cells and many electronic devices. Such junctions are
formed by joining n-type and p-type semiconductor materials, as shown below (See Fig.2.11-a)). If
both semiconductors have the same band gap energy, as for classical c-Si solar cells, this is called an
homojunction; if the band gaps are different, the band diagram becomes slightly more complex, and
we talk about heterojunction. The actual record silicon solar cell’’ is an heterojunction. Since the
n-type region has a high electron concentration and the p-type a high hole concentration, electrons
diffuse from the n-type side to the p-type side. Similarly, holes flow by diffusion from the p-type side
to the n-type side. If the electrons and holes were not charged particles, this diffusion process would
continue until the concentration of electrons and holes on the two sides were the same, as it happens
if two gasses come into contact with each other. However, in a p-n junction, when the electrons and
holes move to the other side of the junction, they leave behind exposed charges on dopant atom sites,
which are fixed in the crystal lattice. On the n-type side, the charge transfer leaves positive ions, and
on the p-type side, negative ions. This region is called the ”depletion region” since the electric field
quickly sweeps free carriers out, hence the region is depleted of free carriers.
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Fig. 2.11 — a) Schematic of a pn junction in thermal equilibrium with zero bias, and corresponding
band diagram in the case of a crystalline silicon homojunction. From Wikipedia and M. Labrune®.

Therefore, an electric field E is formed between the positive ions in the n-type material and negative
ions in the p-type material; E is opposed to the diffusion: it acts as a barrier for majority carriers and
a low resistance path for minority carriers. A ”built in” potential due to electric field is formed at the
junction. This built-in V4; potential corresponds to the band bending of the p-n junction qVj;, as
shown in Fig.2.11-b)*. The depletion region width, W, + W}, depends on the doping concentration:
the depletion region width is reduced when the semiconductors doping level is increased. This p-n
junction is crucial for solar cells since it drives the collection of minority carriers which are photo-
generated in n and p layers and reach the junction by diffusion.

2.4.3 Electrical model, I-V and EQE characteristics

In the dark, the Shockley diode equation describes the relation between the p-n junction current
density J and its voltage V:

J=J, [exp(:lz;) — 1] (2.9)

2OMARTIN A. GREEN. “Silicon wafer-based tandem cells: The ultimate photovoltaic solution?” in: vol. 8981 2014.
89810L—89810L—6 DOI: 10.1117/12.2044175

M. LABRUNE. Silicon surface passivation and epitazial growth on c-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.
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where k is the Boltzmann constant, T the temperature, J, is the saturation current density and n the
diode ideality factor. J, is an important parameter which is linked to charge carriers recombination
in the device: a low J, indicates a high quality p-n junction. Thus measuring the J-V characteristic of
a solar in the dark gives already important information. When exposed to light, an additional photo-
generated current Jpp, flowing in the opposite direction, is created. Additionally, to account for the
non-perfect characteristics of the device, parasitic resistances should be considered. Series resistance
R, can typically arise from metal-semiconductor contacts and the shunt resistance Rgp corresponds
to leakage of current through the cell or around the edges of the device. The simple electrical model
describing a solar cell is shown in Fig.2.12-a). The diode equation thus becomes:

V —JR;, 1 V —JR;, 510
e R | T/ (2:10)
J-V characteristics of solar cells are measured at 25°C with a solar simulator, which delivers a
power density of 100mW.cm™2 and reproduces the standard AM1.5G solar spectrum. The typical
I-V curve of a solar cell (not normalized by the cell area) under illumination is shown in Fig.2.12-b).
Three important points are highlighted: i) The open circuit voltage, Voo, where no current flows, ii)
the short-circuit current density, Ise, where there is no voltage, and iii) the maximum power point,
Vinpps Impp, Wwhere the current voltage product is maximum. I, and V. are the maximum current
and voltage respectively of a solar cell; however, at both of these operating points, the power from the
solar cell is zero. The maximum power point determines a parameter called fill factor (FF), defined
as: FF = JT”L“;’”W Graphically, the FF is a measure of the "squareness” of the J(V) characteristic,
and is also the area of the largest rectangle which will fit in the J(V) characteristic. The parasitic
resistances decrease the FF as shown in in Fig.2.12-c,d): series resistance decreases the slope at Ve
and shunt resistance increases the slope at Jge.

J = Jo |exp(q
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Fig. 2.12 — a) Electrical equivalent circuit for a photovoltaic cell under illumination. b) Current-
voltage characteristic of a solar cell under illumination (red curve) and output power (blue curve).
The maximum power has coordinates (Vmp, Imp). Intersection of red curve with axes gives
the values of the open circuit voltage V. and short-circuit current Is.. c,d) effect of parasitic
resistances on solar cell I-V curve. From pveducation.org.
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The efficiency 1 of a solar cell is defined by the ratio between photo-generated electrical power
density and the incident light power density:

Jmp Vmp JscVocFF

n = = (2.11)
Pinc Pinc

The quantum efficiency (QE) is the probability that an incident photon of energy E will deliver
one electron to the external circuit. If all photons of a certain wavelength are absorbed and the
resulting minority carriers are collected, then the quantum efficiency at that particular wavelength is
1. Internal quantum efficiency (IQE) refers to the efficiency with which photons that are not reflected
or transmitted out of the cell and can generate collectable carriers. By measuring the reflection and
transmission of a device, the external quantum efficiency (EQE) curve can be corrected to obtain the
IQE (IQE=EQE/(1-R-T)). The quantum efficiency for photons with energy below the band gap is
zero. Ideally, the EQE has a square shape shown below (see Fig 2.13), but the quantum efficiency for
most solar cells is reduced due to reflection and/or recombination effects.
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Fig. 2.13 — Example of quantum efficiency curve (EQE), from PVeducation.org.

QE is commonly used to characterize the ability to collect charge carriers generated by different
wavelengths of the sun spectrum. As light of different colors is absorbed at differently depths in the
solar cell ("blue” absorbed close to the surface and "red” in the bulk), the spectral response provides
a depth resolution of the recombination processes, which hinder charge carriers to be collected. It is
desirable to have a high QE at wavelengths where the solar flux density is high.

Jse is due to the collection of light-generated carriers; this is the largest current density which may
be drawn from the cell. From the EQE characteristic, one can extract the short circuit current:

Jee = q / &,,(E)QE(E)dE (2.12)

where @, (E) represents the spectral photon flux density, i.e. the number of incoming photons with
energy hv € [E; E + dE] per unit of time and per unit of surface.


http://www.pveducation.org
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2.4.4 Losses and efficiency limit for single junction solar cells

Before introducing the concept of multijunction solar cells, let us first have a look at the origin
of energy conversion losses in a single junction solar cell’’*??: this is indeed useful to understand which
issues are addressed by the multijunction approach. A single junction solar solar can be considered as
a heat engine for which the sun acts as the hot reservoir of temperature Ts, and the Earth atmosphere
as a cold reservoir of temperature T,. According to the second law of thermodynamics, the maximum
energy conversion efficiency achievable by this heat engine is given by the Carnot limit:

T,

NMmaz = 1 T. (2.13)
Thus, using the 5800K of the Sun’s surface temperature and 300K for the atmosphere, the solar energy
conversion appears limited to roughly 95%. In a photovoltaic device, this Carnot loss manifest itself
as a voltage drop”® which reduces the open circuit voltage at room temperature by 5% compared
to the band gap. According to Kirchoff’s law, the solar cell absorbs the sun radiation but also re-
emits spontaneously some radiation (non-black body radiation), which also decreases the conversion
efficiency. In addition other sources of entropy loss can be identified: i) the incomplete light absorption
in the device and the semiconductor material imperfections (IQE<1). ii) The inequality between
absorption and emission angles results also in entropy generation because of photon modes expansion.
Indeed, the direct solar spectrum is incident within a solid angle (£2455s=6X107% str., whereas solar
cell emits within a solid angle of up to Qemit=4n str; this optical étendue mismatch introduces
irreversibility which further reduces the V,. by up to 315 mV. The separation of the electron-hole
quasi-fermi levels, gVpe, is the upper bond for the solar cell open circuit voltage (see Fig.2.14 band
diagram) and the effect of the above mentioned losses on Vg may be approximated by?%?42%;

. 2
qVoe = Ey (1 _ 1a > — kT, [ln <Qem’t> +iIn (4n> —In (IQE)] (2.14)
T. Q I

sun abs

where E, is the absorber material band gap, kp the Boltzmann constant, n the absorber refractive
index, I the light absorption enhancement factor with respect to the planar case. The solar cell voltage
will be further reduced since the maximum power point voltage is typically ~100 mV lower than V.

While Carnot and Kirchoff’s are intrinsic unavoidable losses, the term kpTgln (%‘7”;”> in eq.2.14,

so-called Boltzmann factor by analogy with statistical thermodynamics, can in principle be reduced
down to zero under maximum concentration of the sunlight. Neither incomplete light trapping nor
non-radiative recombinations are intrinsic losses, thus they may also in principle be reduced down to
zero if a perfect direct band gap semiconductor is used.

But overall, the biggest losses in single junction solar cells come from the mismatch between the
broad solar spectrum and the mono-energetic absorption of photons of the single gap material: this
simply results in non-absorption of photons with sub-band gap energies. And on the other hand, the
carriers generated by high energy photons (compared to Eg) rapidly thermalize down to the conduction
band edge loosing energy through lattice phonon interactions. These two processes of transmission and
thermalization are illustrated in Fig.2.14 band diagram; they result in more than 40% efficiency drop.
The cumulative losses affecting the single junction solar cell efficiency are summarized in Fig.2.14
schematic®?.

211,.C. HIRST et al., Progress in Photovoltaics: Research and Applications, 19: 286-293, 2011.
22A. POLMAN et al., Nature Materials, 11: 174-177, 2012.

Z3P.T. LANDSBERG et al., Solid-State Electronics, 42: 657-659, 1998.

24U. RAU et al., Nature Materials, 13: 103-104, 2014.

Z5H.A. ATWATER et al., Nature Materials, 13: 104-105, 2014.
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Fig. 2.14 — Energy conversion losses for a single junction solar cell??.

The most widely used efficiency limit of a single junction solar cell, as published by Shockley and
Queisser (SQ)?°, corresponds to roughly 33%. This limit is increased up to slightly more than 40% if
concentration or photonic structures are used to reduce the optical étendue mismatch. This 33% SQ
limit is represented in Fig.2.15-a), for a c-Si solar cell’”. The red shade corresponds to the fraction
of the incident solar spectral irradiance that can be converted by a c-Si solar cell (band gap 1.12 eV
at room temperature), thermalization and transmission losses are indicated by arrows. The existence
of an optimum material band gap to maximize photovoltaic energy conversion, in the case of a single
junction, can be understood easily: a low band gap semiconductor material absorb a broader spectral
range of solar photons (thus achieve a high Jg.), but at the same time the voltage of the device is
reduced and thermalization losses increase. The opposite situation corresponds to a high band gap
material which minimizes the thermalization losses and offer a high V., but suffers on other other
hand from high transmission losses. Since the efficiency of a solar cell is driven by the product of the
current and the voltage, the best efficiency result from a balance between thermalization and trans-
mission losses.

The SQ limit as a function of solar cell absorber band gap is illustrated in Fig.2.15-b), together
with best-in-class solar cells as reported by Green et al.?®. The maximum of this efficiency curve
appears relatively flat between 1.1 and 1.4 eV; thus c-Si, GaAs, InP, CdTe are semiconductor mate-
rials with a band gap well suited for solar spectrum energy conversion. The highest efficiency, for a
single junction solar cell, has been achieved recently by the company Alta Devices with an epitax-
ial lift-off GaAs material reaching 28.8%°%. Given the additional issues that are facing real devices
(parasitic recombination, series resistances, contact shadowing, etc.) this device is indeed very close
to the SQ limit. In comparison, the c-Si material is limited to a lower value (see dashed blue line),

due to the non-radiative Auger recombination process, which causes additional thermalization losses® .

26W. SHOCKLEY et al., Journal of Applied Physics, 32: 510, 1961.

2TS.W. GLUNZ., Book: Advanced Concepts in Photovoltaics, , 2014.

28M.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.
29A. RICHTER et al., Energy Procedia, 27: 88-94, 2012.
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Fig. 2.15 —a) Solar spectral irradiance and fraction (red shade) that can be converted into electricity
by a c-Si cell, within the Shockley-Queisser limit?°. b) Shockley-Queisser limit as a function band
gap, compared with best-in-class cells. The dashed line indicate the Auger limit for c-Si®’.

2.4.5 The concept of multijunction solar cells

As mentioned in Fig.2.14, the best solution to date addressing the huge transmission and thermal-
ization losses are multijunction solar cells®’. The idea is to stack several semiconductor materials
with decreasing band gap energies from the cell surface to the bottom of the device. By doing so,
a larger portion of the solar spectrum can be absorbed: the high band gap semiconductors are used
to absorb the short wavelength radiation and the long wavelength part is transmitted to a second
semiconductor beneath, with a lower band gap energy, etc. Splitting the absorption between different
gaps reduces both thermalization and transmission issues; III-V semiconductor are the material of
choice for multijunction solar cells. This concept is illustrated in Fig.2.16-a) for a solar cell composed
of Gag.49Ing.51P(1.86eV)/Gag.99Ing.01As(1.4eV)/Ge(0.7€V). The fraction of the incident spectral ir-
radiance that can be converted into electricity by each of the sub-cells InGaP /InGaAs/Ge are shaded
in blue/green/red respectively. This approach is usually done by growing different semiconductor ma-
terials sequentially on one substrate. Note that the multijunction concept has also been successfully
applied to thin film silicon layers®'.

As an example, the layer structure of a triple junction InGaP /InGaAs/Ge solar cell is shown in cross
section in Fig.2.16-b). The three sub-cells are shaded in blue, green and red; each one is composed of 4
layers: the absorber and the emitter layer, forming the pn junction, and the window and back surface
field forming minority carrier barriers for the front and back side of the device respectively. Between
each sub-cells, tunnel diodes®” are used to form a low series resistance electrical connection. Such a
monolithic solar cell has the advantage that the final device looks like a conventional single-junction
solar cell with only one front and back side contact. Due to the series connection, the overall current
in such a solar cell is limited by the lowest current generated by one of the sub-cells, but the sub-cells
voltages are added. To keep a high crystal quality in all the layers, the common approach consist in
growing epitaxial materials with similar lattice constant. The development of tandem solar cells based
on GaInP and GaAs started around 1985°%3* at NREL, and their efficiency has continuously improved
over the years. This is still a very active research field with actual record being 44.7%>° for a 4 junctions
device as measured under a 297-times concentrated solar spectrum (the latest improvements of this

30F. DIMROTH., physica status solidi (c), 3: 373-379, 2006.

31B. YAN et al., Applied Physics Letters, 99: 113512-113512-3, 2011.

32J.F. WHEELDON et al., Progress in Photovoltaics: Research and Applications, 19: 442-452, 2011.
337 .M. OLsoN “Multilayer photoelectric cells” pat. US4667059 A .1985

34J.M. OLSON et al., 18th IEEE Photovoltaic Specialists Conference, 777-780 vol.1, 1988.

35F. DIMROTH et al., Progress in Photovoltaics: Research and Applications, 22: 277-282, 2014.
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Fig. 2.16 — a) Solar spectral irradiance and fraction that can be converted into electricity by a
InGaP(blue shade)/(In)GaAs(green shade)/Ge(red shade) triple junction cell. b) Diagram of layer
stack for the corresponding solar cell device. From Wikipedia.

device has even lead to 46.5%). Indeed by concentrating the sunlight, the solar cell area (and thus the
required material) can be reduced, while at the same time a logarithmic efficiency increase with the
illumination is obtained (decrease of Boltzmann entropy loss). The multijunction approach is foreseen

to reach the symbolic 50% threshold in the coming years

36 A. LUQUE., Journal of Applied Physics, 110: 031301, 2011.
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38 3.1. WHERE THE STORY BEGINS: THE C-SI/A-SI:H HETERO-INTERFACE

There is already a quite broad range of techniques available for silicon epitaxial growth'. How-
ever almost all the common approaches are based on high temperature processes (namely 800 to
1200°C), and the explanation for this is quite straightforward: a high substrate temperature guar-
antees a high surface mobility for adatoms. Thus, the adsorbed species on the silicon surface can
overcome the potential barrier to be incorporated in an epitaxial configuration. Nevertheless, the
ability to grow crystalline material at low temperature is highly desirable for many reasons: i) to
avoid dopant/impurities diffusion ii) to limit thermal expansion related issues iii) to lower the cost
significantly. Some catalytic CVD techniques, such as Hot Wire CVD (HWCVD), can sustain epitax-
ial growth for a slightly lower temperature: Teplin et al.” reported epitaxial growth down to around
550°C. But further decrease of the temperature results in polycrystalline or even amorphous material.
One can argue that in fact, under ultra high vacuum conditions, silicon homoepitaxy is possible down
to room temperature, as reported by Eaglesham et al. However at low temperature, the films tend
to lose their epitaxial nature beyond a certain thickness, and for room temperature MBE growth, it
is in the range of a few nanometers. This critical thickness, which has an exponential temperature
dependence, results from the gradual development of defects, crystal faults and roughness which lead
to termination of epitaxy when the underlying surface has reached a critical level of deviation from
the perfect crystal.

In this chapter, we present our results on silicon epitaxial growth below 200°C by radio frequency
plasma enhanced chemical vapor deposition, namely RF-PECVD. Surprisingly enough, using this stan-
dard technique usually dedicated to amorphous and microcrystalline material deposition, monocrys-
talline material a few microns thick can be obtained. To sustain a crystal growth in the 150 to 350°C
range, some additional energy besides the thermal one has to be supplied to compensate for the low
surface mobility of adatoms, and thus allow high-quality epitaxy. Consequently, in the results pre-
sented below, we try to bring answers to the following questions: i) Can we really grow monocrystalline
silicon in standard RF-PECVD reactor below 200°C? ii) What material quality can we obtain? iii)
How can we explain such an unusual epitaxial growth?

After a brief literature overview, we present our experimental findings and understanding about low
temperature RF-PECVD epitaxial growth. By doing so, we constantly put our results in perspective
with literature studies.

3.1 Where the story begins: the c-Si/a-Si:H hetero-interface

The LPICM has a strong expertise in the field of thin film silicon deposition assisted by plasma.
Over the past 30 years, it has developed a high skill level covering the whole value chain from plasma
diagnosis, material characterization up to device testing. However, until recently’®, the LPICM
was mainly focusing on disordered materials such as hydrogenated amorphous silicon (a-Si:H), poly-
morphous silicon (pm-Si:H) and microcrystalline silicon (uc-Si:H)”. The low temperature epitaxial
growth phenomena was firstly observed at LPICM as a side effect happening when trying to grow
a-Si:H on a clean (100)-oriented c-Si surface'’. To illustrate this, a high resolution TEM cross section
image of the c-Si/a-si:H interface is shown on Fig.3.1. The a-Si:H was deposited by PECVD at 175°C

on ¢-Si (100) wafer cleaned by hydrofluoric acid. It is clear from this image that the atomic order, visi-

1G. BEAUCARNE et al., Thin Solid Films, 511-512: 533-542, 2006.

2C.W. TEPLIN et al., Applied Physics Letters, 96: 201901-201901-3, 2010.

3D.J. EAGLESHAM et al., Physical Review Letters, 65: 1227, 1990.

4J. DAMON-LACOSTE. Vers une ingénierie de bandes des cellules solaires & hétérojonctions a-Si:H/c-Si. Role
prépondérant de ’hydrogéne. PhD thesis. Ecole Polytechnique, France, July 2007.

SM. LABRUNE. Silicon surface passivation and epitaxial growth on c-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.

5A FONTCUBERTA I MORRAL et al., Materials Science and Engineering: B, 69-70: 559-563, 2000.

7S. KASOUIT et al., Journal of Non-Crystalline Solids, 299-302, Part 1: 113-117, 2002.

8Y. VESCHETTI et al., Thin Solid Films, 511-512: 543-547, 2006.

9P. Roca 1 CABARROCAS et al., Plasma Physics and Controlled Fusion, 50: 124037, 2008.

107, DAMON-LACOSTE et al., Journal of Applied Physics, 105: 063712, 2009.
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ble in the substrate, propagates over 1-4 nanometers into the a-Si:H layer, by forming pyramidal shape
epitaxial areas. This epitaxial growth at crystalline amorphous interface has been reported by several
groups to result in a poor surface passivation'''? and thus this low temperature epitaxial growth was
somehow black-listed by the heterojunction solar cell community. Obviously, various strategies were
found to avoid this epitaxial growth related passivation problems; for example the use of an ultra-thin
a-SiC:H layer between the c-Si and the a-Si:H layer® can suppress this effect.

Fig. 3.1 — Cross section high resolution TEM image along (110) direction of c-Si/a-Si:H interface.
The a-Si:H is deposited at 175°C in a RF-PECVD reactor on c-Si (100) after native oxide removal
by HF dipping. Pyramidal shape epitaxial growth is detected at the interface.

In the deposition conditions of Fig.3.1, the epitaxial growth can however only be sustained over
a relatively limited thickness. In this PhD thesis manuscript, tackling the issue from a different
perspective, we try to find the best conditions to promote such low temperature epitaxial growth.

3.2 Low temperature PECVD epitaxy literature overview
Publications related to low temperature PECVD epitaxy are relatively scarce. In this section

we try to give a brief overview of this topic and its understanding, through the literature published
over the last 30 years.

1S, DE WOLF et al., Applied Physics Letters, 90: 042111, 2007.
12H. FUIIWARA et al., Journal of Applied Physics, 101: 054516-054516-9, 2007.
133.J.H. GIELIS et al., Thin Solid Films, 517: 3456-3460, 2009.



40 3.2. LOW TEMPERATURE PECVD EPITAXY LITERATURE OVERVIEW

We have to look back to the publications from the 1980’s to find the first report of plasma enhanced
chemical vapor deposition (PECVD) epitaxial growth. Compared to higher temperature approaches,
this was proposed as a solution to minimize diffusion related problems, auto-doping and thermal stress,
while enabling high throughput and conformal coverage (unlike MBE process). By that time, deposi-
tion was performed at substrate temperatures in the range of 750 to 800°C, after a first step of ex-situ
chemical surface cleaning and/or in-situ Ar plasma cleaning (sputtering), from a pure silane plasma in
the range of 1 to 100 mTorr. Epitaxial growth rates of few tens of A /s were mentioned, and epitaxial
layers of few microns were demonstrated on (100) as well as (111)-oriented substrates'®!'®. The im-
portance of plasma generated ions energy was already underlined: an additional DC bias was applied
to the substrate to increase ion bombardment energy (and thus sputtering effect) during pre-epitaxial
surface cleaning step; then the DC bias was switched off to have low energy ions during growth (less
defects). Two beneficial effects were attributed to the plasma (compared to CVD at similar temper-
ature): i) an increased deposition rate, due to higher density of reactive species, and ii) enhanced
surface mobilities of adsorbed species, thanks to ions flux providing localized surface energy'®. With
no degradation in crystal quality nor in chemical purity, PECVD epitaxy was recognized as a new way
to perform "low temperature” epitaxial growth.

This PECVD epitaxial technique was then extended to lower temperature, namely 250 °C, in 1987
by Japanese teams'”'®. To overcome the transition towards polycrystalline observed by Suzuki et
al.'” for deposition temperatures below 600°C, they used a different plasma chemistry based on Si,
H and F: Hy/SiH,/SiHoF9 or Hy/SiFy/Ar, as well as higher pressure (1-5 Torr). A growth rate of
1-2 A/s was obtained on ¢-Si (100)-oriented substrate, after RCA process for surface cleaning. From
low to high SiHsFs flow rate, they observed a transition from microcrystalline to a highly disordered
material (amorphous), with epitaxial growth happening in between. This transition was attributed to
the competitive effect of hydrogen and fluorine: H terminated surface enhances the precursor migra-
tion while F extracts the excess bonded H (HF formation); epitaxial growth would happen for a good
balance between these two effects. This technique leads to hydrogen incorporation in the Si layers of
few percent and fluorine content around 0.1%. Also, high ion energy produced by high RF power was
reported to hinder epitaxial growth.

In 1989, researchers from Xerox company published results showing that PECVD epitaxial growth,
in the 150-300°C temperature range, could also be achieved without fluorine in the plasma, using stan-
dard SiH,/Hs chemistry.'”? This effect was explained by a balance between deposition and etching
(surface limited process) by atomic hydrogen (reactions forming volatile species). Indeed, they men-
tioned that hydrogen etches the energetically unfavorable configurations; e.g. in Hy plasma, a higher
etching rate was obtained for amorphous silicon as compared to microcrystalline. They also found
that decreasing the temperature from 350 down to 150°C result in H incorporation in the epitaxial
film changing by two orders of magnitude, from 10 to 10?'cm™3. The hydrogen, mainly incorporated
in the form of platelets (~ 10 nm size and (111)-oriented), is mostly coming from SiH4 dissociation
as concluded from Dy plasma experiments. In 1991, another group”! published an interesting paper
focusing on the effect of ion bombardment energy on low temperature epitaxial growth. They came
to the conclusion that the low surface mobility for adsorbed species at low temperature, that would
prevent from epitaxial growth, can in fact be compensated by controlling the total energy dose on a
film surface thanks to low-energy ion bombardment. An optimum energy of about 25 eV at 300°C
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was found.

In the late 1990’s, several groups came to the conclusion that, indeed, hydrogen coverage lowered
the Si precursors diffusion on the surface. Looking at the influence of silane dilution in SiH4/Hg plas-
mas, Chen et al.?” also noticed that an optimum dilution promoted epitaxial growth while low(high)
Hy flux resulted in amorphous(microcrystalline) growth. From a temperature and RF power series
experiments, they found a linear relationship between power and deposition rate, and an epitaxial
growth activation energy of 0.05 eV between 165 and 300 °C. Rosenbald et al.?® also claimed that ion
bombardment helped to enhance adatoms surface mobility as well as to remove some hydrogen from
the surface. However, ions impinging on the surface can also induce bulk damage. And by changing
the substrate DC bias, in a low pressure plasma (~ 10 mTorr), assuming a constant plasma potential,
they have shown an ion energy threshold of 15 eV above which defects such as stacking faults start to
appear in the layer. By STM investigations of surface morphology of various samples, a link between
surface roughness, island growth mode and the presence of stacking faults in the epitaxial layer was
established.

During the first decade of this century, most of the articles dealing with low temperature PECVD
epitaxial growth are related to the field of photovoltaics. The possibility to grow doped epitaxial
layers with this technique was used to form homojunction solar cells: p-type or n-type carrier selective
contacts epitaxially grown on c-Si are reported by several groups®* 7. This epitaxial process was also
recognized by the silicon heterojunction community as a side effect during deposition of amorphous
silicon on cleaned c¢-Si (100) surface: a thin epitaxial layer was observed at this interface, resulting
in a decrease of the passivation quality and a subsequent reduction of solar cell performances®'"?%,
Some study published by a Japanese team has also addressed the crucial point of the deposition rate:
Kambara et al.”’ have reported PECVD silicon epitaxy as fast as 60 nm/s. However they needed
high power and 700°C to reach this value. Over the past ten years, LPICM has been very active
in this field of low temperature epitaxy. Building on its strong experience in plasma deposition of
thin film silicon amorphous and microcrystalline materials, significant results have been achieved in
terms of characterization, devices and understanding”'"3"=3?: the details of this work will be presented
throughout this manuscript. Interestingly enough, one can see that apart from LPICM research group
and few sparse proceedings papers®>*!, PECVD epitaxial growth is also an active research area at
IBM?*%%0 for solar cells and transistors applications.
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3.3 Surface cleaning prior to epitaxial growth

Achieving an atomically clean and well-ordered wafer surface is a crucial step to enable prop-
agation of the crystal structure from the substrate to the growing layer (epitaxial growth). During
this PhD thesis, all the silicon substrates used were (100)-oriented. Indeed, epitaxial growth and
regrowth are known to be more difficult on (111)-oriented silicon surfaces®*”3°. Both experimental
results and molecular dynamics simulations show that a temperature of few hundred degrees higher is
needed to achieve good epitaxial growth on (111) compared to (100), on which it can occur close to
room temperature. For (100), diffusion constant can be expressed as D~(1.31.10%)e=0-54/ k5T o /s,
Epitaxial growth on (111) has a higher propensity of growing stacking fault. Such an orientation
sensitivity, especially at low temperature, might be explained by a geometrical argument: in the (100)
case, each Si atom in the growing planes has to form two covalent bonds with the underneath plane,
to be incorporated in the lattice, while Si atoms incorporated on (111) surfaces need to form only
one bond with the underneath plane (and three with the upper planes), which gives more degrees of
freedom for an amorphous growth.
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Fig. 3.2 — a), c¢) Cross sections and b), d) top views diagrams of c-Si (100) hydrogen passivated
surface. a) and b) show Si(100) 1 x 1:2H dihydride surface. c) and d) show Si (100) 2 x 1:H
reconstructed surface. Arrows show crystal orientation. Adapted from [34, 41].
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Crystalline silicon, with its diamond lattice structure, forms four covalent bonds to its nearest
neighbors. Thus, a clean ideal and unpassivated ¢-Si(100) surface terminates with two dangling bonds.
However this configuration is unstable and the surface reconstructs itself into a lower energy per
atom configuration that differs from the bulk. Few monolayers can be modified and the surface
typically forms the so called (2 x 1) periodic structure (dimerization process): two dangling bonds
of neighbors Si atoms merge into one covalent bond. Depending on the chemical /physical treatment
applied on this surface, the remaining dangling bonds may be passivated by H atoms: this results in a
so called monohydride configuration, as shown on Fig. 3.2c-d). There are a lot of studies focusing on

5M. LABRUNE. Silicon surface passivation and epitazial growth on c¢-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.
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40C. ROLAND et al., Physical Review B, 46: 1342813436, 1992.
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Si(100) surface reconstruction under various conditions®'**; both experimental and simulation results
show that hydrogen terminated surfaces are mostly (2 x 1) monohydride around 400°C, while room
temperature H-passivated surfaces may be in 1x1 dihydride configuration, as shown on Fig. 3.2a-b).
From simulations, it appears that monohydride surface is more apt for epitaxy, since activation energy
for Si adatom diffusion on a dihydride surface (isotropic, 2.7eV) is significantly higher than either the
bare (0.6 and 1eV, parallel and perpendicular to the dimer row) or monohydride surfaces (1.5 and
1.7eV, parallel and perpendicular to the dimer row)***0.

For several decades now, very high temperature annealing under ultra-high vacuum conditions has
been used to produce such ideal surfaces: after an ex-situ cleaning step (e.g. acetone in ultrasonic
bath), the wafer is heated and maintained at 900°C for sufficient time for out-gassing, and then a
rapid (1min) plateau at 1200-1250°C is applied. This can produce nearly ideal surface as confirmed by
Auger-electron spectra and clear spotty (2 x 1) RHEED (reflection high-energy electron diffraction)
patterns’’. However, these are conditions very different from the low temperature PECVD: neither
ultra-high vacuum nor high temperature have been used in this doctoral work. Indeed, detailed in-situ
surface analysis in our experimental conditions would be required to investigate surface state before
epitaxial growth. Thus, while a detailed study at the atomic scale was beyond the scope of this work,
a low temperature process for native oxide removal prior to epitaxial growth was nevertheless a crucial
step.

3.3.1 Wet chemical cleaning

The importance of clean silicon substrate surfaces has been recognized by the semiconductor
industry since the early 50’s. A thin (~1.5 nm) native oxide layer is always present on the surface of
silicon wafers where various impurities can be found: traces of metals, particles, organic compounds,
etc. This amorphous SiO9 surface layer prevents from low temperature epitaxial growth. Since oxide
removal by ultra-high vacuum and high temperatures is not very attractive from an industrial point of
view, alternative wafer cleaning chemistries have been developed. There is a plethora of chemical mix-
tures and processes for ¢-Si surface cleaning, depending on the required surface state and the targeted
contaminants removal. Most widely used solutions are: i) Diluted (1-5%) hydrofluoric acid (HF'), which
etches very efficiently SiO2 at room temperature but is less efficient on metals and organic contaminant
ii) The so-called PIRANHA solution, HoSO4:H302 3:1 at T~ 140°C, which has a strong action on
organic contaminants and iii) the RCA cleaning, composed of the SC1 step NH4,OH:H202(30%):H20
1:1:5 at 80°C for particles removal and the SC2 step HCL(37%):H202(30%):Hz 1:1:6 for metals re-
moval. Particles removal can also be addressed using ultrasonic treatments; the reader can find more
details about silicon cleaning technology evolution in the review paper published by Kern®.

During this doctoral work, for the chemical cleaning part, we have mainly used a 5% hydrofluoric
acid (HF) solution (sometimes combined with PIRANHA solution). HF is extremely corrosive and
difficult to handle, but well known for its ability to dissolve glass by reacting with SiO2. In the late
1980’s, Yablonovitch et al.*” have also demonstrated that HF treated silicon surfaces are very inactive
from an electrical point of view: they reported surface recombination velocities as low as 0.25 cm/s on
(111)-oriented Si. The explanation for this is that HF etching of native oxide results in H-terminated
surface with virtually no dangling bonds, by forming gaseous or water-soluble silicon fluorides. As
a matter of fact, by covalently satisfying all surface bonds, the surface states are shifted out of the
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band gap. Despite the fact that Si-F bond strength is far greater than the binding energy of Si-H
(~ 6.0 eV vs ~ 3.5 V), both experimental results and quantum-chemical calculations

50,51

indicate

that reactions leading to H-terminated surfaces are more energetically accessible. This H-terminated

Si surface, as confirmed by the experimental results presented in this chapter, is favorable for subse-

quent epitaxial growth.
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Fig. 3.3 — Time evolution of the imaginary part of the pseudo-dielectric function &; of a c-Si (100)
wafer after 30s 5%HF dip, as obtained by spectroscopic ellipsometry measurements (in air at RT).
a) g; measured at various times after HF-dip. b) Maximum of &; at 4.2 eV (left axis, circles) and
fitted surface oxide thickness (right axis, squares) as function of time.

However, this excellent Si-H passivation of the surface is not stable: native oxide regrowth happens
if the sample is kept in air or DI water. This process requires the presence of both oxygen and water.
The growth rate of the native oxide can be decreased by lowering moisture concentration, if the c-Si
is air-exposed, or by lowering dissolved oxygen concentration, if the sample is in DI water”>. The
kinetics of this reaction also depends on roughness and surface orientation (e.g. (111) has a slower
oxidation rate compared to (100))°?. While the first oxide monolayer may form very rapidly after
chemical cleaning if there is air-exposure, it is generally admitted that almost no change in oxide
thickness happens during the first hour or so. During our experimental work, due to the sample trans-
fer between the chemical fume-hood and the deposition reactor, there were always a few minutes of
air exposure before the pumping step. In addition, there was no specific air-control system, since the
plasma reactor was not located in a clean room. Also, observing a hydrophobic surface cannot be used
as an accurate indicator of oxide-free surface, since oxidation process may start by oxidization of the
Si back bonds while keeping the surface hydrogen terminated. And since this process is catalyzed by
water, we did not use DI water rinsing after the HF-dip, but rather nitrogen blowing to dry the sample'.

Thus to gain some insight on this oxidation process in our experimental conditions, we have
performed spectroscopic ellipsometry measurements to monitor the c-Si(100) surface evolution after
HF-dip. Fig.3.3-a) shows the imaginary part of pseudo-dielectric function (e;) measured before and
after HF-dip, at various times. A clear increase of the maximum around 4.2 eV is observed right
after HF-dip compared to out-of-the-box c-Si wafer surface (black squares), and then a slow decrease
happens. The penetration depth at 4.2 eV being around 5 nm for ¢-Si, this is a good energy range to

50T TAKAHAGI et al., Journal of Applied Physics, 64: 3516-3521, 1988.
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53W HENRION et al., Applied Surface Science, 202: 199-205, 2002.

!Be sure that your nitrogen gas line has the required purity level. Few times during this thesis, the failure in passivation
or epitaxial growth was linked to the N> line contaminated ... with oil.
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probe surface changes. Consequently we have plotted the amplitude of the pseudo-dielectric function
4.2 eV maximum (left axis, circles) as a function of time on Fig.3.3-b). Time 0 corresponds to the
first measurement ~2 min after the HF-dip. The decrease of €; is correlated to an increase in the
surface oxide thickness as deduced from modeling the experimental data using DeltaPsi2 software”
(right axis, squares). One can see that right after HF, already 6-7 A of oxide are detected by this
technique; then the following thickness increase is well fitted using the formula y = a++/b X t, which
can be linked to some oxygen diffusion phenomenon from the surface®. Recovering the initial native
oxide can take days; however with respect to epitaxial growth or passivation quality, the air-exposure
time after HF-dip and before pumping in the reactor should clearly be minimized. As we will see
in this chapter, this 6-7 A surface oxide grown in the first minute and which creates an unperfect
wafer interface, does not prevent from good epitaxial growth nor from efficient passivation. Possible
explanations for this could be a non-continuous SiOg surface coverage, or also an etching effect of the
plasma removing partly this oxide at the beginning of the growth. Also, probing such a 5A thick layer
is close to the precision limit of our experimental ellipsometry set-up.

3.3.2 Dry plasma cleaning

HF is already widely used by the semiconductor industry. However, regarding cost and safety
issues (and environment footprint), switching from a wet chemical process to a dry plasma step can
be attractive. Plasma etching is indeed a well-known and important field of plasma physics; a lot of
research papers can be found on this topic, and many industrial processes, e.g. in microelectronics,
are based on plasma etching. Etching may occur when reactive species formed by the plasma and the
atoms from a surface react to form a volatile compound. Since many inorganic halides are volatile in
the temperature and pressure range compatible with silicon process steps, halogen-bearing gases are
widely employed for plasma etching; they may be used in mixtures with Oz to increase the etching
rate. A comprehensive review on the design of plasma etchants can be found in the study published
by Flamm and Donnelly”*. It is well known that both Si and SiO2 can be etched by plasma, and a
vast majority of the commonly used gases are based on fluorine: CFy4, SFg, XeFa, Fa, etc. Looking
more specifically at SiO9 etching, it is generally admitted that F atoms are mainly responsible for this
effect”, SiF4 and Oz being the main reaction products. It was also proven that increased reaction
rates are obtained if the surface is exposed to ion bombardment®®.

At LPICM, SiF4 gas was originally used in combination with Ar and Ha (see R. Brenot’s PhD
thesis’”) to deposit high quality microcrystalline silicon layers®®. However, the possibility of using SiFy4
for silicon oxide etching was investigated more recently: Moreno et al. have shown that dry plasma
cleaning by SiFy4 around 200°C can replace the SiOo HF etching step in the heterojunction process
flow””. They have exposed a silicon substrate, covered by native oxide, to various RF-PECVD SiFy4
plasma conditions while monitoring the surface evolution by in-situ real time spectroscopic ellipsom-
etry (RTSE). For crystalline silicon, the second peak of the imaginary part of the pseudo-dielectric
function, which appears at 4.2 eV, is indeed very sensitive to the surface state (both roughness and
oxide). A maximum for this peak amplitude was found after ~300 s of pure SiF4 plasma, correspond-
ing to a minimum oxide thickness and surface roughness. An additional 30 s Hy plasma, to remove
remaining fluorine atoms and produce a better H-terminated surface, followed by the deposition of an
a-Si:H layer, enabled to reach high minority carrier lifetime (~ 1.5 ms) and a low surface recombi-

2Software developed by Horiba Jobin Yvon.

3Not operating in a clean room, this kinetics fluctuates with weather, e.g. during Palaiseau’s monsoon season.
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nation velocity (9 cm/s). Thus, this experiment was the proof that SiOg can be properly etched by
SiF4 without damaging the surface. In addition, it was also shown at LPICM, that this SiF4 etching
step was compatible with subsequent epitaxial growth”?! and that it enabled to tune the interface
composition and porosity®’. From late 2012, a new PECVD deposition cluster tool (industrial-like),
purchased by Total Company in the framework of LPICM /Total Joint Research Team - PVSIXT, has
been available for depositions. One of the 6 PECVD chambers was dedicated to the study of low
temperature epitaxial growth, with the help of a Woollam in-situ ellipsometer enabling full spectrum
(~ [0.8-6] eV) measurement every second. Consequently, after some developments, the transfer of
the SiFy4 cleaning recipe from the old home-built ARCAM reactor’! to the this new cluster tool was
successfully achieved®.

A ¢-Si wafer was loaded into the chamber, and a 20 min waiting time for thermalization and out-
gassing was necessary to reach a base vacuum around 5.10~7 mbar. We found the following optimum
plasma conditions for efficient oxide removal: 20 sccm of SiFy4, 250 mTorr and ~ 0.15 W /cm? for 190
s at a substrate temperature of 200°C. The pressure was raised at 750 mTorr before switching the
power on, and then rapidly decreased to 250 mTorr. This resulted in a ~ 1 min transition regime
before having stabilized plasma conditions. A relatively high Vg, (~ -60 V) was observed during this
transition, and after 1min, a Vg, around -20 V was measured. This SiF4 plasma cleaning step could
be monitored by in-situ real time spectroscopic ellipsometry as shown on Fig.3.4. The time evolution
of the imaginary part of the pseudo-dielectric function (e€;), measured at 4.2 eV, is represented by the
blue curve in a). The value of 4.2 eV corresponds to the energy position of the second characteristic
peak of crystalline silicon, which is very sensitive to the surface, since the absorption depth at this
specific energy is ~ 4-5 nm.

Four sequential time steps can be distinguished: i) the surface of out-of-the-box c-Si wafer before
any treatment (grey shade) ii) plasma cleaning of native oxide (red shade) iii) the c-Si oxide-free
surface, measured with plasma off (grey shade) and iv) the begin of the epitaxial growth (green
shade). During the first step, before plasma ignition, €; is stable around 43: it corresponds to c-Si
surface with its native oxide, measured under vacuum. Then, after a short transition drop, there is a
clear increase of g; up to ~ 49, which is linked to the etching of native oxide. Ideally, one should stop
this etching process when the maximum amplitude of g; is reached, because further exposure of bare
¢-Si surface to SiFy4 plasma can create some roughness. In this particular case, the etching step was
a little bit too long, and we see that e; starts to decrease after reaching a maximum, as the result of
surface roughening. In the step iii) the plasma is off, the chamber is under vacuum, and we see that
g; remains high and relatively constant: it corresponds to a stable oxide free surface. The last step
corresponds to the epitaxial growth: after a drop of g; during the plasma ignition and stabilization,
the imaginary part of the pseudo-dielectric function reaches ~45. The full ellipsometry spectrum
measured before (squares, t=2min) and after oxide cleaning (circles, t=9.6min), as well as during
epitaxial growth (triangles, t=20.8min), are shown in Fig.3.4-b); the above-mentioned increase of g;
with surface native oxide etching at 4.2 eV is clearly visible. During epitaxial growth, €; amplitude
is slightly smaller, compared to the the curve after SiF4 cleaning: this can be explained by a the
combination of some surface roughness and a slightly lower quality of the epitaxial material compared
to the FZ c-Si wafer. The other features of the epitaxial curve, namely oscillations in 1-3 eV range
and peak amplitude at 3.4 eV, are further discussed in the next session.

3IM. MORENO et al., EPJ Photovoltaics, 1: 6, 2010.

59M. MORENO et al., Journal of Materials Research, 28: 1626-1632, 2013.

51P. RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
4Transferring deposition/etching recipes from the old reactor to the new PECVD cluster took indeed several months.
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Fig. 3.4 — In-situ real time spectroscopic ellipsometry monitoring of c-Si (100) native oxide cleaning
by SiF4 plasma. a) time evolution of €; at 4.2 eV (blue curve) during 4 steps: i) before plasma
ignition (native surface - grey shade) ii) during plasma etching (red shade) iii) after plasma etching,
with plasma off (grey shade) iv) beginning of epitaxial growth (green shade). The full spectrum
in-situ acquisitions before and after the SiF4 plasma etching step (dash-lines at 2 and 9.6 min) are
shown on b), together with &; measured during epitaxy (t=20.8 min).
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3.4 Properties of LT RF-PECVD epitaxial silicon

3.4.1 Influence of silane dilution

Back in 1987, Nagamine et al.'” mentioned the important link between gas ratio and material

quality. Their experimental conditions were relatively close to ours: PECVD deposition at 250°C on
c-Si (100)-oriented substrate from SiHy/SiH2F2/Ha precursors. They were investigating the influence
of SiHaF2 flux on the crystallinity of the deposited material for a fixed 100 sccm of Hga, 1 sccm of
SiH4 and a total pressure of few Torrs. The material changes were deduced from in-situ RHEED
measurements. They could observe a microcrystalline film when using no SiHgF2, that is highly
diluted SiHy4, and then by increasing SiHaFg to 5 sccm, a perfect monocrystalline film was obtained.
A relatively sharp threshold toward amorphous material was observed beyond 10 sccm. This early
experiment gave the proof that low temperature epitaxial growth happens at the transition between
microcrystalline silicon conditions (high dilution in Hg) and amorphous conditions (less diluted Si
precursors), and that a relatively high pressure may be favorable.

More recently, some studies have been published on the influence of SiHy4 dilution in hydrogen, for
LT-PECVD epitaxial growth. Mosleh et al.**, for example, used high resolution cross section TEM
to see the change in crystallinity in ~20 nm films. Working at 250°C and 500 mTorr, they could ob-
serve monocrystal growth for SiH4/Ha flux ratio of 2 and 3.3%; and then breakdown into amorphous
material, after ~10 nm of growth, was obtained for a ratio of 5%. Shahrjerdi et al.** have performed
similar test series but they were using XRD to probe the crystallinity and the strain at the same time.
They reported epitaxial growth over a few tens of nm for an SiHy4/Hg ratio in the range of 10 to 14%,
and they have been able to correlate the increase of hydrogen content in the epi-layer, for low SiH4/Ha
ratio, with the increase of compressive strain.

During the first part of this PhD thesis work, depositions were mainly performed on the old home-
built reactor called ARCAMC'. With this set up, the deposition of a series of samples with various
silane dilutions gave results consistent with the work of Nagamine et al.'”: starting from a low silane
flux, for a fixed Ho flow rate, the deposited material was microcrystalline, whereas at high silane
flux, thus higher SiH4/Hga ratio, it resulted in amorphous material®>. The epitaxial conditions were
found at the transition between these two materials, for a SiH4/Hga ratio of ~10 to 15 %. Those
numbers are in good agreement with the ones published by IBM?°. As for the differences observed
with the values reported by Mosleh et al.??, it may be explained by experimental set-up variations
(reactor geometry, mass flow controllers calibration, etc.). This argument seems to be confirmed by
the experiments performed on the new PECVD cluster tool used mainly during the last year of this
doctoral thesis work. Once again, a series of samples with various silane fluxes was deposited, in order
to find back the epitaxial conditions on this new reactor, using the following conditions: - a constant
total pressure of 2.3 Torr - a fixed Hg flux of 200 sccm - a substrate temperature of 190°C - and a
power density of 100 mW /cm?2. The depositions were performed on (100)-oriented c-Si wafers cleaned
by HF-dip. The 900s exposure to the plasma resulted in a film thickness in the range of 40 to 200
nm depending on the silane dilution. The corresponding experimental results characterized by ex-situ
ellipsometry and Raman spectroscopy (A=473nm) are displayed on Fig.3.5. The imaginary part of the
pseudo-dielectric function is displayed on a), for the samples with the following SiH4 fluxes: 1 scem
(squares), 4 sccm (circles) and 7 sccm (triangles). The Raman spectra measured on the same three
samples are shown in the inset of Fig.3.5-a). The featureless shape of g; for a SiHy flow rate of 7 sccm
combined with the broad peak centered at 480 cm™! measured by Raman is a direct confirmation of
the amorphous state of this layer. The sample deposited with 1 sccm of silane has some visible peaks

1"K. NAGAMINE et al., Jpn. J. Appl. Phys., 26: L951, 1987.

34 A. MOSLEH et al., 39th IEEE Photovoltaic Specialists Conference (PVSC), 2646-2650, 2013.

35D. SHAHRJERDI et al., Journal of Electronic Materials, 41: 494-497, 2012.

51P. RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
52P. RocA 1 CABARROCAS et al., Journal of Non-Crystalline Solids, 358: 2000-2003, 2012.
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in €; at 3.4 and 4.2 eV, however the low amplitude compared to the expected values for crystalline
silicon® is characteristic of a microcrystalline material. Last but not least, the sample obtained for a
SiH4 flow rate of 4 sccm with a high e; peak amplitude corresponds to a monocrystalline layer, which

exhibits also a sharp Raman peak around 520 cm™1.
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Fig. 3.5 — Influence of silane dilution, in SiH4/Hga plasmas, on layer crystallinity, monitored by
ex-situ ellipsometry and Raman spectroscopy. The e; of layers deposited with a SiH4 flow rate of
1 sccm (squares), 4 sccm (circles) and 7 sccm (triangles) are shown on graph a) together with the
fits (grey lines) to the optical models described on b).

Further proof of the material crystallinity can be obtained by fitting the ellipsometry data with
optical models, as shown on Fig.3.5-b). The dielectric functions corresponding to the bulk layer stack
was fitted using the dispersion curve of a large grain poly-Si®® for the 1 sccm sample, the dispersion
curve of monocrystalline silicon® for the 4 sccm and a Tauc-Lorentz dispersion formula for the 7
sccm amorphous silicon layer®. An interface and a surface layer were added, by combining those
materials with a void fraction and some silicon oxide using the Bruggeman effective approximation
theory“®. The top layer is useful to model the roughness and oxide present on the surface and the first
layer above the wafer describes the imperfect interface. Qualitatively, the amplitude of the oscillations
visible in the 1.5 to 3 eV range is linked to the composition of this wafer interface layer, and the period
of those oscillations is related to the film thickness. The grey line curves on Fig.3.5-a) are the fitting
results corresponding to the optical models described on Fig.3.5-b). The free parameters were the
thicknesses and the material fraction in each layer. We found an excellent agreement between data
and fits (figure of merit X2<0.5): the 1 sccm sample was perfectly fitted by 41 nm of bulk poly-Silicon,
the 4 sccm by 187 nm of 100% monocrystalline material and the 7 scem by 200 nm of 100% a-Si:H.
The fitting uncertainties are typically a fraction of A for the thicknesses and about a percent for the
compositions. The composition of the top and bottom interface layers will be discussed later in this
manuscript (see sections dealing with surface analysis, and PECVD epi-layer detachment in the next
Chapter). The optimized deposition conditions for LTE in our PECVD cluster tool as well as for the
home-built PECVD ARCAM reactor’!, are described in the Tab.3.1. These two reactors are different
in several ways: i) ARCAM has plasma confinement boxes, an asymmetry factor around 2 for the
electrodes, hot-wall heating system. ii) The PECVD cluster chambers are more symmetrical, have no
confinement boxes, does not have a uniform heating system, but it is equipped with gas shower head

5¢; ~ 37 at 3.4 eV and 47 at 4.2 eV for a perfectly flat and oxide-free surface.
53G.E. Jr JELLION et al., Applied Physics Letters, 62: 3348-3350, 1993.

54D E. ASPNES et al., Physical Review B, 27: 985, 1983.

55G.E. JELLISON JR. et al., Thin Solid Films, 377-378: 68-73, 2000.

56D.A.G. BRUGGEMAN., Annalen der Physik, 416: 636-664, 1935.
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Temp. Pressure SiHy Ho Power Electrode gap

(°C) (Torr)  (sccm) (scem)  (mW/cm?) (mm)
Cluster (i)epi-Si 190 2.3 4 200 40 - 100 22
ARCAM (i)epi-Si 175 2.2 34 500 40 - 60 17

Tab. 3.1 — Optimized deposition conditions of intrinsic low temperature PECVD epitaxial growth
in the two reactors used during this doctoral thesis.

and view port for ellipsometry.

The complete experimental series of silane dilution is shown on Fig.3.6-a). On the left axis, one can
read the amplitude of €; at 3.4 (triangles) and 4.2 eV (circles), as measured by ex-situ ellipsometry,
as a function of the silane flow rate. The top axis is the corresponding SiH4/(H2+SiHy4) ratio in %;
in theory SiH4/(H2+SiHy4) is a better definition for the dilution compared to SiH4/Ha. However, in
our plasma conditions consisting of highly diluted silane in Hg, these two ratios give sensibly the same
result, and thus we will use SiH4/H2 when referring to the dilution. The Raman FWHM peak as a
function of the silane dilution (first right axis - squares) as well as the deposition rate (second right
axis - diamonds), deduced from ellipsometry fitting, are also presented Fig.3.6-a). Without the need of
using a detailed modeling, the maximum in the amplitude of €; curves gives a good idea of the silane
window for epitaxial growth: 3 to 5 sccm, that is SiH4/Hg from 1.5 to 2.5%. The Raman FWHM for
the crystalline silicon peak provides additional information: the more defective the crystalline material
is, the broader the peak. Consequently, the best quality of epitaxial layers is obtained here for 2 to
2.5% silane to hydrogen dilution. The relatively abrupt transition toward amorphous material at 7
sccm is also correlated with a drastic change in the chemical composition of the layer: the comparison
of hydrogen depth profile by SIMS analysis (see Fig.3.6-b)) in an epitaxial and an amorphous layer
reveals more than one order of magnitude higher hydrogen content in the latter.
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Fig. 3.6 — Influence of silane dilution, in SiH4/H2 plasma, on layer crystallinity as monitored by ex-
situ ellipsometry and Raman spectroscopy. a) €; at 3.4 eV (red triangles) and 4.2 eV (red circles),
versus SiHy4 flow rate. The first right axis shows the Raman FWHM (blue squares) and the second
right axis (black diamonds) corresponds to the deposition rates deduced from ellipsometry fitting.
b) SIMS profile for hydrogen of an epitaxial (triangles) and an amorphous (circles) layers®?.

Thus, for this new experimental set up, an epitaxial window has been found, as expected, at the
transition between microcrystalline and amorphous material, but this time the optimum SiH4/Ho was
around 1.5-2.5%. Interestingly enough, this series of samples was co-deposited on glass substrates.
We found that the transition to amorphous material happens at lower flux on Corning glass (Cg)
substrates: if the optimum silane dilution conditions for epitaxy are used for a co-deposition on c¢-Si
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wafer and glass substrates, the material deposited on ¢-Si is monocrystalline, whereas the one deposited
on glass is amorphous (or polymorphous, but not microcrystalline)®?.

3.4.2 Surface characterizations

Using the above mentioned optimum silane dilution for this epitaxial growth, we investigated
the possibility of growing thick layers (typically few microns). It is well-known that, at least in the
world of MBE epitaxial growth, there is a critical thickness above which the epitaxial growth becomes
highly defective and eventually breaks down into amorphous material; this critical thickness hep; in-
creases exponentially with the increase of temperature. And so, even if no temperature cut-off for
silicon epitaxy on silicon has been reported, Eaglesham et al. have shown that hep; is as low as 10-30
A at room temperature and does not exceed 20 nm at 200°C?. In addition, they demonstrated®” that
the presence of hydrogen reduces even more this hepi, by the indirect effect of surface roughening.
Obviously, those limits do not apply for low temperature RF-PECVD epitaxial growth. Indeed, we
have already reported a 187 nm epi-Si on ¢-Si grown at 190°C in the previous section. However,
the growth mechanism is most likely completely different: in PECVD environment, the pressure is
several orders of magnitude higher, there are radicals and ions with a broad distribution of energy
impinging onto the surface, hydrogen is used as the carrier gas, there are some high order clusters and
nanoparticles SipH, formed in the plasma phase, etc’®.

So we decided to deposit layers of few microns thick to see whether an upper limit hep; could be
identified. Indeed, with our current deposition rate of ~0.7 pm/h, all we needed was a little bit of
patience, since few hours was necessary to reach the thickness of few microns. Using real time in-situ
ellipsometry, we recorded the €; function during epitaxial growth. The resulting 3D data are displayed
on Fig.3.7. The two bottom axes are the photon energy and the deposition time, and the z-axis is &;.
The step in the 3.4 and 4.2 eV peaks close to the time origin corresponds to the transition between the
wafer surface and the beginning of the growth. This could be explained by a slightly defective interface
and island type growth, but also by some local temperature increase on the growing surface (in [330-
400]°C temperature range, €; at 4.2eV reaches 38-40). Another interesting feature is the oscillations
in the low energy range of the spectrum [1.5-2.5] eV: those are the thickness interferences. Overall, the
important result here is that the two characteristic crystalline silicon peaks remain well defined with
a high amplitude. This is the proof of a sustained crystalline growth, which in this example reaches a
thickness of 1 pm.

We also did depositions of even thicker layers. The results are shown on Fig.3.8, where a) shows
the ellipsometry spectrum measured on such a thick layer, and b) a cross section SEM picture of the
same epi-layer. The &; experimental points are the blue circles on a) and the fit, corresponding to the
optical model shown in the inset, is the red curve. The excellent match between the measured data
and the fitting curve, especially in the low energy range where oscillations are visible, gives credit to
the model: in this example we deposited 3.4 pm of 100% monocrystalline material. The fit reveals a
top layer of 2 nm being composed of 77% of ¢-Si, 20% of void and 3% of SiO2 and an interface layer
of 1 nm composed of 40% c-Si, 30% SiOg and 30% void. The question whether the fitted composition
of this buried interface is realistic will be addressed later on, however we can already qualitatively see
that a highly defective and probably porous layer of 1 nm is detected at the interface. The material
was also examined by SEM: the cross section picture of the epi-Si layer is displayed on Fig.3.8-b).
The wafer and the epi-layer are clearly visible, and the epi-Si looks compact, with no specific defects
detected with this imaging technique. The thickness measured on the SEM picture is around 3.3pm,
which is very close to that found by ellipsometry; the small discrepancy may be linked to some thick-
ness variation over the sample area.

3D.J. EAGLESHAM et al., Physical Review Letters, 65: 1227, 1990.
57D.J. EAGLESHAM et al., Journal of Applied Physics, 74: 6615-6618, 1993.
58P. Roca 1 CABARROCAS et al., MRS Proceedings, 1426: 319-329, 2012.
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Fig. 3.7 — Time evolution during epitaxial growth of ; obtained by real time spectroscopic ellip-
sometry at the optimum SiH4/Hz2 ratio. The oscillations in 1.5-2.5 eV range are thickness-related
interferences fringes. The amplitude of ; peaks at 3.4 and 4.2 eV remaining high during deposition
is the fingerprint of epitaxial growth. The step in the peak amplitude close to the origin corresponds
to the transition between wafer surface and growing film.

The standard sample size used in our reactors is a 4 inch. wafer (~10.16 cm), although we often
work on smaller pieces like 5x5 cm? or even 1x1 inch.2. The previously shown 3.4 pm epi-Si sample
was deposited on a full 4 inch. wafer, and thus we decided to perform uniformity analysis. Using the
mapping option of the ellipsometry software DeltaPsi2, full spectrum acquisitions were measured on
this sample on 38 different spots. Each time, the beam, which has an ellipsoidal shape, probes a surface
of ~1x2 mm?2. The 38 spectra were then fitted using the procedure described in the previous section,
to extract the bulk thickness of the epi-layer. This thickness is then plotted on a color map, as shown
on Fig.3.9-a). X and Y are the coordinates with respect to the center of the sample, the visible points
are the measurement spots and the shades of grey are the fitted layer thicknesses spanning from 3.27
pm to 3.5 um. The average thickness is 3.37 pm and uniformity® is 3.5%. This is a relatively good
uniformity, despite a 4 inch substrate covering roughly 50% of electrode surface and no showerhead
electrode for the gas injection®. We do not have a clear explanation for this thickness pattern, but it
is most likely linked to gas path flow, and the electrodes shape.

A series of samples of various thicknesses was deposited, in order to study the surface roughness

5The formula used in DeltaPsi2 software for the uniformity is: (Max-Min)/(Max+Min).
591,. SANSONNENS et al., Plasma Sources Science and Technology, 9: 205-209, 2000.
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Fig. 3.8 — a) Ex-situ ellipsometry spectrum of a 3.4 um low temperature epitaxial silicon on a c-Si
wafer (blue circles). The epitaxial layer was deposited by RF-PECVD from SiH4/H2 plasma at 2.3
Torr. The red curve is the fitting result obtained with the multilayer optical model described in
the inset, and reference c-Si €; curve is given in black. b) Cross section SEM picture of the same
sample.

evolution with thickness. No critical thickness was observed up to ~6 pm, and we were mostly limited
by the deposition rate to go beyond this value, since no depositions were allowed at night. Fig.3.9-b)
shows the RMS roughness deduced from AFM scan over a 2xX2 pm? surface. As a reference, the
measured roughness of the out-of-the-box c-Si wafer is represented by a black circle on the graph. One
can see that the roughness remains below 3 nm for all samples, and no clear trend can be detected.
Still, the lowest roughness is observed for the smallest epitaxial thickness. The change in roughness is
most likely related to small changes of the epitaxial quality due to some fluctuations in the experimen-
tal conditions. From the inset showing the 3D surface of the c-Si surface, some hill shape structures
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can be recognized. While it is not reasonable to draw conclusions on the growth mechanism from a
simple surface analysis, the pattern observed here, and also on many other PECVD epitaxial samples,
is probably the signature of an island growth mode, as reported by Rosenblad et al.”.
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Fig. 3.9 — a) Map of epitaxial silicon thickness, deduced from fitting 38 ellipsometry spectra over a
4 inch sample. Average thickness is 3.37 pum and uniformity is 3.5%. b) RMS roughness measured
by AFM on 2x2 um? areas for c-Si wafer (circle) and low temperature epitaxial silicon of various
thicknesses (triangles).

3.4.2.1 Anisotropic etching of epitaxial silicon

In addition to ellipsometry and AFM characterizations, we have also performed anisotropic etch-
ing experiments to further assess the quality of the low temperature RF-PECVD material. For more
than 45 years now, the semiconductor industry has been using the an-isotropic etching technique to
control diffuse doping profile or insulate integrated circuit chips’’. Unlike isotropic etches (e.g. HF,
HNO3, CH3COOH, etc.), anisotropic has an etching rate which differs from one crystallographic ori-
entation to another. It is indeed well established that, for some etching solutions (111)-oriented planes
have the lowest etching rate compared to the other family planes, for both Si and Ge. Usually this
anisotropic etching is performed in hydroxides solutions such as KOH, NaOH or TMAH (CHj3)4NOH.
The red-ox chemical reaction involved is based on silicon oxidation and water reduction:

Si(s) + 2HO, ) + 4H20 — Si(OH)3 ", + 2Hs, + 4HO, (3.1)

As a reminder, Fig.3.10-a) shows the example of the most common low Miller index planes of crys-
talline silicon, that is (100), (110) and (111), and their position in the cubic structure. As mentioned
by Bean at al.”', an important parameter for anisotropic etching is the packing density as well as
the available bonds in the crystallographic planes. The schematics on Fig.3.10-b) clearly show that
in FCC crystals, the packing density is decreasing according to: (111)>(100)>(110)"?. Consequently,
one would expect that both etching rate and epitaxial growth would be considerably faster in <110>
direction compared to <100>, and even more so than in the <111> direction.

23C. ROSENBLAD et al., Journal of Vacuum Science & Technology A, 16: 2785-2790, 1998.
°D.B. LEE., Journal of Applied Physics, 40: 4569-4574, 1969.

"'K.E. BEAN et al., IEEE Transactions on Electron Devices, 25: 1185-1193, 1978.

"?K.E. JENSEN et al., Soft Matter, 9: 320-328, 2012.
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KOH TMAH KOH TMAH
34 wt.%, 71°C 20 wt.%, 80°C 34 wt.%, 71°C 20 wt.%, 80°C
Etching rate pm.min~?! pm.min~?! Etching ratio
(100) 0.629 0.603 (100)/(110) 0.49 0.54
(110) 1.292 1.114 (100)/(111) 74 37
(111) 0.009 0.017 (110)/(111) 151 68

Tab. 3.2 — Typical etching rates of c-Si crystal planes in KOH and TMAH, from Shikida et al.”.

Considering the etching rates, as reported by Shikida et al.”®, this assumption is true for both
KOH and TMAH: v(110)>v(100)>v(111). The typical values of the etching rates and selectivities
are shown in Tab.3.2. Considering the epitaxial growth or regrowth, as mentioned above in this
manuscript, it is well known that it is slower and more difficult to grow high quality epitaxial layers
on (111)-oriented surfaces at low temperature, compared to (100). However the differences in growth
rate and epitaxial quality for (110) and (100) are less clear; Csepregi et al.*” did not mention a higher
regrowth rate on (110) compared to (100). However, another study’* claims that heterostructure
growth by MBE results in higher interface quality on (110) compared to (100) (no reconstructions and
reduced anti-phase domains in the case of GaAs on Ge).
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Fig. 3.10 — a) Low crystallographic index planes of silicon. b) Schematic of stacking sequences for
(111), (100) and (110) planes in an FCC crystal. Dash circles show the atomic positions in the
upper plane. c) Schematics of standard pyramidal texturing of (100) surface (left) and inverted
pyramids created through a mask (right). d) Example of possible etch-limiting or self-limiting 3D
patterns achieved by using a mask and anisotropic etching of c-Si (100). From ref.”:72.75,

This selectivity with respect to the crystalline orientation can be used to produce various types
of topography on crystalline silicon. As shown on Fig.3.10-c), the etching of a bare (100) surface will
result in pyramids: the fast etching of (100) planes will stop when two revealed (111) planes intersect.

"SM. SHIKIDA et al., Sensors and Actuators A: Physical, 80: 179188, 2000.
3TL. CSEPRECI et al., Journal of Applied Physics, 49: 3906-3911, 1978.
"“H. KROEMER et al., Applied Physics Letters, 36: 763-765, 1980.
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If no specific mask is applied, anisotropic etching of ¢-Si results in a field of random pyramids of
few microns height, with a 54.74° base angle, with respect to the surface, corresponding to the angle
between (100) and (111) planes. If a mask is used to protect some fraction of the (100) surface, this
will result in holes with (111) walls inclined at 54.74° with respect to the surface. A large variety
of structures can be designed; the Fig.3.10-d) shows an example of etch-limiting or self-limiting 3D
patterns obtained by masking some parts of the c-Si (100) surface.

a) c-Si wafer b) PECVD epi-Si

ik uh

LPN.CNRS

Fig. 3.11 — a) SEM pictures of c-Si (100)-oriented wafer textured by KOH at LPN-CNRS: broad
view (top) and zoom on a single pyramid (bottom). The same chemical texturation process is
applied on PECVD epitaxial silicon in b): broad view (top pictures) and zoom on a single pyramid
from a tilted view and cross section (bottom pictures).

Since anisotropic etching reveals crystallographic planes, we decided to etch our low temperature
epitaxial layers to get a qualitative information on the layer crystalline quality. This work was per-
formed in collaboration with Inés Massiot, Andrea Cattoni and Stéphane Collin from LPN-CNRS
in the frame of Nathisol ANR project. A 2.4 pm epitaxial layer has been etched under the same
conditions as a reference (100) c-Si FZ wafer. The first step was a short desoxidation of the surface
using HF (5% HF, 20s) and then, using HoO:KOH:IPA mixture (89.5mL:2.97g:4.5mL) under magnetic
stirring at ~ 75°C, we have tested the influence of etching time on surface morphology. The addition
of IPA (isopropyl alcohol) in the etching solution is known’® to produce smoother surfaces and better
pyramids morphology. Around 3 min were needed to produce well defined shaped pyramids on the
epitaxial silicon, then the pyramids density increased up to 5 min etching. Additional etching time
resulted in lower quality features. Fig.3.11-a,b) show the random pyramids textured on c-Si wafer and
epitaxial silicon after 5 min etching in the same conditions. Well defined pyramids are obtained in
both cases, thus confirming the good crystal quality of the PECVD layer. However, a few differences
can be observed: i) larger pyramids are formed on ¢-Si ii) fluctuation of the pyramids density appears
in some places iii) by imaging the layer in cross section, a significant decrease in the layer thickness
(~1 pm) is observed. Indeed, removing few microns of material to form pyramids on a 200 pm thick
wafer is negligible, whereas removing 1 micron out of a 2 pum thick epi-layer is more problematic.

6], ZUBEL et al., Sensors and Actuators A: Physical, 93: 138-147, 2001.
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The spatial fluctuations of pyramid density may result from the combination of two effects, namely
a variation in the epitaxial layer quality and an inhomogenious etching due to bubble formation at
the surface of Si in KOH solutions. Better homogeneity on larger scale may be achieved thanks to Ng
bubbling during the etching step.

3.4.3 Assessing the crystal quality
3.4.3.1 High resolution TEM analysis

To investigate the crystal quality of our LTE layers at a much smaller scale, we have performed
cross section transmission electron microscopy (TEM) analysis. TEM is a very powerful technique to
characterize materials down to the atomic level, which requires a good understanding in several fields:
crystallography, diffraction, inelastic scattering, spectroscopy, etc. While the light microscopes’ are
limited by the Rayleigh criterion to few hundreds of nanometers in resolution, it is possible to reach
much better resolution with electrons whose wavelength is proportional to the inverse of the square
root of their energy, according to Louis de Broglie’s famous equation®. But on the other hand, TEM is
not a sampling tool: it is probing only a very tiny volume of the sample”. "Know the forest before you
start looking at the veins in the leaves on the trees”, those are the words of Williams and Carter at the
beginning of their very comprehensive book on TEM'’. Since we had already performed macroscopic
optical characterizations of our samples (ellipsometry, Raman, etc.), SEM characterization looking at
the micron scale, logically it was interesting to go down to the nanometric scale. The following results
were acquired thanks to the great help of two expert microscopists at LPICM: Rosa Ruggeri (visiting
PhD candidate) and Jean-Luc Maurice.

For TEM analysis, it is essential to work with a piece of sample thin enough to allow a significant
transmission of the incident beam through the sample (typically ~100 nm for silicon). To obtain
such electron transparent samples from wafer based samples, a polishing step is required. This can
be mechanical polishing, with diamond pads, followed by an ion milling step to obtain sub-micron
thickness and roughness, or the full thinning/polishing process may be achieved by focused ion beam -
FIB. Using the FIB preparation'’ technique, a 4 um thick PECVD epitaxial layer grown on c-Si (100)
wafer has thus been thinned down along the (110) direction for TEM observation. The (110) direction
corresponds to the planes perpendicular to the growth direction and it is the natural cleavage planes
of (100)-oriented wafers. In other words, this crystallographic direction enables to observe the sample
in cross section.

The result obtained after the above mentioned preparation step is shown on Fig.3.12-a). This is
a SEM picture of the epi-Si/c-Si cross section. The two layers with different contrasts visible in SEM
are: i) the top carbon protective layer and ii) the epi-Si/c-Si stack in the bottom. To differentiate the
epitaxy from the wafer, TEM images were acquired with a JEOL 2010 FEG microscope equipped with
a Schottky field emission gun operating at an acceleration voltage of 200 kV. One can distinguish the
epi-layer from the wafer thanks to the different contrast and the interface visible as an horizontal line
at roughly 1/3 from the bottom of the TEM image on Fig.3.12-b). The V-shaped light grey material
in the middle of this image is an amorphized area, due to the ion beam during the FIB thinning
step. c¢) is the higher magnification image of the small rectangle area in b). For this magnification,
the difference between the silicon wafer and the epi-layer is more visible: the wafer is more uniform
(bottom), whereas the epi-layer has some leopard contrast related to some defects in the crystal. A
high resolution image of the interface (Fig.3.12-d)) is obtained for a magnification of x280000. From

"More precisely visible light microscope since some ’light microscopes’ are actually heavy.

8In reality, for acceleration voltage > 100keV, the velocity of electrons becomes greater than half the speed of the
light, and relativistic effects cannot be ignored.

9The total volume of material examined by TEM since the 1950’s is estimated around 10® mm3.

"TD.B. WILLIAMS et al. Transmission electron microscopy: a textbook for materials science. Springer, 2009.

OFIB preparation by D. Troadec at IEMN, via the French RENATECH network.
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Fig. 3.12 — a) SEM image of a slice of epi-Si on c-Si wafer prepared by FIB. b) Cross section TEM
image of the same sample at low magnification. A zoom of the rectangle area is shown in c). Two
materials are visible: the 4 pum thick epi-Si at the top and c-Si wafer at the bottom. The vertical
limit on the left side corresponds to material amorphized by the ion beam during FIB. d) HRTEM
cross section image of the epi-Si/c-Si interface. €) and f) Diffraction pattern obtained in the bulk
of the epitaxial layer and in the substrate respectively.

this image, we can draw the following conclusions: i) The interface between the wafer and the epitaxy
is visible here as a relatively thin (~1nm) and defective white line. ii) Despite the defective interface,
the crystalline structure propagates from the substrate to the epi-layer: crystal planes can be seen
clearly in the substrate as well as the grown film. While we do not have a perfect interface nor a totally
defect-free crystalline material, this is however a strong proof of the ability of growing monocrystalline
material below 200°C by PECVD. The monocrystal quality can be further assessed by looking at
the diffraction patterns: Fig.3.12-e) and f) show the diffraction obtained respectively in the bulk of
epitaxial film and in the substrate. In both cases, sharp points corresponding to the c-Si family planes
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of a well-defined FCC monocrystal are visible.

3.4.3.2 Focus on the defects

While our LTE silicon is clearly a monocrystal, it is nonetheless not a defect-free material.
From the high resolution picture of the interface in Fig.3.12-d), it is already possible to distinguish
some imperfections in the crystal structure (stacking faults, etc.). In the case of epitaxial growth on
(100) FCC crystals, most of the defects lie in the (111) family planes. Thus, to try to identify the
type of defects in our material, we have performed image treatment to isolate the contribution of the
(111) planes to the HRTEM image. The process and results are shown on Fig.3.13. Starting from
a HRTEM image of the epi-layer at the wafer interface (Fig.3.13-a), we applied a fast Fourier trans-
form algorithm with Gatan DigitalMicrograph software, to obtain the equivalent of the diffraction
pattern, as shown on the right side of Fig.3.13. Then a mask is used to select some (111) family plane
spots, and the image is reconstructed using only those planes contribution thanks to an inverse FFT
algorithm. The resulting image is displayed, in temperature color scale, in Fig.3.13-b). On the left
hand side, we show 3 zooms, on selected areas where some defects are present. The defect number 1
corresponds for instance to an edge dislocation, and the two others show some type of lattice distortion.

Using different observation conditions we were able to identify a relatively high density of another
type of defects present in our layers: hydrogen platelets. Those hydrogen platelets are elongated de-
fects consisting of one or more missing planes forming a cavity in the crystal. H-terminated silicon
bonds are delimiting this type of defects, and they may also contain some molecular hydrogen. An
atomistic model of H-platelets is shown on Fig.3.14-d). By defocusing or tilting around specific crys-
tallographic axis, it is possible to enhance the contrast of that type of defects. By doing so, we were
able to take cross section TEM images of epitaxial samples, as visible on Fig.3.14-a,b), highlighting
hydrogen platelets parallel to the interface and in (111) planes in the epitaxy, respectively. Such types
of defects were also reported by Tsai et al.?’. From 150°C to 350°C, they could observe by TEM
a significant decrease of the H-platelet density; moreover they found a good correlation with SIMS
measurement for H-content in the film. They calculated an average separation distance of 80 nm for
platelets, in a layer grown at 350°C, corresponding to an H concentration of ~ 1.3x10'%m™3. For
the results shown on Fig.3.14, the growth was performed at 175°C, and as expected, a higher density
of platelets was found. From the TEM image, we can count the platelets in the two visible (111)
planes. The thickness of the TEM slice is then estimated thanks to the convergent beam electron
diffraction (CBED) technique, and by assuming an equal density in all the four (111) plane families,
an H-platelet density around 1x10'%cm™3 is found. This is a high density, in good agreement with
the H content around 1X102°cm =3 found by SIMS in those epi-layers. Interestingly enough, Tsai et
al.?’, by doing epitaxial growth with SiH,/Ds plasmas, were able to prove that the hydrogen incor-
porated in the epi-layer is roughly 17 times more likely to come from SiH4 related species than from Hs.

If those defects were all recombination centers, the layer would have very poor electrical prop-
erties. For instance, assuming that all platelets are active recombination centers, with a density
n=1.10"%cm =3 and a cross section 6=10 nm?, a rough estimation of epitaxy bulk lifetime 73, can be
performed using the following equation: 7, b = nowv,. With v,=2.3.107 cm/s, the electron thermal
velocity at 300K, it results in 7 ~ 4.10~!1s. However, by definition, H-platelets are made up with H
terminated silicon bonds, which provide a good passivation. Based on the electrical properties of these
layers, as presented in the next section and chapter, it is relatively clear that the density of electrically
active recombination centers in the epi-layer is much lower.

20C.C. TsaI et al., Journal of Non-Crystalline Solids, 137-138: 673-676, 1991.
"D. DELILLE et al., Ultramicroscopy, 87: 5-18, 2000.
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Fig. 3.13 — Processing of epi-Si/c-Si interface HRTEM images a) to highlight defects in the (111)
planes: after doing a FFT, a mask is applied to select two (111) family planes (red circles). By
doing an inverse FFT, the HRTEM image is reconstructed with only this (111) contribution, in b).
The 3 colored pictures are the zooms on some defects in the reconstructed image.
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On Fig.3.14-c) is displayed a high resolution TEM cross section image of the bulk of the epi-Si,
with visible defects lying in (111) planes. There are some striking similarities, in terms of contrast,
with the simulated map of stress component o, around a (100) H-platelet by Moras et al.””. On this
simulated map, the red represents the tensile stress and the blue the compression. Thus, the platelets,
by distorting the crystal network, induce some stress locally in the film, and this distortion of the
crystal is responsible for the leopard-shape contrast of the epi-layer observed by TEM. Given the high
concentration of hydrogen in the layer, one can expect to detect also some stress at the macroscopic
level. Indeed, while the H-platelets are here obtained as a side effect of growing epitaxial silicon at low
temperature in hydrogen rich environment, they are highly desirable for other applications. The stress
and H cavities can be used to exfoliate semiconductor layers. This is the base principle of the Smart

"@G. MORAS et al., Physical Review Letters, 105: 075502, 2010.

Fig. 3.14 — a) and b) Two beam bright field TEM image of epi-Si/c-Si interface tilted around [111]
direction, and [004] direction. Hydrogen platelets parallel to the interface and in (111) planes are
visible. ¢) High resolution image in (110) axis zone with defects lying in the (111) planes. d)
Atomistic model of (100) hydrogen platelet and e) simulated map of stress component o, (red
tension, blue compression), from Moras et al.”®.
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Cut process™, originally patented by M. Bruel®' in 1993 and commercially used by Soitec to produce

engineered substrates such as SOI. Thus a large number of papers dealing with H implantation in
silicon, platelet nucleation, stress and lift off can be found®*®°. More details on this topic will be
presented in the next chapter.

3.4.3.3 XRD analysis

The strain state of low temperature PECVD epitaxial silicon has been investigated by recip-
rocal space mapping (RSM) for the symmetric (004) and asymmetric (224) Bragg reflections of the
c-Si substrate. The data were acquired with Rigaku Smartlab diffractometer in triple axis configura-
tion, thanks to A. Shalimov from Rigaku company. Fig.3.15 shows the 3-dimensions (004) and (224)
reciprocal space maps (RSMs) of a 5.15 pm thick epi-Si on (100) oriented silicon substrate. The corre-
sponding peaks reciprocal coordinates, denoted as (Qg, Qz, in A_l), the full width at half maximum
(FWHM) and the intensity are measured using the automatic peak search routine. The two peak
contributions visible on both (004) and (224) maps are attributed to the substrate (high intensity and
small FWHM) and epi-layer, thus confirming the monocrystal quality of PECVD epi-Si. A distinct
contribution of the layer and wafer despite homoepitaxy scenario is explained by the strain state of
epi-Si, and RSMs can be used to get more quantitative information. The epitaxial layer coordinates
in the reciprocal space are expressed with respect to the unstrained reference silicon substrate (s):

AQz(-hkl) =Q§Z’:fi)—Q§}:kl) where i = x, z and (hkl) are the Miller indices. For Qz(-hkl) a scaling factor
of N/4m is uséd, to work with wavelength independent dimensionless quantities. The resulting coor-
dinates are thus expressed in reciprocal lattice units [rlu]. From the two RSMs we found AQ:(BOM):O
and AQ(m224) ~(, thus no tilt angle was found between substrate and epi-Si, and the layer is fully
strained. Since the substrate has no mis-orientation, we do not consider anisotropic misfit relaxation;
the in-plane a epi-layer lattice constant along [110] and out-of-plane a lattice constant along [001]

are then calculated from corresponding (004) and (224) reciprocal space coordinates®’:

AQ&”“)

Q| ,epi = As. | 1 — (3.2)
Il,ep \/ia% N AQ;(nZM)
AQ(004)
alepi = as. |1 — _ A (3.3)

2 4 2™

with ag=5.4307 A, the crystalline silicon lattice constant, A=1.5405 A the incident CuKg1 ra-
diation wavelength, and AQ; expressed in rlu. Once those strained unit cell epi-layer parameters
are extracted, that is a)| ep; and ay epsi, the bulk lattice constant of the corresponding fully relaxed
epi-layer with cubic unit cell ag,ep; is deduced from the following equations:

QQ.epi — A||,epi
Ellepi = — e (3.4)
’ ag,epi
9

__ Qo,epi — AL epi (3 5)

Qg,epi

€1 ,epi

80M. BRUEL et al., Japanese Journal of Applied Physics, 36: 1636-1641, 1997.

8IM. BRUEL Process for manufacturing thin film layers of semiconductor material EP Patent App. EP19,920,402,520
1993

825 T. PANTELIDES et al., Solid State Phenomena, 69-70: 83-92, 1999.

83Y. ZHENG et al., Journal of Applied Physics, 89: 2972-2978, 2001.

84T, HOCHBAUER et al., Journal of Applied Physics, 92: 2335-2342, 2002.

85X . HEBRAS et al., Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, 262: 24-28, 2007.

86T, ROESENER et al., Journal of Crystal Growth, 368: 21-28, 2013.
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Fig. 3.15 — left: XRD (004) and right (224) reciprocal space maps of 5.15 um PECVD epitaxial
silicon grown on ¢-Si (100) wafer, indicating that the epi-Si layer is fully strained.

Ci2
€1,epi — _27-5||,epi (36)
11

Where €| epi and €] epi are the elastic strains related to deformation in each direction, and
C11=16.6x10"dyn.cm™2, C12=6.4x 10" dyn.cm™2 the silicon bulk elastic constant at 300 K. The
results are gathered in Table 3.3: a higher bulk lattice parameter, agep;=5.4325 A, is found com-
pared to pure silicon, and this is attributed to distortion induced by the high hydrogen content in
the crystal®”. We found that the in-plane elastic strain is compressive, with a||,epi =H-4308 A lattice
matched to the wafer, and an out-of-plane tensile strain +0.024%. This tetragonal lattice unit confirms
the pseudomorphic epitaxial growth of hydrogenated Si (epi-Si:H) on c-Si substrate. The relaxation
parameter defined as: R=(a epi-as)/(20,epi-as), can be used to quantify the plastic deformation of
the epi-layer related to the substrate. We found R ~ 5.5% for this 5.15 pum in-plane compressively
strained low temperature epi-Si layer.

In-plane Out-of-plane Bulk
a||,epi (A) €||,epi (%) a] epi (A) €1 ,epi (%) a0,epi (A) R (%)
5.15 pm epi-Si 5.4308 +0.031 5.4338 -0.024 5.4325 5.5

Tab. 3.3 — Calculated epi-Si lattice parameters obtained from RSMs.

Indeed, the stress in the layer is closely related to its hydrogen content. So both the growth
temperature’’ and the hydrogen dilution®” are important parameters to tune this stress level. In
addition, the quality of the wafer/epi-Si interface plays also a significant role on the layer stress.
For example, the influence of a pure Hy plasma treatment of the interface, after in-situ SiF4 plasma
cleaning, is shown on Fig.3.16. The €; curves of three samples are shown on a): without H plasma
treatment (black squares), with 120s of Ha plasma exposure (red circles) and 300s (green triangles).
These three samples were exposed to the same epitaxial growth conditions, and looking at the e;
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peaks amplitude, very little changes were observable in the crystalline quality. The inset zooming on
the low energy oscillations reveals slightly higher amplitude for longer Hs plasma exposure, which is
most likely linked to a change in the porosity of the interface layer. The Raman spectrum measured
on the same samples gives further information (see Fig.3.16-b): the peak position is strongly shifted
towards higher values with increasing Ho plasma exposure time. The 0, 120 and 300s samples are
respectively the black, red and green curve referring to the left-bottom axis. As indicated in the
legend this increasing compressive stress is concomitant with a small increase of the FWHM (from
5.08 to 5.8). The blue curve (squares, top-right axis) represents the Raman peak position as a function
of Ho plasma exposure time: once again the trend toward a strong compressive stress for long exposure
time is clear.
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Fig. 3.16 — a) Ellipsometry measurements: e; for 3 epitaxial samples with different initial Ha plasma
interface treatment time: Os (squares), 120s (circles) and 300s (triangles). b) Left-bottom axis
display the Raman spectra of the three same samples showing a significant peak shift toward the
compressive state. The blue curve (stars, top-right axis) shows the crystalline peak position as a
function of Ho plasma exposure time. FWHM is indicated in the legend.

It is indeed possible to get quantitative information on the strain in the layer from the crystalline
silicon peak shift®’. For a biaxially strained Si(100) film, the shift of the Si band relative to the strain
free position is given by®®:

1 ( PSi2

Awgi = Wsj — Wstrain = —
wo \S11 + S12

+ q) g = b€|| (3.7)
where S11 and Sy2 are the elastic compliance constants, p and q are the phonon deformation potential
and € is the in-plane strain as defined previously. The values of silicon constants found in literature
are reported in Tab.3.4. The coefficient b is the strain-shift coefficient and wg; and wg¢rain are the
frequencies of the Si modes in the strain-free reference and strained layer respectively. Values reported
in literature®® for this b coefficient in silicon range from -715 to -832 cm™!. Thus one can see from
equation 3.7 that a shift toward higher frequencies (wstrain>ws;) results in a compressive strain while
the opposit (Wstrain<wsi) is linked to a tensile strain. If we take wgi=b20cm ™!, b=-800cm ™! then
the calculated values of || are in the range of [-0.14 - 0.45]%. The corresponding stress can also be
calculated from the Raman shift with the following equation: o (MPa)=-500Aw(cm~1)*". Thus, we
can conclude that these interface treatments enable to control the strain state of the layer from tensile
to compressive.

871.D. WoLF., Semiconductor Science and Technology, 11: 139-154, 1996.
883, NAKASHIMA et al., Journal of Applied Physics, 99: 053512-053512-6, 2006.
89V.T. SRIKAR et al., Journal of Microelectromechanical Systems, 12: 779 —787, 2003.
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Chandrasekhar Anastassakis 1. De Wolf A. Brantley

et al.[90] et al.[91] et al.[87] et al.[92]

B 1434007 -1.8540.06 1.46 Si elastic em?/dyn

“o constants

q S11 0.768x10712

— -1.8940.09  -2.3140.06 -1.89

“o Siz -0.214x10~12

r

— -0.89+0.03  -0.7140.02 -0.59

“o

S44 1.26x 1012

|87,90,91

Tab. 3.4 — Literature values for Si phonon deformation potentia and Si elastic constants®?.

To sum up, both the hydrogen incorporated in the epitaxial silicon, which depends on the growth
temperature and the silane dilution, and the quality/treatment of the interface (roughness, porosity,
defects, etc.) are the controlling buttons for the stress of LTE layers.

3.4.4 Electrical properties
3.4.4.1 Background doping

In this PhD thesis we have been working mainly with intrinsic epitaxial layers (non-intentionally
doped). Indeed the concentration of impurities such as C and O are typically in the range of 109
cm ™3 as obtained by SIMS, in the case of epi-layers deposited at 175°C in a PECVD reactor with no
load-lock. Oxygen is known to occupy mostly interstitial lattice sites in the crystalline silicon lattice;
however in some conditions, complexes such as SiO4 may form and act as donors; such oxygen related
n-type background doping is also reported for pc-Si material”®. So one could expect a n-type back-
ground doping in the low-temperature epi-Si. To check this hypothesis we have performed Hall effect
measurements on 500 nm intrinsic epi-Si deposited in our standard conditions and bonded to a glass
substrate''. A small drawing of the stack is shown in Fig.3.17, and the measured donor concentration,
resistivity and mobility are reported in Tab3.5. As expected, the background doping impurities re-
sults in an n-type doping, equivalent to an electrically active carrier concentration of 4.6x1017cm™3.
All of samples measured on glass were found n-type with a doping from 1 to 5x107cm™3. A sim-
ilar doping range has been reported by DeBoer et al.”’. They also mention mobilities equivalent
to those of bulk crystalline silicon, but this is in the case of layers grown at 450-525°C using high
vacuum electron-cyclotron-resonance plasma deposition. Here we found a lower electron mobility of
59cm?/(V.s) (as compared to ~ 1350cm?/(V.s) for c-Si), which can be attributed to i) a higher de-
fect concentration due to the deposition temperature below 200°C and ii) the epitaxial layer transfer
process which may create some additionnal stress, defects and cracks in the layer. Another study on
PECVD non-intentionally doped epi-layers electrical properties was performed with Soitec, but this
time for epi-layers grown on SOI wafers. The electron and hole mobilities, without layer transfer step,
measured on Pseudo-MOSFET transistors”, was 400 and 125 cm?/(V.s) respectively.

93H. KEPPNER et al., Appl Phys A, 69: 169-177, 1999.

Hthe process of epi-Si transfer and bonding will be explained in more details in the next chapter.
94S.J. DEBOER et al., Applied Physics Letters, 66: 2528-2530, 1995.

953, CRISTOLOVEANU et al., ECS Transactions, 50: 249-258, 2013.
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i-Si— -n.id.
n-type doping Resistivity = Mobility
cm ™3 Q.cm cm?/(V.s)

500nm epi-Si
Room Temp. 4.6E17 0.23 59

Tab. 3.5 — Carrier concentration, resistivity and mobility
Fig. 3.17 — 1 x 1 cm? sample of 500 for a non-intentionally doped 500 nm epi-Si bonded to
nm non intentionnaly doped epi-Si a glass substrate, as measured by Hall effect.
bonded to glass, with Ag contacts.

3.4.4.2 Phosphorous and boron doped layers

Controlling the doping is of course highly desirable for many applications. Working at low tem-
perature enables the formation of p-n junctions with very sharp doping profiles. Thus, for instance
in the field of photovoltaics, LTE can be favorably used to form emitters with well controlled doping
profile?* %3 unlike conventional crystalline solar cells where the junction is formed by high tem-
perature diffusion processes. The n(p)-type doping of LTE layers can be realized by adding small
amount of phosphorous(boron) containing gases in the plasma. In our lab, we use phosphine (PHg)
as the n-type dopant gas and diborane BaHg or trimethylboron ((CHg)3B) for the p-doped layers. In
the frame of this doctoral work, we did not spend much time working on the doping topic'?. From
the previous work carried out by M. Labrune at LPICM?®, it was clear that a high doping level can
easily be achieved: both n and p-type epi-layers doped in the range of 1x102%cm™3, as measured by
Hall effect, were reported. Using gas cylinders with 2% of (CHg)3B or BaHg diluted in Hz, and 0.1%
of PH3 diluted in H2, and the lowest accessible value of the mass flow controller, doped epi-layers
at around 1x10'%cm™3 were obtained. Thus a precise control of the doping level, especially for the
low to intermediate values, would require some even more diluted cylinders. Based on ellipsometry
results, it seems that doping with BaHg resulted in a lower crystalline defect density compared to
trimethylboron which contains carbon. In the case of epi-layers doped with PHg, for a similar doping
level compared to BoHg, the crystal quality seemed to be more affected for the n-layers's. In any case,
a detailed study on the influence of the doping level on the crystalline quality and the mobilities in
LT PECVD epitaxy is still needed. In literature, Shahrjerdi et al.*” also claimed a 2x102%cm™3 elec-
trically active donor concentration while keeping a good crystal quality as measured by XRD. Other
details about RF-PECVD doped epi-layers may be found in thesis manuscripts from the University of
Waterloo, Canada”®"".

3.4.4.3 Assessing minority carrier lifetime in epi-layers

In the world of crystalline silicon solar cells, the measurement of minority carrier lifetime to
assess material quality and surface passivation is very common. This is routinely achieved by using
quasi steady state photoconductance, a method popularized by Sinton and Cuevas in the mid 1990’s"®.

24J. PLA et al., Thin Solid Films, 405: 248-255, 2002.

Z5M. FARROKH-BAROUGHI et al., IEEE Electron Device Letters, 28: 575-577, 2007.

26R. SHIMOKAWA et al., Japanese Journal of Applied Physics, 46: 7612-7618, 2007.

3OM. LABRUNE et al., Thin Solid Films, 518: 2528-2530, 2010.

124 Guilty

5M. LABRUNE. Silicon surface passivation and epitazial growth on c-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.

13”[,..]phosphorous was very efficient in decreasing the epitaxial quality” M. Labrune, PhD thesis, 2011

9H.E. GonARy. Development of Low- Temperature Epitazial Silicon Films and Application to Solar Cells. PhD thesis.
University of Waterloo, Canada, Sept. 2010.

97R.T. SAMADZADEH. A Nowel Buried-Emitter Photovoltaic Cell for High Efficiency Energy Conversion. PhD thesis.
University of Waterloo, Canada, Feb. 2013.

98R.A. SINTON et al., Applied Physics Letters, 69: 2510-2512, 1996.
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This technique relies on eddy current: a flash light of typically 20-1000 ps creates photo-generated
carriers in a semiconductor material, and the corresponding excess photoconductance is probed by a
coil placed below the sample. However this tool, while being available in the laboratory, could not
measure reliably samples smaller than a quarter of 4 inch. wafer; indeed this set-up, the WCT-120 by
Sinton Instrument, is not designed for small size thin film materials.

To probe the minority carrier lifetime in our epi-layers, we also used a more flexible home-built time
resolved microwave conductivity set-up (TRMC), also often referred as pW-PCD. In our experimental
setup, the probed area was few mm?2. A comprehensive description of this set-up and the technique
itself can be found in the PhD thesis of R. Brenot®’. This set-up was also later used by S. Kasouit as
reported in his PhD thesis””. For this manuscript, TRMC was used to probe lifetime in epi-Si layers,
thanks to the valuable help of A. D’Acremont, J.-C. Vanel and J. Nassar. The principle is to create
excess carriers, this time with a pulsed laser, and to detect the corresponding changes in the sample’s
photoconductance. This can be done thanks to a continuous measurement of microwave reflectivity.
The detected change in reflectivity is indeed proportional to the photoconductance induced by the
laser pulse'”’. Detailed theoretical understanding of this effect was published in the mid 1980’s'%:102,
The general equation describing the 1D time evolution of excess minority carriers, e.g. electrons, in a
semiconductor slice of thickness W centered on the origin of a z axis, is based on the sum of 3 terms:
laser generation, diffusion and recombination®’:

Boundary conditions

Recombination Laser generation
OAnN
O0An An —w D( )u = —S1.Anw
— = — + a(l — r)NO'yq(t)eo‘(Z 2) and aaAZn 2 2
ot Tbulk D( 0z )—2 = Sz.A’n|_%

(3.8)

where An(z,t) is the density of excess electrons, D is the diffusion coefficient of electrons, and the
surface recombination velocities S; and Sg are the boundary conditions. The bulk recombination is
considered as constant, with a characteristic lifetime Tp.k, and the 532 nm laser delivers pulses of
typically 4 ns FWHM. Thus carriers dynamics below this 4 ns will not be detectable with this set-up.
But for silicon we are probing lifetimes of few orders of magnitude higher, so this pulse width is not
a problem and the laser generation term can be neglected for solving the excess carrier equation.
The solution of equation 3.8 with the above mentioned boundary conditions is a sum of exponential
decay modes with different characteristic times. The short characteristic times are associated to higher
order surface decay modes and the effective lifetime, corresponding to the fundamental mode, is given
by 103,104,

1 1 w w2\ 7!
Teff  Toulk + (Sl-l-Sz + 71'2D)
(3.9)

11 28 . _ 72D
T + if §1 =82 and S K T

where Ty is the effective lifetime corresponding to the fundamental decay mode of TRMC mea-
surement. For lifetime measurement on wafer, the bulk lifetime is often assumed infinite and the

5TR. BRENOT. Corrélation entre mode de croissance et propriétés de transport du silicium microcristallin, établie par
réflectométrie micro-onde et ellipsométrie. PhD thesis. Ecole Polytechnique, France, 2000.

998, KASOUIT. Mécanismes de croissance et transport dans le silicium microcristallin fluoré. Application auz transistors
en couches minces et transfert technologique. PhD thesis. Ecole Polytechnique, France, 2003.

1000\, KUNST et al., Thin Solid Films, 450: 159-162, 2004.

101V, KUNST et al., Journal of Applied Physics, 60: 3558-3566, 1986.

102K 1.. LUKE et al., Journal of Applied Physics, 61: 2282, 1987.

103 A 'W. STEPHENS et al., Journal of Applied Physics, 76: 363, 1994.

104 A B. SPROUL., Journal of Applied Physics, 76: 2851, 1994.
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Fig. 3.18 — TRMC measurements for minority carrier lifetime probing on: a) a mirror-polished
double side a-Si:H passivated 280um thick n-type p=1-5 Ohm.cm ¢-Si FZ wafer and b) a 25 pum
thick Cz c-Si wafer with three different surface passivations. Blue squares on a) are the experimental
points and the exponential fit is the red curve. On b), the black squares are the data from the
out-of-the-box sample, the blue triangles are from the HF passivated sample and the red circles
from a double side a-Si:H passivated sample.

surface recombination velocities are the unknown parameters. But here, we know that in our epi-Si
layers the bulk lifetime is lower than in perfect silicon crystal. However, from the expression (3.9), one
can see that without knowing exactly the sample’s surface recombination velocities, Tef s gives a lower
bound for bulk lifetime Tpy. The TRMC measurements itself should also be done carefully: a too
high injection level and/or a non homogeneous generation (aw>1), a being the absorption coefficient,
will produce non-linear effects and a distorted signal®’.

In order to test the set-up we have first performed lifetime measurements on FZ n-type c-Si wafers
passivated on both sides with amorphous silicon. That type of sample is known to have a high lifetime
due to the outstanding bulk material quality and the excellent surface passivation provided by a-
Si:H. The result is shown in Fig.3.18-a) where the measured TRMC signal is shown in blue and the
exponential fit in red. A strong signal was detected with a clear decay over millisecond time scale; the
measured injection level was in the range of 10'6cm™3. From the fitting, a characteristic decay time
of 1.34 ms is found, which is typically the expected range of values for this type of sample.

After this first confirmation, we decided to perform measurements on a thinner wafer, namely a
Cz p-type p=1-5 Ohm.cm 25 pm c-Si, with different surface passivations. The result is shown in
Fig.3.18-b). Being Cz and p-type, a lower lifetime could be expected. The TRMC signal as a function
of time is plotted for the native wafer surface (black squares), for the same wafer dipped in HF (blue
triangles) and after a-Si:H both-side passivation (red circles). From this graph a reasonable trend in
decay time can be observed with the increasing surface passivation quality: roughly 22 us for native
surface, ~ 80 us for HF dip and ~ 400 us for a-Si:H passivation. In addition, for this sample, shorter
decay times were also observable: as shown in the inset, we found 0.24 s, 1.8 ps and 3.2 us for native,
HF and a-Si:H passivated surfaces respectively. Those shorter decay times are most likely related to
surface decay modes.

Thus after checking that the set-up could suitably measure high and low lifetime and give a
reasonable trend when changing the surface passivation quality, we performed measurements on epi-
Si layers. In their nice paper, Walter et al.'’> probed lifetime of epi-layers attached to their c-
Si crystal seed substrate. But in our case, the laser beam and the microwave guide arrive on the

1057y WALTER et al., Progress in Photovoltaics: Research and Applications, 22: 180-188, 2014.
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opposite side of the sample, so measurement on epi-layers attached to the substrate is less straight
forward. Consequently, in order to remove possible influence of the wafer on the measurement, we
have performed TRMC on free standing epi-Si layers'*. In the few microns thickness range, crystalline
silicon is completely flexible and not mechanically self-supporting. So we have used epi-Si flakes of few
mm?; this size was big enough to get a good TRMC signal. The measurement was performed on a 6
pm epi-Si layer dipped in HF, and, as a comparison, on a 1.1 pm thin slice of ¢-Si (so called epi-free),
passivated by a-Si:H on both sides, and produced at IMEC by a specific exfoliation technique'’. The
results are displayed in Fig.3.19-a), where both epi-PECVD layer (black squares) and epi-free layer
(red squares) exhibit a short (<1us) and long decay time (>50us). We think that the short decay
time corresponds to the effective lifetime whereas the long decay time may be linked to some defect
assisted trapping detrapping mechanisms. Indeed it is well known'® that traps in crystalline silicon
as well as in p-n junctions or inversion layers can lead to artificially high measured values of effective
lifetimes with photoconductance decay techniques'’"'"%. If, due to material quality or defects created
during the transfer process, shallow levels are present in the band gap, some trapping detrapping
effect, which is not directly related to recombination kinetics, may enhance the apparent lifetime.
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Fig. 3.19 — TRMC measurements for minority carrier lifetime probing on: a) a 6 pum both side
HF-passivated epi-Si sample and on 1.1 pm epi-free both sides a-Si:H passivated sample. Both
samples have a ~0.1 us characteristic decay time. Fig. b) shows the theoretical bulk lifetime
Thutk Map for a 6 pum c-Si sample as a function of the effective lifetime Torz and the surface
recombination velocity (assumed here equal on both sides).

Consequently, focusing on the short decay time, we could fit the exponential decrease to find a ez s
of 0.1us for both samples. The first comment is that both materials have similar effective lifetimes,
despite an epitaxial growth below 200°C for the first one and a formation process above 1000°C for
the second one. However one should remember that the samples have different thicknesses, different
passivations and also different lift-off processes; so the conclusion is not straight forward. A series of
samples with various thicknesses or calibrated passivation could help to extract more precisely the bulk
lifetime. This effective lifetime can nonetheless be compared to the literature data. If we look at results
on thicker layers, namely epi-foil of 40-50 pm grown by CVD at 1130°C, then effective lifetimes up to
100-200 ps have been reported'"’. Yet, lifetime values for thicknesses around 10 pm are much smaller:
Walter et al.'’> have typically measured effective lifetime of few ps. Indeed the effective lifetime is

1Details about detachment procedure are explained in the next chapter.

106y DEPAUW et al., Progress in Photovoltaics: Research and Applications, 19: 844-850, 2011.

15But we could "rediscover” the problem.

107D MACDONALD et al., Applied Physics Letters, 74: 1710-1712, 1999.

108 _H. NEUHAUS et al., 3rd World Conference on Photovoltaic Energy Conversion, 1: 91-94 Vol.1, 2003.
109 S, RADHAKRISHNAN et al., Progress in Photovoltaics: Research and Applications, , 2013.
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more sensitive to a change in surface recombination velocity for smaller thicknesses. While it is not
possible to get a quantitative value for the bulk lifetime out of those simple measurements, Fig.3.19-b)
shows, on an indicative basis, a color map of Ty values in the Toyp and S plane, deduced from the
equation (3.9), for a 6 pm thin silicon slice. In addition, other microwave photoconductance decay
measurements were performed with Soitec, on a commercial u-PCD set-up for PECVD epi-layers
grown at LPICM on SOI wafers. A range of 50-150 us, for the bulk epi-Si lifetime, was found.

3.5 Material evolution with thickness in LT RF-PECVD

As mentioned earlier, low temperature epitaxy is nothing new. For instance, Eaglesham et al.”
have reported epitaxial growth of Si on c-Si at room temperature, and Thiesen et al.''’ also claimed
epitaxial growth at 195°C by HWCVD. However they could sustain epitaxial growth over 1-3 nm and
140 nm respectively. So the important figure is not whether epitaxial growth is possible with a given
technique at low temperature, but rather the value of the critical thickness before the monocrystal
breaks down into amorphous or polycrystalline material. Indeed, depending on the growth conditions,
material quality can vary a lot over the film thickness. As shown in Fig.3.6, silane dilution in Hg is
one key parameter: a too high or too low dilution will result in epi-breakdown into mirocrystalline or
amorphous material. Moreover, the results were obtained from a 15 min deposition series, where only
the silane flow rate was changed. Most likely, by repeating the same experiment but with a longer
deposition time, the SiHy4 dilution range for a sustained epitaxial growth will be sharper. The idea
behind this is that, if the deposition parameters are slightly off the optimum values, this will result in
a smaller critical thickness. In this section, we study how the material was changing with thickness i)
when the optimum growing conditions are used and ii) when a deviation from the optimum conditions
was introduced by changing the ion bombardment energy on the substrate.

3.5.1 Epitaxial quality improvement with thickness

On most of our low temperature epitaxial silicon samples, a defective epi-Si/c-Si interface was
detected by ellipsometry (interferences in the 1-2.5 eV range, see Fig.3.8). The presence of this
imperfect interface was also confirmed by cross section TEM high resolution images (see Fig.3.12).
Various types of defects can be detected at the interface: stacking faults, point defects, platelets,
dislocations, SiOq islands, etc. This can be partially explained by the imperfect cleaning process (e.g.
simple HF dipping) which can create some small roughness, and the subsequent air exposure before
loading the sample and pumping down the reactor which can form SiOs. Also, the low temperature
epitaxial growth mode which likely proceeds by islands, may account for this defective interface layer.
Thus, realizing that our process results in a poor crystal quality at the wafer interface, we decided to
investigate how this could change over the epitaxial thickness, when optimized deposition conditions
were used.

The crystal quality evolution with thickness was investigated for epitaxial samples of few microns
by means of in-situ real-time spectroscopic ellipsometry and Raman spectroscopy performed on epi-
Si/c-Si cross section after deposition. The time evolution of €; monitored in-situ is shown on Fig.3.20.
The epitaxial growth was performed on SOI (Silicon-On-Isulator) wafers from Soitec company. The
substrate consisted of a 14 nm ¢-Si (100) surface layer with a 20 nm thick SiOg buried oxide layer,
with a 700 pm thick c-Si carrier wafer below. After an in-situ SiF4 plasma surface cleaning step, the
epitaxial growth was performed for up to 1.5 pm while monitoring ellipsometry data on the growing
film every 2s on the full [1-6] eV range. The 3D surface of €; as a function of time (in min.) and energy
is displayed on Fig.3.20-a). The color scale represents &; amplitude. The first striking feature is the
well-defined oscillations in the low energy range with a continuous decrease in amplitude. This effect
is linked to the presence of the 20 nm buried oxide which produces a strong optical index contrast.

57D.J. EAGLESHAM et al., Journal of Applied Physics, 74: 6615-6618, 1993.
10T THIESEN et al., Applied Physics Letters, 75: 992-994, 1999.
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Fig. 3.20 — a) Time evolution of &; recorded by real time spectroscopic ellipsometry during PECVD
silicon epitaxial growth at 175°C, on 14 nm SOl wafer. b) time evolution of ; at specific energies
during this deposition: 2.4, 3.4 and 4.2 eV. Dash lines represent €; 3.4 and 4.2 eV peak amplitude

of c-Si surface as measured after in-situ surface cleaning, prior to epitaxial growth.
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Further details about this part of the spectrum are visible on Fig.3.20-b) where the time evolution
of €; at 2.4, 3.4, and 4.2 eV is shown'%. The bottom purple curve shows €; at 2.4 eV as a function of
time; where the oscillations are linked to the growing film thickness. From the very stable oscillation
frequency detected, we can conclude that the deposition rate is constant during the whole deposition.
The decreasing amplitude is explained by the increasing film thickness which gradually buries the
oxide below the epitaxial film.

The other interesting information visible on this in-situ data is the evolution of the 3.4 and 4.2 eV
g; peak amplitude. This effect, not so easy to detect on the g; 3D curve, appears clearly on Fig.3.20-b)
where €; at 3.4 and 4.2 eV as a function of time are plotted. The top red curve corresponds to 4.2 eV,
and the middle curve is the 3.4 eV. The horizontal dash-lines indicate the amplitude of €; on the ¢-Si
surface after oxide removal and before epitaxial growth. For these two energies, g; is very sensitive to
the layer surface quality in the first 5-10 nm: a high peak amplitude is the signature of an excellent
crystal quality with a small roughness. We see that peak amplitudes, relatively low at the beginning,
continuously increase during the deposition. €; at 4.2 eV reaches the same amplitude value as the
clean c-Si surface before epitaxy, after 130 min of deposition. And &; at 3.4 eV even slightly surpasses
the amplitude measured before the epitaxial growth. From these two trends, we can conclude that
starting from a defective interface, the crystal quality is improving with epitaxial thickness.

This crystal quality improvement upon epitaxial growth has been further studied by post deposition
Raman mapping of epi-Si/c-Si cross sections. Results of the measurements on a 4 pm epitaxial layer
grown on standard c-Si wafer are shown on Fig.3.21. a) shows the crystalline peak FWHM map
and b) the peak position map for the same sample; the scanned area covers a 21.5x5 pm?
measured pixel has a size of 0.2x0.2 pm? while the spatial resolution of the microscope for A= 532
nm is 0.36 gm. Thus each pixel shown here corresponds indeed to a slightly larger physical area. The
optical filter for the laser and the scan speed have been adapted prior to this measurement in order
to avoid any heating related effect. The top of the sample starts at ~ 3 pm from the top of the map,
then at ~ 7 pum the interface with the wafer is clearly visible, and further below is the crystalline
silicon wafer. For the top ~ 3 pum of the map, the laser is not probing the sample, so the data in
this area should be discarded. On both FWHM and peak position maps, this scanned area reveals
a perfect lateral homogeneity. The depth profile for this sample is shown on Fig.3.21-c,d). The blue
curves (circles) correspond to the scanned area shown on a) and b), and the black curves (squares)
come from a scan in a different area of the same sample. As shown on c), the depth evolution of the
FWHM is the following: starting from a low value of ~ 4 cm™! measured on the high quality c-Si
wafer, the FWHM reaches a maximum close to the epi-Si/c-Si interface (7-7.5 cm™1), and then there
is a constant decrease down to ~ 6.5 cm™1! close to the surface. On the two spots the trend is the
same, and the values are very close. Since this peak broadening is linked to the presence of crystal
defects, this FWHM depth profile is in good agreement with the previously shown in-situ ellipsometry
measurement: crystal quality is improving when epitaxial growth starts from a defective interface. On
the peak position depth profile (see Fig.3.21-d) one can see a strong drop from the stable level in ¢-Si
to the epi-layer. There is then an evolution from a highly stressed interface to a lower stressed film
at the surface. The same trend is observed on the two spots (blue and black curves). The shift in
the c-Si peak position between these two spots is attributed to a different temperature in the Raman
set-up environment, since the measurements were performed on two different days. According to
equation (3.7), it is possible to deduce the strain state of the layer from the Raman peak position with
respect to the reference crystalline silicon. For example here, looking at spot 2 depth profile, we have
wgi — Wstrain = |0.55-1.05] cm™!, thus assuming a strain coefficient b = -800 cm ™!, this particular
sample is in tensile strain with ¢ equal to -0.13% at the interface and -0.07% close to the surface.

. Every

6 Penetration depths in c-Si at 2.4, 3.4 and 4.2 eV are respectively 1315, 10 and 5 nm.
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Fig. 3.21 — Raman cross section mappings of a 4 um epitaxial sample on c-Si substrate. The
FWHM map is shown on a) and the peak position map is shown on b). From top to bottom,
epi-Si surface is visible at ~2.5 pm and c-Si interface at ~7 pum. c) and d) represent respectively
the lateral average line scan of FWHM and peak position over maps a) and b). In both cases the
measurement is done on 2 different spots of the same sample.

To sum up, a crystal quality improvement is detected by both real time in-situ ellipsometry mea-
surements and cross section post-deposition Raman mapping. It happens likely because the interface
is defective. In the presence of an atomically perfect interface, this effect would most likely disappear.
From our measurements we can infer that the crystal defects rising from the interface do not propagate
throughout the epi-layer, but are rather confined to the interface or progressively suppressed with the
increasing epitaxial layer thickness. The physical explanation for this effect is not clear yet, but we
can think of the beneficial healing effect of hydrogen''' as a possible explanation, and also impurities
level and outgassing may decrease with deposition time.

3.5.2 Influence of ion energy on crystal quality

Working at low temperature, the mobility of adsorbed species is drastically reduced compared
to an epitaxial scenario at 800°C and beyond. Nevertheless, the characterization results presented in
this chapter provide the clear evidence that even below 200°C, a monocrystal growth can be sustained
over few microns. The missing piece of the puzzle, in other words the additional energy besides the
thermal one, may originate from the combination of various physico-chemical processes. Since one
of the specificities of PECVD environment is the presence of relatively low energy ions impinging
on the sample surface, this process is likely meaningful. In the field of PVD deposition, this effect
is already known and relatively well documented under the name of ion-assisted deposition (IAD).
This approach is based on electron-gun evaporation and subsequent partial ionization of the silicon
atoms. The created ions are accelerated toward the substrate with a typical energy of 20 eV, and

MY L. THI LE et al., Chemical Physics Letters, 610-611: 223-227, 2014.



74 3.5. MATERIAL EVOLUTION WITH THICKNESS IN LT RF-PECVD

excellent crystal quality with wafer like majority carrier electrical properties have been reported! '3

for deposition temperatures slightly below 500°C. So in this section, we try to investigate the effect of
ion energy on LTE; this work''* was done with the fruitful partnership of B. Bruneau, presently PhD
student at LPICM working on tailored voltage waveform plasmas.

Indeed, the effect of ion energy in PECVD epitaxy for temperatures below 200°C, and its vari-
ation with total pressure during deposition has not been studied to date. To address this issue, we
performed PECVD epitaxial growth using a dilute SiH4/Hg2 mixture at different pressures: above 2
Torr, that is the deposition conditions used for the results mentioned previously in this manuscript,
and below 1 Torr, namely 800 mTorr, assuming that the chemistry is supposed to be mainly driven by
higher order silanes (SipH,, with x>1, radicals or ions) above 2 Torr and by SiH, radicals and ions
below 1 Torr. Three different approaches were used to change the impinging ions energy: (i) tuning
the plasma excitation waveform, (ii) applying a negative DC bias on the substrate, and (iii) increasing
the RF power supplied to the plasma. In any case, the maximum kinetic energy a positive ion may
acquire is determined by the difference between the plasma potential, V,; and the substrate potential
(often grounded). The influence on epitaxial growth quality was investigated by ellipsometry, Raman
spectroscopy and cross sectional TEM. In all cases, the deposition was performed on (100) FZ c-Si
wafers, cleaned either by HF-dipping of in-situ SiFy4 plasma.

Low pressure regime

For the low pressure regime, we used Tailored Voltage Waveforms (TVW) PECVD to vary the
ion energy. By increasing the number of applied harmonics in capacitively coupled plasmas, TVW
enable a good control over ion flux and ion energy''>''7. In this pressure regime, the deposition was
performed on Philix reactor. The waveform was here varied by playing on the phase shift, which results
in change on the self-bias (Vg.). Thus this phase shift changes the potential drop between the plasma
and the substrate, and consequently changes the maximum ion energy in the same way. The results
of a series of samples deposited under epitaxial conditions by tuning the plasma potential, Vj,;, from
9V to 47 V with TVW, are shown on Fig.3.22. All films were about 1 pm in thickness. Fig.3.22-a)
shows the spectroscopic ellipsometry (SE) measurements performed ex-situ, from which we extracted
the amplitude of €; at 3.4 eV and 4.2 €V, i.e. the two characteristic peaks of crystalline silicon (left
red axis). Raman spectroscopy was performed on the same samples with a 473 nm laser (having
a penetration depth smaller than layer thickness), and the extracted Full Width at Half Maximum
(FWHM) of the crystalline peak is plotted in grey (right axis). One can see that for Vj,; below ~30-35
V, €; is about 35 at 3.4 eV and 40 at 4.2 eV, which is characteristic of monocrystalline silicon, and that
it decreases down to 20 when Vy is increased above ~ 35 V. This indicates that the epitaxial growth is
lost when ion energy increases above. These results are consistent with Raman analysis, as the FWHM
increases from about 6 cm™! to 13 cm™! when Vpi is increased, indicating lower crystalline domains
size and more defects. The inset of Fig.3.22-a) shows the Raman spectra of samples deposited at V=9
V (solid black line) and 47 V (dashed blue line). Not only an increase in the FWHM can be detected
for V,y=47 V, but this is also accompanied by the appearance of a broad shoulder at 480 cm™?!, which
is the fingerprint of an amorphous phase. The above-mentioned transition was also detected by real
time SE measurements, which were performed during the epitaxial growth, as shown in Fig.3.22-b,c)
for samples deposited at V=9 V and 47 V, respectively. At V;=9V, the growth is homogeneous
and remains epitaxial throughout the deposition and at the contrariwise, for V,;=47 V, the material
changes during the deposition as demonstrated by the huge drop in €; amplitude corresponding to the
loss of epitaxial growth. This is confirmed by cross-section Transmission Electron Microscopy (TEM)

121, OBERBECK et al., Journal of Applied Physics, 88: 3015-3021, 2000.

1137 A WAGNER et al., Materials Science and Engineering: B, 89: 319-322, 2002.
H4B BRUNEAU et al., IEEE Journal of Photovoltaics, Early Access Online: , 2014.
15B G. HEIL et al., Journal of Physics D: Applied Physics, 41: 165202, 2008.
M6 LAFLEUR et al., Applied Physics Letters, 101: 124104, 2012.

178 BRUNEAU et al., Journal of Applied Physics, 115: 084901, 2014.
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images of these samples, shown on Fig.3.22-d,e): a low Vp; (9V) results in a monocrystalline material
over the whole sample thickness whereas a high Vj,; leads to the formation of an amorphous phase
clearly visible in TEM image.
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Fig. 3.22 — Series of samples deposited when changing the plasma potential (V). a) Maxima
of e; at 3.4 eV (left axis, circles) and 4.2 eV (left axis, squares), obtained by ellipsometry, and
Raman FWHM (right axis, triangles), as a function of Vj,;. The inset shows Raman spectra for
samples deposited at V;=9 V (solid black line) and V;=47 V (dashed blue line). Time evolution
of &; obtained by real time spectroscopic ellipsometry for: b) Vi = 9 V, where epitaxial growth is
visible, and c¢) Vj,; = 47 V where epitaxial breakdown happens. TEM cross section images along
<110> axis of samples: d) V,;=9 V and e) V;;=47 V.

Since the experimentally supported reason for the epitaxy breakdown under the plasma conditions
of this study is the presence of SiHj ions with energy above 35 eV, one could expect a different
behavior at higher pressure, for numerous reasons. Firstly, due to a more collisional sheath (for ions),
fewer ions would arrive with the maximal energy V. Secondly, due to the higher plasma density, the
ions and molecules react to form SizH,, with x>1 and clusters. With a change in the dominant Si
ion, the energy threshold for the epitaxy breakdown could be modified.

High pressure regime

For the high pressure study, namely 2.3 Torr, the ion energy was changed by applying a DC
bias on the RF electrode, in ARCAM reactor, as well as changing the power for classical sine wave
excitation, in the cluster tool reactor. Fig.3.23-a) shows €; at 3.4 eV and 4.2 eV, as a function of
the negative external bias V. applied to the RF electrode''®. Samples were deposited simultaneously
on the grounded electrode (blue) and on the RF electrode (red). Concerning the RF electrode, the
maximum energy positive ions could get is equal to Vi + |Vie|. The absolute value of Vg, therefore
gives a lower bound to the maximum ion energy arriving on the RF electrode. As Vy. is increased,
the amplitude of the two peaks decreases for the samples deposited on the RF electrode, showing a
lesser quality of epitaxy. On the grounded electrode, no significant change could be observed, possibly
because the ion energy only slightly decreases on this electrode when |Vg.| is increased.

To get more quantitative results on this effect, a second series of depositions was done for this
high pressure regime, for which the power was changed from 5 W to 60 W and both the peak to
peak voltage Vpp, and the self-bias V. were monitored during deposition. From these quantities, one
can obtain the plasma potential Vj,;, namely the maximum energy an ion arriving on the grounded

18P Roca 1 CABARROCAS. Science des matériauz et techniques du réacteur dans le dépbt par procédé plasma RF de
photopiles et d’autres dispositifs en silicium amorphe hydrogéné. PhD thesis. Ecole Polytechnique, France, 1988.
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Fig. 3.23 — a) Amplitude of &; of the epitaxial layers at 3.4 eV (stars) and 4.2 eV (diamonds),
measured by ellipsometry, as a function of the applied DC bias on the RF electrode. Samples are
attached on RF (full red symbols) and grounded electrode (open blue symbols). b) Evolution of
the deposition rate (right axis, blue triangles) and ; 3.4 eV and 4.2 eV peaks (left axis, red squares
and circles) as a function of the coupled power (bottom axis), and the plasma potential (top axis).
The second left axis shows the Raman FWHM (grey diamonds).

electrode could get, from the following expression: Vi = 1/2.(Vpp/24+Vge). On Fig.3.23-b), the red
curves show e; peak values as a function of the RF power (bottom x axis). The Vjy, calculated from
the above mentioned formula, is displayed on top x axis. Once again, the amplitude of the two &;
peaks decreases when Vp,; is increased. Thus, from the decrease of the amplitudes, one could expect
a loss of epitaxy at high V. This is confirmed by the full width at half maximum (FWHM) of
the crystalline peak obtained by Raman Spectroscopy (grey curve, second left axis), which increases
significantly with Vj;. The deposition rate is also reported on Fig.3.23-b), and it seems to reach a
plateau at high RF power values, possibly due to a high depletion of silane (silane flow rate of 4 sccm).
So to remove the possible influence of a fully depleted SiH4 regime, some complementary depositions
with a higher silane flow rate (7 sccm) for this high power regime were performed, and the epitaxial
growth could not be sustained.

The crystal quality evolution with the V; has been further investigated with the Secco etching
process''”?. This wet chemical etching process is known to reveal the dislocations and lattice defects,
and thus is useful to characterize the epitaxial quality'?’. The friendly mixture is composed of both
(a) the highly corrosive HF at 48% and (b) the extremely toxic K2CreOx, 44,1g (|Cr]=0.3M) diluted
in 1000mL, in the proportions (a):(b)=1:2. The etching rate is supposed to be around 25nm/s. The
results of the Secco etching performed on the 15, 30 and 45W samples are shown on the SEM pictures
displayed on Fig.3.24. The ratio indicated in the top left corner corresponds to the etched thickness
over the initial film thickness, in nanometers. From this picture, the decreasing crystalline quality is
directly visible with the higher pits and cracks density appearing for the increasing power. The 45W,
full of cracks, is microcrystalline like, the 30W is monocrystalline with a high density of crystalline
defects and the 15W has no visible defects at this scale, and thus crystalline defects density is lower
than ~ 8x10%cm?.

However, compared to the low pressure scenario, one can see the signature of good epitaxial quality
growth for Vp,; as high as 45 V, indicating that the energy threshold observed in the low pressure regime,
above which no epitaxy can be obtained, does not apply here. In addition, looking at the epitaxy
under low Vj; in high and low pressure conditions, the high pressure seems to give better epitaxial
quality as judged by &; peak amplitude and Raman FWHM. Overall, the impinging ion energy clearly

H9F  SECCO D’ARAGONA., J. Electrochem. Soc., 119: 948-951, 1972.
1205 SCcHMICH et al., Prog. Photovolt: Res. Appl., 16: 159-170, 2008.
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Fig. 3.24 — SEM picture of epi-Si samples after a Secco chemical etching step to reveal dislocations
and lattice defects. The three samples are grown under 15, 30 and 45W of RF-power, and the
top-left values on the picture refer to the ratio of etched film thickness over initial film thickness.

plays an important role in LTE, since in the two pressure conditions an upper bound is detected. The
possible explanations for this effect are discussed in the next section.

3.6 Growth mechanism: an open discussion

Low temperature epitaxial growth in PECVD environment is not yet clearly understood. Indeed
a lot of experiments are still needed to clarify the situation: plasma studies, in-situ time resolved surface
analysis, etc. Also simulations (e.g. molecular dynamics) could strongly support such investigations.
In any case, such fundamental studies were beyond the scope of this industrially funded PhD thesis
work. So this section does not pretend to bring evidence of THE physical process explaining LTE,
but rather discuss a possible interpretation scheme under the light of our experimental results and
available literature.

3.6.1 The role of ions

As mentioned earlier, the role of ion energy has been particularly investigated by the ion beam
epitaxy community. While in MBE the resulting film structure is mainly influenced by substrate tem-
perature and atom arrival rate, in the ion assisted approach, the use of hyperthermal particles brings
some flexibility. Both experiments and simulation results indicate that a controlled ion energy can
significantly relax the lower temperature bound to sustain epitaxial growth. The possibility to lower
the epitaxial growth temperature in the presence of kinetic ions is determined by a balance between
beneficial effects, such as local relaxation or enhanced diffusion and detrimental effects such as lattice
damage, sputtering etc. For example Rabalais et al.*” used direct ion beam epitaxy from 28SiT ions on
¢-Si(100) to find the epitaxial window in the 8-80 eV energy range and 40-500°C temperature range.
They found an effective energy window for epitaxial growth at low temperature, which broadened
with the increasing temperature, as shown on Fig.3.25-a). Down to 150°C, the appropriate energy
range is very narrow around 20 eV, at 200°C the range is around 15-25 eV, then the lower energy
bound disappears around 300°C while the higher energy bound keeps increasing. This broadening
with temperature is most likely explained by additional thermal vibrations and atomic mobility with
increasing temperature.

Using molecular-dynamics algorithm, Hensel et al.'?! could confirm the beneficial effect of Si atoms
of this energy range. In their calculation, based on a modified Stillinger-Weber potential for the Si
atoms interaction, they studied 2 growth scenarios on a Si(100) 2x 1 at 300K: i) a regular flux of 2 eV

4TJW. RABALAIS et al., Phys. Rev. B, 53: 10781-10792, 1996.
121 HENSEL et al., Phys. Rev. B, 58: 2050-2054, 1998.
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atoms ("MBE” scenario) and ii) a flux of 2 eV atoms with 2% admixture of 30 eV atoms ("TAD” sce-
nario). They found that in the second case the growth stayed crystalline over many more mono-layers
compared to the first case. They also concluded that bonds rearrangement rather than atom mobil-
ity seemed to be responsible for this epitaxial growth. Other molecular-dynamics simulations from
Murty and Atwater suggested that 20 eV Argon ions induced surface displacement without damaging
the bulk'??. They concluded that the adatoms diffusion was not significantly enhanced, but that ion
bombardment increased the formation rate of single adatoms. In another experimental study'*?, they
showed that ion irradiation could lead to hydrogen removal and beam-induced (2x 1) reconstruction,
on a dihydride terminated Si(100); and this monohydride surface is known to be more favorable for
epitaxial growth.

1000 ‘ - ‘
=3 — Si TARGET
a) v b) UNIVERSAL POTENTIAL
- EFFECTIVE ¢ ‘puLK) = 22eV
— NOMINAL BULKE E.(SURFACE) = v
&) layer-by-layer growth; BULK E 1y , 3d( ) = e
s =1 4 5 7
SIP epitaxy _ . ‘
= Y 3 j ! Vo
<) E 00 b : i J
o & ) 5 100 / ; /
§ - ; ’ / //
. 4
Heo 2 e
- u = /.’// i
n (o = T
= & e
?) = =) g °f .ALPHA 60 ° E
= — . % = ]
E = 3D island growth; .
defective, strained =amorphous
SURFACE E p, g
10 20 30 40 "0 100 1000

ION ENERGY (eV) INCIDENT ENERGY (eV)

Fig. 3.25 — a) Substrate temperature vs ion-energy phase diagram for silicon homoepitaxy, from
Rabalais et al.*” b) Contours of surface and bulk displacement threshold energy in an incident-
mass/incident-energy plane for a c-Si target. Data points show literature results for MBE growth
where high quality crystal (open symbol), marginal epitaxial quality (half open circles) and poor
film quality (filled circles) are obtained. From Brice et al.'?*.

Interestingly enough, these energy values can be compared with fundamental constants of the
crystalline silicon lattice such as surface and bulk displacement threshold. Some calculations for this
effect were reported by Brice et al.'>* as shown in Fig.3.25-b). They present their results in an
incident-mass/incident-energy plane, where the set of curves from left to right indicates the surface
displacement threshold energy, the nominal bulk displacement energy, the effective bulk displacement
energy (which takes into account the energy loss at the surface). Then the dash line curves correspond
to a bulk displacement in the second mono-layer below the surface, the third, etc. From this graph one
can see that the incoming particles with a mass closer to the Si atoms are the most efficient to induce
displacement. In other words for a given incoming particle energy, the collision can induce more easily
a surface displacement if the particle mass is close to the target Si atom mass. For a Sit ion impinging
onto the crystalline lattice, the surface displacement threshold is in the range of 10-15 eV and the
energy needed to displace an atom in the first sub-surface monolayer is around 30-35 eV. If a higher
mass is considered (e.g. SizH, with x>1) the surface and bulk threshold energy become higher. On
the same graph, they have also reported MBE growth results where high quality is obtained (open
symbols), marginal quality epitaxy (half open circles) and poor quality films (filled circles). Together
these results suggest that a displacement on the surface or on the first sub-monolayer is beneficial for

122M.V. RAMANA MURTY et al., Physical Review B, 45: 15071510, 1992.

123\, V. RAMANA MURTY et al., Applied Physics Letters, 62: 2566-2568, 1993.

1247 K. BRICE et al., Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, 44: 68-78, 1989.
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high quality epitaxy, and then displacement in the monolayers further below will reduce the epitaxy
quality, unless high temperature is used (N?OOOC), which allows defects to migrate and annihilate at
the surface.

However, there is much less literature dealing with ion energy experimental work in PECVD en-
vironment. One can cite the work of Rosenblad et al.”® in the late 1990’s, in which an ion energy
threshold for PECVD epitaxy at ~10 mTorr and ~500°C was reported: above 15 eV, a sharp increase
in stacking fault density and surface roughness was observed.

In our case, as presented in the previous experimental section, only an upper bond threshold
energies could be detected: around 30-35 eV for epitaxial growth at 800 mTorr and 50-55 eV at 2.3
Torr. These results are consistent with recent work on microcrystalline silicon''”, where a growth
model has been proposed which indicates that SiH,T ions with energy above 30 eV can locally change
the crystalline orientation by displacing atoms in the bulk of the layer (i.e. below the surface), and
prevent from epitaxial growth. Thus, unlike Rosenblad et al.??, who found lower epitaxial quality
above 15 eV, and unlike Rabalais et al.*”, who found no epitaxy below 15 eV at low temperature,
we found no difference above and below 15 eV so far. Notwithstanding these apparent differences,
the details of these experiments can account for these disperse findings. In the working conditions of
Rabalais et al., only Si ions contribute to the growth. In PECVD environment, in SiHy/Hg chemistry,
a lot of atomic hydrogen is present in the plasma. And as discussed in the next section, hydrogen can
play important roles such as etching weak bonds or providing local annealing effect. This could be an
argument for the non-detected lower energy bound of 15 eV. In the experiments of Rosenblad et al.,
first the pressure is much lower, thus a bigger fraction of incident ions are impinging the surface with
the plasma potential energy, and second they also use argon ions which may have a different impact
compared to Si ions. Our experimental results (Fig.3.22 and Fig.3.23) can be explained by following
arguments:

e As the pressure is increased, the collision frequency in the sheath of the plasma increases signif-
icantly, which lowers the mean ion energy compared to the maximum ion energy (Vp). In the
high pressure regime, it is plausible to have a Vj,; (and therefore a maximum ion energy) above
30-35 V (or e€V), but with a negligible flux of ions with an energy above 30-35 eV. Therefore,
the energy threshold condition would be relaxed towards higher V.

e If the dominant ions are SizH,, with x>1 at high pressure, the energy threshold, which depends
on the mass of the incoming ion as shown on Fig.3.25-b), would be shifted to higher value.
Indeed, the cross-section of the inelastic collision between an ion and the atoms of the layer,
depends on the mass difference between the ion and the Si atom. Therefore, increasing the mass
of the incoming ion should decrease the cross-section, and thus increase the energy threshold
above which this ion can displace an atom in the layer (see Fig.3.25-b). And by looking at the
problem with a different figure of merit, namely the energy per atom, the conclusion remains
the same. Doubtlessly, the total energy of the particle, which cannot exceed Vp;, would then be
divided into more atoms, mitigating the effect at hand. In addition, the higher the number of
atoms in the ion, the easier to dissipate the kinetic energy internally, by vibrations for instance,
favoring elastic collisions with respect to the inelastic collision.

While we cannot discriminate yet between these arguments; it seems indeed likely that both of the
above-mentioned effects play a role in this ion energy shift observed at higher pressure.

If an increase of the deposition rate is to be targeted, then the ability to increase the ion and
reactive species flux while keeping the ion energy below the above mentioned energy threshold is an
essential feature. This may be realized using tailored voltage waveform instead of sine wave excitation,

23C. ROSENBLAD et al., Journal of Vacuum Science & Technology A, 16: 2785-2790, 1998.
178 BRUNEAU et al., Journal of Applied Physics, 115: 084901, 2014.
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if this gives enough decoupling on a large pressure range. But also, more easily, this could be achieved
by using a higher frequency sine wave excitation, the so called VHF mode. With this latter technique,
ions energy and ions flux are not independent, however higher frequencies are known to produce a
higher current of less energetic ions compared to RF at 13.56 MHz'?°. This should be beneficial for
LTE.

3.6.2 The role of hydrogen

The role of hydrogen in PECVD growth of pc-Si:H is often explained by three different effects,
namely etching, surface diffusion and chemical annealing'?®. We discuss below on the suitability of
these effects in the context of low temperature epitaxial growth.

Deposition/etching balance
One of the roles of atomic hydrogen in low temperature PECVD deposition is the etching of the
weakly bonded silicon atoms, which are not in a crystallographic configuration for epitaxial growth.
This etching phenomenon proceeds via the formation of volatile SiH4 through a multi-step mechanism
involving atomic hydrogen and SiH, species at the surface'?’. The first argument to support this
idea, is the fact that disordered materials, like a-Si:H, are etched faster in presence of atomic hydrogen
compared to crystalline ones'”'?*7130_ In their publication, Tsai et al.'” proposed that the transition
from microcrystalline to epitaxy and then to amorphous, as observed in Fig.3.6 in this PhD thesis,
can be explained by a balance between film deposition and etching. The net reaction for this could

be expressed as follow:
SiH

(3.10)

x(plasma) (plasma)

R, .

‘?_2\ Sl(solid) + xH
A high dilution of SiH4 in Hs then pushes the reaction in the reverse direction: it increases Ro. In
this case the growth rate is low and the fast etching creates some roughness and crystalline defects:
this is the microcrystalline phase. A good balance between Ry and Ra corresponds to epitaxial growth
conditions, with a higher deposition rate compared to pc-Si:H material. Then increasing further the
SiH4 flow rate will move the equilibrium toward lower etching effect, and thus a-Si:H material. The
fact that a high dilution in inert gases instead of Ha, such as He, does not result in a growth rate
reduction also supports this idea of etching balance.

Effect on adatoms mobility

Back in the 1990’s, one can find nice experimental studies focusing on the role of molecular
hydrogen in low temperature MBE Si epitaxial growth®” 3!, It was found that, below H desorption
temperature, hydrogen significantly reduces the epitaxial critical thickness. The loss of epitaxy was
believed to be linked to a progressive increase of surface roughness during growth. The hydrogen, by
limiting surface diffusion of adatoms, was thus found to be indirectly responsible for the roughness and
epitaxy breakdown. More recent studies have brought some contrasted conclusions: Ji et al.'* claim
that both SiH and SiHy surface units can block the Si adatom diffusion, and thus increase surface
roughness, whereas Cereda et al.'?? found that hydrogen promoted ordered growth through various
channels including etching promoted diffusion at T>300°C. In addition, some exchanges seem also

125 A PERRET et al., Applied Physics Letters, 86: 021501, 2005.
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possible between the surface units and the adatom, in such a way that H is kept as a surfactant on
the growth front. Anyhow, from those results, H-terminated surfaces did not seem to produce any
surface diffusion enhancement effect. However in PECVD environment, precursors also come in the
form of ions with a given energy, and thus the effect on surface diffusion in these conditions is less
straightforward. For PECVD growth of pc-Si:H, H-coverage is indeed believed to provide surface
diffusion enhancement'**.

Chemical annealing
Another role of atomic hydrogen is discussed in literature: this is the so-called chemical annealing'*°.
The idea behind this is that some chemical surface reactions, such as hydrogen abstraction, can release
a considerable energy, and thus enhance locally the effective surface temperature. For example let us
consider the adsorption of atomic hydrogen on a Si surface dangling bond followed by the abstraction
of the chemisorbed H by a second incident atomic H:

H,, + —Si — H—Si (3.11)

H,, + H—Si — H,(g) + —Si (3.12)

Reaction (3.12) is about 1 eV exothermic, and has a relatively low activation energy. Based on
the surface monohydride Si-H bond energy of ~ 81 kcal/Mole and the H-H bond energy of ~ 104
kcal/Mole, Koleske et al.'?" estimated the enthalpy change (AH) for the reactions (3.11) and (3.12)
to be -104 kcal/Mole. Molecular dynamics simulations also concluded that atomic hydrogen produced
a chemically induced ordering. More specifically, this could be through bond breaking and reforming
reactions which are facilitated by H insertion and result in the suppression of strained Si-Si bonds.

Obviously, the experimental results shown in this chapter do not provide enough proof to fully
support or rebut these three above-mentioned effects of hydrogen during the LTE Si growth. But
they are still reasonable working hypothesis, and the field is still open for further experiments and
simulations to clarify these phenomena.

3.6.3 The role of nanoparticles

At the beginning of this chapter, we have shown that epitaxial growth was un-intentionally
obtained, on a limited thickness, at c-Si/a-Si:H interface when trying to passivate c-Si surface. Such
a-Si:H deposition is usually performed at relatively low pressure (~ 50 mTorr), where cluster/powder
formation in the plasma phase is often considered to be negligible. However the epitaxial growths
performed in this doctoral thesis were under much higher pressure, namely 2-2.5 Torr, where plasma
synthesized clusters are formed easily. Some similar deposition conditions are known to produce
crystalline clusters embedded in an amorphous matrix when using a glass substrate, that is the so-
called polymorphous silicon'>”'%?. Those high pressure conditions were also reported to promote
germanium epitaxial growth on GaAs in GeHy/Hz plasmas'’, and evidences of Ge nanocrystal could
be observed on TEM grids'*’. Over the past years, the LPICM has produced many studies dealing
with this topic, and the reader is advised to look into the following review papers’*'*! for more
information.
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While the presence of plasma synthesized clusters (amorphous or crystalline) in our high pressure
deposition regime is established, the question of how significantly they contribute to the epitaxial
growth is still lacking direct experimental evidence. However molecular dynamic simulations may help
to gain some insight into the possible mechanisms. First Brulin et al.'*? have shown that hydrogen
may induce crystallization of clusters in the plasma phase, and Thi Le et al.'*? even came to the
conclusion that plasma born clusters such as SizgHa4 can reach their melting temperature (here ~
1650 K) as a result of reactions with atomic hydrogen. By simulating various types of cluster size
and changing their impact energies on c-Si (100)-oriented surfaces, Ning et al.'**!%° could find some
conditions where crystalline growth occurs. More details can be found in the PhD thesis of Thi Le'.
The kinetic energy of impinging particles plays again a crucial role: the epitaxial growth seems to
happen when the cluster impact energy is high enough to promote a phase transition to the liquid
state for both cluster atoms and surface atoms involved in the collision. In addition, her simulations
show the existence of an optimum incident angle (around 30°) for enhanced epitaxial efficiency, that
enables a better spreading of the cluster’s atoms at the surface, a larger surface diffusion and a better
rearrangement in a crystalline way.

Clearly, it is not an easy task to bring strong experimental evidence of such growth mechanism. And
since the above-mentioned mechanisms happen at the picosecond scale, this would probably require
a highly precise spatial and time-resolved in-situ set-up. Thus, whether and how much the cluster-
enhanced epitaxial growth mechanism can explain the low temperature epitaxial growth remains an
open question.
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3.7 Summary and perspectives

[Takeaway Message - Low temperature RF-PECVD epitaxial growthj

e Epitaxial growth at low temperature (150-350°C) by PECVD has been reported since the
1980’s. However, the literature on this topic is relatively sporadic and, unlike other
epitaxial growth techniques (CVD, MOCVD, MBE, etc.), it does not benefit from the
expertise of a strong scientific community.

e In PECVD SiH4/Hs plasmas below 200°C, a high SiHy4 dilution results in pc-Si:H, a low
SiH4 dilution leads to a-Si:H. Epitaxial growth happens at the transition, and can be
sustained up to several microns without breakdown. The monocrystal quality of the
layer is confirmed by ellipsometry, Raman, TEM, XRD, etc.

e Dry plasma cleaning of native c¢-Si surface can be achieved using SiFy4 precursor at 175°C.
This step advantageously removes the need of using HF-based wet chemical etching
or high temperature steps prior to epitaxial growth.

e This LTE material is highly hydrogenated: H concentration may reach few times
102 cm—3 for this 7epi-Si:H” material. Hydrogen incorporation is responsible for
platelets lying in (111) and (100) planes, and H-platelets induce some strain in the
epi-Si:H layer. Consequently by tuning the H content (growth temperature, precursor
dilution, etc.) the stress in the epi-layer can be tuned accordingly.

e Intrinsic LTE has a typical electron(hole) mobility of 400(125) cm?2/(V.s). Bulk lifetime
measured by standard pu-PCD technique is in the range of 100 ps. Those values are
altered if the epi-layer is lifted-off and transferred. Superior electrical properties are
expected for a growth temperature around 300-350°C.

e Material grown below 200°C is changing with thickness: under optimum epitaxial condi-
tions the crystal quality improves from a slightly defective interface to the top of the
layer. However un-optimized deposition parameters will result in epi-breakdown.

o The beneficial effects of hyperthermal particles on epitaxy are well-known in the ion beam
assisted epitaxy community. In PECVD, the epitaxy breaks down above a pressure
dependent energy threshold (30-35 eV at 0.8 Torr and 50-55 eV at 2.3 Torr). Those
values can be compared to ¢-Si bulk displacement threshold energies. A temperature
increase will enable sustained epitaxy for higher ions energy.

o Hydrogen has an important role in the growth process: etching of weak bonds, chemical
annealing, etc. Possibly, plasma synthesized nano-particles have also a non-negligible
role in this LTE growth.

o While epitaxial growth rates reported here are always in the range of 1-3 A/s, there
should not be any physical limitation to increase it by one order of magnitude at least.
Raising the deposition temperature around 300-350°C and tuning independently the
ion flux and ion energy would certainly help. This may be achieved by changing the
plasma excitation frequency or wave form.

e PECVD LTE is not yet mature. The relative freshness of this scientific topic however
means that there is room for interesting progress; for example, this LTE technique can
be extended to other elements (Si1—,Gez, II1I-V, etc.). Potentially a lot of applications
can benefit from this field.
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Silicon solar cells have a long history' which started in 40’s when Bell Telephone Laboratories Inc.
patented the first "Light-sensitive electric device™, and in the mid 50’s, with Bell Labs’ first com-
mercial silicon photovoltaic panel, which featured a power conversion efficiency of 5-6 %'. Research
and development efforts have quickly raised efficiency up to 15% in 1960, and the significant progress
achieved in the 90’ resulted in a world record 24.7% for a PERL (passivated emitter, rear locally
diffused) cell on a 400 ym p-type FZ substrate®. From 1999 to 2013, this record remained unbeaten:
indeed the well-known value of 25% is nothing but the same above mentioned 24.7% record updated
with the new reference solar spectrum®. In 2014, a small but nonetheless remarkable improvement
was achieved: Panasonic Corporation succeeded to bring efficiency up to 25.6% with a completely
different architecture®. Their results, presented at the conference IEEE-PVSC 40th in Denver, were
obtained with an interdigitated back contact heterojunction solar cells for a 150 pm CZ n-type wafer,
on a 143.7 cm? area. Parameters and small schematics of this two “historic” cells are shown in Fig.4.1.

Wafer | Area| Voo | Jo FF n IBC

[em?] | [mV] [[mA/em?]| [%] | [%] Hi-l-_> ¢-Si (CZ, n-type, textured) Hype &S (~10 nm)

. N-type a-Si (~10 nm)
“p-type a-Si (~10 nm)
Grid electrode (~40 um)

Passivation layer

IBC HIT 2014| 150 pm

. 147.3(740| 41.8 | 82.7 | 25.6
Panasonic [CZ n-type

PERL 1999 | 400 pm
UNSW FZ p-type

4 |706| 42.7 |82.8| 25 ~ <— PERL cell

Fig. 4.1 — Schematics and diode parameters for the previous and actual silicon record cells: the
UNSW PERL cell* and the Panasonic IBC HiT.®

The theoretical efficiency limit for silicon (E;=1.12 eV), based on detailed balance calculations®,
is around 33%. However the unrealistic assumptions (infinite carrier mobility, complete absorption
above the gap, etc.) of this approach over-estimate the result. More realistic calculations based
on Si real absorption coefficient, including in addition the Auger recombination and the free carrier
absorption, lead to a theoretical optimum of 29.8% for a 100 pm cell”. Indeed actual Si performances
are relatively close to their maximum, and the very flat efficiency curve over the past 15 years confirms
that this technology has come very close to its practical limitations. The challenge is now to produce
high efficiency on large area and at low cost; at the cell level, this can be achieved by reducing the
amount of material usage. Since the highly purified silicon required for the absorber layer is one of
the main components of the panel cost, the general trend is to reduce the wafer thickness, as shown in
Fig.4.1: between 1999 and 2014, the wafer thickness in record cells was reduced from 400 to 150 pm.
Nowadays research focuses on silicon cells in the 1-50 pm range and this brings many challenges:
i) finding new light trapping concepts to compensate for the incomplete absorption ii) achieving
excellent passivation on both sides iii) producing and handling c¢-Si layer of few microns, etc. The
previous chapter has shown an innovative way to produce thin film monocrystalline silicon layers,
namely the low temperature PECVD epitaxy. In this chapter, we study the possibilities to use those
epi-layers in few microns thick solar cells. After a brief literature overview, we first present the results
of thin film epitaxial cells on wafer, and then expose the strategies tested to increase absorption: i)
the use of germanium and ii)the lift-off and implementation of photonic nanostructures.

'M.A. GREEN., Progress in Photovoltaics: Research and Applications, 17: 183-189, 2009.

2R.S. OHL “Light-Sensitive Electric Device” pat. 2402662 U.S. Classification: 136/261 June 1946
1Science: Solar Batteries, Time magazine, 3 May 1954, Sun Electricity

3J. ZnAo et al., Progress in Photovoltaics: Research and Applications, 7: 471-474, 1999.

4M.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 17: 85-94, 2009.
SM.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.

SW. SHOCKLEY et al., Journal of Applied Physics, 32: 510, 1961.

"T. TIEDJE et al., IEEE Transactions on Electron Devices, 31: 711-716, 1984.
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4.1 Challenges in reducing the silicon absorber thickness

On the one hand, there is the crystalline silicon solar cell technology, by far the dominant
technology on the market, which can reach up to 25.6% at the cell level and module efficiency in the
23% range”, and which require large thicknesses (150-200 zm) mostly to ease handling and processing.
Crystalline silicon can reach high efficiency thanks to high minority-carrier lifetime, and c-Si based
modules have an excellent long term stability. On the other hand, there are thin film silicon based
technologies, using much less active material and lower processing cost, but reaching lower efficiencies,
with the actual record being 16.3% initial efficiency for triple junction®. The bridge between these two
technologies is thin film crystalline silicon solar cells’, which can potentially combine the best of both
worlds: i) high lifetime and high quality ¢-Si material and ii) lower processing cost and material usage.
Indeed, thin film crystalline silicon has the potential to reduce material cost compared to current c-Si
wafer technology, while at the same time avoiding material scarcity, toxicity and/or stability problems
that are encountered by several thin film solar cell technologies'’. A transition from wafer based cells
to sub-50 um device can seriously reduce the silicon consumption per watt: from ~4g/W for classical
wafers (including kerf losses) to a projected ~0.2g/W. Thus research in this field is now focusing on
three axes: i) Production of thin ¢-Si layers with a thickness of a 1-50 pm, ii) their transfer to low cost
substrates, and iii) advanced light trapping schemes - such as plasmonic and photonic structures - to
compensate transmission losses in ultra-thin layers. This section describes the state of the art results
from literature, and challenges associated with this thickness reduction.

4.1.1 Overview of thin c-Si cells in literature
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Fig. 4.2 — Monocrystalline silicon solar cells results from literature, plotted in a efficiency/absorber
thickness plan. References and more details are shown in Fig.4.3

One of the important milestones in reducing c-Si absorber thickness was the proof of concept

SM.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.
8B. YAN et al., Applied Physics Letters, 99: 113512-113512-3, 2011.

9F. DROSS et al., Prog. Photovolt: Res. Appl., 20: 770-784, 2012.

10V, FTHENAKIS., Renewable and Sustainable Energy Reviews, 13: 2746-2750, 2009.
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device reported by Wang et al.'' in 1996. Starting from a thick high efficiency PERL cell (namely
400pm and 23.5%) they have performed chemical thinning to reduce the absorber thickness down to
47pm, and could achieve 21.5% efficiency, the losses being mainly due to a reduction of ~ 3 mA /cm?
in the short circuit current. While this approach is not attractive from an industrial point of view,
it was however a significant step forward in demonstrating that high efficiency is possible in sub-50
pm c-Si. On the top right corner of Fig.4.2 the 24.7% in 98um milestone achieved by Panasonic
in 2013, represents the state of the art result from wafer based technology'”. Industry being rather
conservative, it is often moving forward by small incremental steps, and c-Si PV technology has been
following this wafer thinning path for a while now (see reports of International Technology Roadmap
for Photovoltaic - ITRPV) . More innovative approaches are being explored for thicknesses in the 1-40
pm range; indeed producing and handling wafers around 100 gm becomes tricky, and in the few tens of
pm range, the silicon is no longer self-supporting for classical wafer sizes?. Despite representing many
different technologies, the best research results of Fig.4.2 are relatively well aligned in the semi-log
plot; it underlines indeed the need for new light trapping concepts, and also raises the question of the
upper trapping limit.

More details about those literature results are shown in Fig.4.3. The solar cell devices are classified
according to their fabrication process: i) wafer based ii) wafer exfoliation or thinning iii) epitaxial lift-
off and iv) epitaxial cells on wafer. Exfoliation or etching techniques have shown very good results
so far, since the absorber itself is a part of its parent’s wafer, and thus the material can have similar
electrical quality (if separation process does not alter it). While the etching approach of Wang et
al.'! or Jeong et al.'®, who remove material starting from a 400 ym wafer and from a SOI wafer with
10 um device layer respectively, is more a proof of concept, the exfoliation techniques are probably
more industrially relevant since they may be performed several times on a same wafer/ingot. Saha et
al.'* use metal layers to create stress and control the exfoliation, Cruz-Campa'® approach is based on
lithography, masking and selective chemical etching of sub-surface layer, and Trompoukis'® are using
an epitaxy-free layer-transfer process based on the reorganization of macro-pores upon annealing. The
two other categories, the wafer equivalent and epitaxial lift-off, are bottom up approaches. The idea is
to grow the monocrystalline silicon absorber layer on a crystal seed (which shall be inexpensive and/or
re-used). In most cases, the epitaxy itself is performed by CVD at 1100°C, and the lift-off, if any,
is achieved thanks to a fragile porous silicon layer below the surface created by electrochemical HF
bath prior to epitaxial growth'”?*. An alternative epitaxial technique to produce c-si layers of few
microns, namely HWCD around 700°C, is being explored at NREL in the group of Branz et al.’*?°.
Our innovative approach lies in the fact that we use a very low epitaxy temperature (<200°C) to
produce the monocrystalline absorber”®; this type of device will be explained in details in the next
section.

1A WANG et al., Progress in Photovoltaics: Research and Applications, 4: 55-58, 1996.

12M. TacucHI et al., IEEE Journal of Photovoltaics, 4: 96-99, 2014.
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parallel (alternatively perpendicular) to the ground.
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24H.M. BRANZ et al., Thin Solid Films, 519: 4545-4550, 2011.
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VOC JSC FF n

[mV]  [mA/cm?] [%] [%]
wafer Panasonic — Taguchiet al. (2014) - 98 750 39.5 83.2 24.7 HiT cell on thin wafer
UNSW - Wang et al. (1996) - 47 698 37.9 81.1 21.5 Wafer chemical thinning, PERL cell
AstroWatt inc. — Saha Lift off: patented kerfless exfoliation
- - 25 34.4 14.9 .
S » etal.(2013) technique from parent wafer
s = i - .
85 S R I e - 14 597 31.8 784 149 250 um wide IBC cell etched from wafer
o v etal. (2011)
X = .
w o Standford — Jeong 10 um SOl layer, carrier wafer etched.
et al. (2013) 10 623 22 76 13.7 IBC cell nanocones light trapping.
IMEC — Trompoukis et al. (2012) - 1 434 15.5 72 4.8 HiT cell with NIL on Epi-free
Solexel inc. — Kapur .
- etal. (2014) CcvD 43 80.1 20.4 Lift off
o
e ISFH — Petermann CVD, Lift off, transfer from porous silicon,
E etal. (2012) 1100°C = ) STE) L6 S random pyramids, PERC cell
©
X IPE — Reuter Lift off, transfer from porous silicon,
% et al. (2009) (542 o En) el o -/ epitaxial BSF & emitter
w IPE — Bergmann CVD, 46.5 645 32.8 78.2 16.6 Lift off, transfer from porous silicon,
etal. (2002) 1100°C  24.5 636 30.4 79.7 154 random pyramids, epitaxial BSF
Fraunhofer ISE — Rosenits CVD, 50 631 36.1 79 18 Standard diffused emitter, no surface
et al. (2011) 1100°C 20 626 35.9 79.6 17.9 texture
Lo
5 IMEC — Kuzma-filipek CvD Porous back reflector, epitaxial BSF +
Q ’ ’
T>u S etal. (2012) 1100°C 30 | 6336\ 317 80.8 162 emitter base. Diffused emitter.
= ©
S o IMEC - Van Nieuwenhuysen CVD, Porous back reflector, BSF, epitaxial
T = . f b .
@ = et al. (2010) 1100°C 20 o2t SR s gee base & emitter, plasma surface texture
o ©
u“ NREL - Branz HWCVD,
g etal. (2011) 760°C 2.5 550 18 68 6.7 No surface texture
LPICM —R. Cariou RF-PECVD,
etal. (2013) 175°C 4.2 539 20.2 80.5 8.8 No surface texture

Fig. 4.3 — Thin film crystalline silicon solar cells results from literature, classified according to their
production process and by decreasing efficiency. Data extracted from Ref 172420

4.1.2 Absorption and short-circuit current in thin film c-Si

With silicon’s indirect band gap, the incomplete optical absorption in thin film ¢-Si (<50 pum) is a real
issue: an insufficient electron-hole (e-h) pair generation clearly limits the short circuit current (Js)
of the device. If we consider a slice of material of thickness d, with a(F) being the energy dependent
optical absorption coefficient, the absorbance for a single light path (sp) is equal to: ag(E) = 1 —
e~B)d Ty Fig.4.4-a), the right and bottom axis show, in grey shade, the AM1.5 G-173 standard
solar spectrum as a function of wavelength. The fraction of the photon flux that can be absorbed in a
single pass through 1, 3, 10, 50, 100 pum c-Si slab, are shaded with different colors. The AM1.5 G-173
photon flux is here converted into ideal J,. per wavelength (mA /[cm?.nm]), according to the following
assumptions: i) zero reflection losses (R=0) and ii) 100% internal quantum efficiency (IQE=1), i.e.
every created e-h pair is collected. By integrating over the entire spectrum one can calculate the ideal
Jse as a function of absorber thickness. The result is displayed in Fig.4.4-a) top and left axis: for
example the ideal single pass Js. (black line, triangles) of a 3 um c-Si absorber reaches the relatively
low value of 20.5 mA /cm?, and several hundred are needed to go above 42 mA /cm?.

It is hopefully possible to increase significantly the absorbance (for material with index >1) by
using light trapping solutions such as non-specular textured surface and back reflectors. By introduc-
ing some roughness (at front and/or back cell’s surface) the light is deflected away from the angle
of incidence and remains trapped until it is either absorbed or scattered back into the escape cone.
Thus from a ray optics perspective, the conventional light trapping effect is based on total internal
reflection between the semiconductor material and the surrounding medium; this results in a much
longer propagation distance, and thus a significant absorption enhancement. It can be shown®’ that

2TE. YABLONOVITCH., Journal of the Optical Society of America, 72: 899-907, 1982.
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the maximum enhancement factor in this ray optics approach is 4n?/sin?(f), where 6 is the angle of
the emission cone for the semiconductor with index n, in a given surrounding medium. A Lamber-
tian surface ensures a perfect randomization of light scattering events®®, and this isotropic response
results in #=90°, thus the maximum enhancement factor becomes 4n?, often called Lambertian or
Yablonovitch limit. This 4n? limit is valid under three main assumptions: i) the transmitted or re-
flected light is randomized with isotropic angular distribution at every energy ii) the weak absorption
regime is verified 4n’a(FE)d <1 and iii) the ray optics is valid, i.e. the film thickness d and the light
trapping features periodicity is much larger than the wavelength A/n in the semiconductor material.
The corresponding maximum enhancement factor for silicon under this assumptions is 4n?=50. More
recently, an analytic expression for light path enhancement in the case of arbitrary absorption has
been calculated by M. Green”’. In fact the maximum absorption enhancement is lower when the weak
absorption assumption is relaxed. If light trapping features and film thickness become closer to the
wavelength scale, those above mentioned Yablonovitch and Green limits are no longer valid, and the

light needs to be treated as a wave, this is the so-called photonic regime?" 3.

¢-Si thickness (pm) —08*%(V *
a) 450,1 1 10 100 _ b) Eff=08" (V.. J“IP‘ 25

[ T T=T=7rTTrr T =TT 77T T =TT T’ =“:-'!008E - ~
a0 -
: :
351 )
. J0,06 <
—_ [ solar spectrum ’ £
o~ 30 180 ym =
g - I 50 pm ;E
2 25 [ 10pm =]
| | 0 3um 5
3 ’ B tum J0,04 g
5 20 ( o
! [ :
245 : 2
© ‘ —A—|deal J__single pass 5
] s¢ =%
210 —e—X10 light trapping 0,02
L —k— Yablonovitch limit 24
i .
0 . 0,00 =

500 750 1000 1250 1500 1750 0,50 0,55 0,60 0,65 0,70 0,75
Wavelength (nm) Voc (V)

Fig. 4.4 — a) Ideal current density per wavelength for AM1.5G solar spectrum (bottom & right
axis, grey shade). Single pass absorption of c-Si slab with 1, 3, 10, 50 and 100 um are shaded in
colors. By integration, the ideal J;. (R=0 and IQE=1) is calculated for single path (top & left axis,
triangles), x10 light trapping (circles) and 4n? Yablonovitch limit (stars). b) shows the efficiency
map in V,./Jsc plan for a device with 80% fill factor.

Using the classic ray optics approach, light path enhancements of 10 to 20 times are routinely
achieved with random pyramids of few microns etched on ¢-Si(100), as presented in the previous
chapter (see Fig.3.11). The ideal Jg. as a function of thickness for the case of x10 (circles) and 4n?
limit (stars) is shown in Fig.4.4-a). This shows that light trapping enables to significantly enhance the
current over the whole 1-100 pym range. Looking more specifically at an absorber thickness of 3um
(typical value for PECVD LTE cells of this chapter), we can compare the ideal current density in the
3 above-mentioned light trapping scenarios: i) the single pass gives 20.5 mA /cm?, i) the x 10 result in
35.5 mA /em? and iii) a Lambertian light trapping limit leads to 37.7 mA /em?. A rough estimation of
achievable efficiencies for such a thin c-Si slab can be deduced from Fig.4.4-b), where the contour map
of efficiency in a V,./Js. plan is shown, assuming a fill factor of 80% (Eff.=0.8.V,¢.Js¢/Pin). Reaching
20% efficiency in such device requires: i) Vo ~675 mV and the hard to achieve J,. of 37.7 mA /cm?,

28P. SHENG., IEEE Transactions on Electron Devices, 31: 634-636, 1984.

29M.A. GREEN., Progress in Photovoltaics: Research and Applications, 10: 235-241, 2002.
30H.A. ATWATER et al., Nature Materials, 9: 205-213, 2010.

317. YU et al., Opt. Express, 18: A366-A380, 2010.

32A. POLMAN et al., Nature Materials, 11: 174-177, 2012.

33A. BozzOLA et al., Opt. Express, 20: A224-A244, 2012.
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or i) Ve ~720 mV if the current is 35 mA /cm? (that is roughly a x10 light trapping). Tiedje at al.”
have shown that, for an hypothetical solar cell in which the only loss mechanisms are radiative and
Auger recombinations, and free carrier absorption, the V. is increasing with decreasing thickness: the
open circuit voltage is expected to increase from ~760 mV at 100 pm to above 800 mV for a 10 um
thin absorber. Apart from the 747 mV in a 58 um wafer reported by Sanyo (now Panasonic) in 2011°%,
this is in contrast with all the V. achieved so far in sub-50um devices which are more in the 620 to 650
mV range (see Fig.4.3). This discrepancy is explained by the fact that Tiedje et al. ignore the surface
recombination issues; indeed surface passivation becomes more critical for thinner devices, especially
for high aspect ratio light trapping features which enhance by several times the actual surface area
compared to the projected surface (flat case). So even if their predicted efficiency decreases only by ~
1.5% absolute when the absorber is reduced from 100 pm (29.8%) down to 10 pm, achieving both high
light path enhancement and excellent surface passivation is very challenging. A highly demanding but
achievable target could be 15% for 5-10 pm c-Si absorber and 20% for a ~10-15 pum absorber.

4.2 Low temperature PECVD epitaxial solar cells

Nowadays, silicon has a comfortable (> 80%) share of the market and it will most probably
remain the dominant technology for the next decades. As already mentioned, it is abundant, non-
toxic and has a strong industrial background; consequently, cost reduction is the next challenge for
un-subsidized TW scale deployment. The silicon still represents more than ~ 40% of the cost of
¢-Si PV modules, because of the costly steps: - production of Si feed stock material from silane or
trichlorosilane - Ingot growth at T>1400°C - kerf losses of about 50% during sawing, etc. Therefore
it will be difficult to decrease Si PV cost significantly without eliminating the wafer as we know it
today; innovating concepts that save materials and drive down the cost while keeping high efficiencies
are needed. The bottom up approach of silicon epitaxy from silane, on low cost substrate or with layer
transfer, is promising to go way below 0.5 $/W. In this context, it is likely that the future of crystalline
silicon cells will be based on thin epitaxial films deposited on or transferred to low cost substrates.
Ideally, c-Si efficiency could be obtained for the area cost of a-Si:H panels. Many groups are working
in that direction (See Fig.4.3), but our innovative approach stands apart from others, since we are
using PECVD, the standard tool of amorphous silicon deposition, to produce monocrystalline silicon
at temperature around 200°C.

4.2.1 Experimental results

Heavily boron-doped, (100)-oriented Si wafers with a resistivity of 0.02-0.05 Q.cm and a thickness
of 525 pum were used as a substrate for the epitaxial growth, and as the electrical contact of the solar
cell. The wafer native oxide is removed by a 30 seconds dip in a 5%-diluted hydrofluoric acid solu-
tion (see section 3.3.1 Wet chemical cleaning) just before loading them into a standard (13.56 MHz)
capacitively coupled RF-PECVD reactor®’. Intrinsic (non-intentionally-doped) epitaxial Si layers of
various thicknesses (0.9 - 4.2 um) were deposited from the dissociation of SiH4/Hs hydrogen mixtures
and completed with the deposition of a standard (n+)a -Si:H emitter in the same PECVD reactor,
without breaking vacuum, using SiH,/Ho and PHj (gas cylinder of 1% diluted in Hg). The substrate
temperature was kept at 175°C throughout the deposition process. The area of the cells, 2x2 cm?
for the largest ones, was defined by sputtering ITO through a shadow mask and evaporating Al grid
contacts. Note that all the interfaces are flat and that there is no light trapping scheme. The structure
of the devices is shown in Fig.4.5-a) and a top view picture of a 2x2 and a 1x1 cm cell is shown in
Fig.4.5-c). The undoped epitaxial layer was deposited under the optimum conditions described in
Tab.3.1. The amorphous emitter growing sequence includes the deposition of an ultra-thin a-SiC:H

"T. TIEDJE et al., IEEE Transactions on Electron Devices, 31: 711-716, 1984.
34K. MAKI et al., 37th IEEE Photovoltaic Specialists Conference (PVSC), 000057-000061, 2011.
35P. RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.



102 4.2. LOW TEMPERATURE PECVD EPITAXIAL SOLAR CELLS

b) 30 | T T T T T L T T | — T

nm
a-Si:H62 % |Void 37%|1 4
25 |- - ) -
a-Si:H ‘9
20 ¢-Si 100% 4280 <
15 - [ Void30% | c-Si70% |] 1
_ ¥ csiwafer # l:;m:e K :::Slfepl-SHa-Sl.H
W 10 — FI .

0,0
09 1,0 11 1,2 1,3 14 15 16 1,7 18]
_5 [l n 1 " [l " 1 " 1 " 1 " L I 1

1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5
Energy (eV)

\ d) =

Fig. 4.5 — a) Schematic representation of the epitaxial solar cell stack. b) Ellipsometry measurement
on : (p++)c-Si/(i)epi-Si/(n)aSi:H (red points) and corresponding fit (blue line) with the optical
model detailed in the graph. The inset is a zoom on the low energy oscillations. c) Top view picture
of a 2x2 and 1x1 cm cells. d) EBIC image of epitaxial solar cells for defect counting.

layer on epi surface to obtain a sharp epi-Si/a-Si:H interface®®, followed by the deposition of intrinsic
and n-type a-Si:H layers; the corresponding deposition parameters are listed in Tab.4.1.

The imaginary part of the pseudo-dielectric function €; corresponding to the full layer stack
(p++)c-Si/(i)epi-Si/(n)aSi:H measured by ellipsometry is shown in Fig.4.5-b). The blue line cor-
responds to the fitting of the experimental data (red dots) with the optical model detailed in the
graph inset. The spectrum of the solar cell stack is dominated by that of the ~ 13 nm a-Si:H emitter
which buries the characteristic c¢-Si signature. Fitting is performed with an optical model using the

36M. LABRUNE. Silicon surface passivation and epitazial growth on c-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.
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dispersion curve of monocrystalline silicon for the epi-layer, as obtained by Aspnes®’, a Tauc-Lorentz
dispersion formula for the amorphous silicon layer®®, as well as layers combining these materials with
a void fraction, using the Bruggeman effective approximation theory®”. The oscillations (see inset)
observed at low photon energies (< 3 eV) can be accounted by a very thin interface layer between the
film and the wafer, allowing us to determine precisely the thickness of the epitaxial film. The fit of
the layer stack (blue line) perfectly reproduces the experimental spectrum (red circles) and reveals a
4.2 pm thick 100% crystalline epitaxial layer, with a thin defective/porous interface layer (30% void)
between the c-Si wafer and the epi-Si layer. The a-Si:H emitter can be accurately described as a 100%
amorphous silicon layer of 13 nm having a roughness of 4 nm.

Temp. Pressure Ho SiHy4 PHj CHy4 Power Electrode time

(°C)  (mTorr) (sccm) (sccm) (sccm) (scem)  (mW/em?)  gap(mm)  (min)

a-SiC:H 175 90 40 25 - 50 6 28 0.5
a-SiH 175 100 40 50 - - 6 28 1
(n)a-Si:H 175 115 40 50 1 - 6 28 3

Tab. 4.1 — Optimized deposition conditions for n-type amorphous silicon emitter on epitaxial silicon.

The electron-beam-induced current (EBIC) mode of scanning electron microscopy is a unique
non-destructive electrical measurement method to characterize local electrical activities of defects in
semiconductors®’. In particular, this technique can be used for threading dislocations counting in Si
and SiGe eptaxial layers”>**?. We have thus performed SEM and EBIC plan view image of a 3.2
pm epitaxial cell solar cell; the result is displayed in Fig.4.5-d): a threading dislocation density of
about 1.0x10% cm? is found. This relatively low defect density is consistent with the results obtained
using Secco etching on epi-layers deposited at low power, as shown in the previous chapter. Threading
dislocation density is known to impact the V. of epitaxial cells’?; however it is rather unlikely for us
to be limited by those defects, since our material is well passivated with hydrogen.

Fig.4.6-a) shows the current-voltage characteristics under 1 sun AM1.5G spectrum of 6 heterojunc-
tion solar cells for which we only varied the thickness of the intrinsic absorber layer. The corresponding
Jse, Voe, FF and efficiency are listed in Tab.4.2. As expected, the short circuit current of the solar
cells increases with the thickness of the absorber layer: from 10.9 mA.cm™2 for the sample without
epitaxial absorber to 20.2 mA.cm™2 for the 4.2 pm solar cell. This current is produced by just a
single pass of light: front surface is flat and there is no back surface reflection because of the 525um
thick wafer. As a comparison, the ideal Jg. calculated previously from a single path of light through
a 4 pm thick epi-Si layer is 22.6 mA /em?2. This unexpected small difference between the experimental
Jsc and the ideal value suggests that the highly doped wafer may contribute to the current.

The most striking feature is the high values of the FF achieved for these devices, which compare
favourably with these of heterojunction solar cells produced on ¢-Si wafers in our laboratory*!. Fill
factor, as it is sensitive to recombination and parasitic resistances, is a key parameter in thin film so-
lar cells: a good FF indicates good transport properties in the intrinsic layer, and consequently good
epitaxial quality. Interestingly enough, the thicker cells exhibit higher FF suggesting that the quality

3"D.E. ASPNES et al., Physical Review B, 27: 985, 1983.

38G.E. JELLISON JR. et al., Thin Solid Films, 377-378: 68-73, 2000.
39D.A.G. BRUGGEMAN., Annalen der Physik, 416: 636-664, 1935.

49H.J. LEAMY., Journal of Applied Physics, 53: R51-R80, 1982.

25K. ALBERI et al., Applied Physics Letters, 96: 073502, 2010.

41C.W. TEPLIN et al., Applied Physics Letters, 96: 201901-201901-3, 2010.
42X L. YUAN et al., Applied Physics Letters, 84: 3316-3318, 2004.

“8K. ALBERI et al., Applied Physics Letters, 101: 123510, 2012.

447, DAMON-LACOSTE et al., Journal of Applied Physics, 105: 063712, 2009.
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Fig. 4.6 — a) Current-Voltage characteristics under AM1.5G spectrum of solar cells (p++)c-
Si/(i)epi-Si/(n)a-Si:H, having different epitaxial absorber thicknesses: 0, 0.9, 1.7, 2.4, 3.2, 4.2
pm. b) Corresponding dark |-V characteristics of selected samples.

of the intrinsic absorber layer improves with thickness. This is in good agreement with crystal quality
improvement with thickness detected by in-situ ellipsometry and cross section Raman Spectroscopy, as
explained in the previous chapter. The V. is also improving with thickness but reaches its maximum
for 2.4pm thick absorber: 546 mV. This relatively low value is most likely due to interface recombi-
nation rather than bulk (e.g. at dislocations): indeed, being grown below 200°C in H rich plasma, the
epi-layer is well hydrogenated; Vj. as high as 570 mV are reported in literature for 108cm=2 TDD
passivated by hydrogen®. The thicker the intrinsic epitaxial layer, the less the device is penalized by
the p++c-Si/epi-layer interface defect density; indeed, the ex-situ native oxide wet chemical cleaning
prior epitaxy is also responsible for some variability in the interface quality. Our best cell reaches
an efficiency of 8.8% with a FF of 80.5%, a Ve of 539 mV and a Jg. of 20.2 mA.cm™2. The high
values of fill factor demonstrate the viability of using epitaxial growth by PECVD at 175°C for the
production of thin c-Si films. Note that the efficiency of these solar cells compares very favorably with
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that of similar devices produced by HWCVD at 700°C?* (see Fig.4.3). It should be noted that results
shown in Fig.4.6 and Tab.4.2 are measured before annealing. In fact, the Js. and FF improves upon
annealing at 180°C (30 min) in forming gas atmosphere, resulting in up to 0.5% absolute efficiency
improvement (measured on the 3.2 pm device). However too high temperature annealing shall be
avoided: the 4.2 pm device performance was decreased due to higher series resistance after annealing
30min around 210°C. Anyhow, a detailed study on annealing effect on electrical properties of the
epi-Si layer and the whole device is still needed.

b TR W
JP"#T% D, A 4 D, h 4 R, lV J = Jph — V—LZRS - Jol(e%};}?) —1)
T — 02(6% -1)

(4.1)
Fig. 4.7 — Equivalent circuit of a solar cell
according to the two-diode model.

Dark I-V measurements are also very useful to extract information on the solar cell device: the
ideality factor n and the dark saturation current density J,. Fig.4.7 shows the equivalent circuit for a
solar cell, in the two-diode model*. In this model, the relation between the external current density
J and voltage V is transcendental, as shown in equation 4.1. The illumination is represented by a
current source Jpp. The diodes, D2 and Dy, are used to represent respectively SRH recombination
currents in the space charged region, and SRH and Auger recombination elsewhere. Rs and R, are
the parasitic shunt and parallel resistances respectively, Jos, n; the dark saturation current density
and ideality factor of diode i; kp the Boltzmann’s constant and T the temperature. This equation
can be solved numerically or with a specific algorithm®®. Depending on the expected precision and
solar cell characteristic, a simpler one diode model may also be used to fit the dark I-V characteristic;
in this case it is possible to find an explicit solution for the current and the voltage in terms of W-
functions®”. However for the sake of simplicity, we have neglected the parasitic resistances to fit the
dark I-V curves; since Jpp, is equal to zero in dark conditions, equation 4.1 is simplified into equation
4.2:

q
nkp

J = Jy(e™sT — 1) (4.2) In(J) = In(J,) + 14 (4.3)

Thus, when the voltage is high enough to neglect the -1 term (V~50-100mV), the ideality factor
can be deduced from the slope in a semilog plot, and the J, extracted from the y-axis intercept (see
eq.4.3). The ideality factor is a function of the voltage; at low(high) voltage the dark I-V is dominated
by shunt(series) resistance effects.

The dark I-V characteristics of epitaxial solar cells with 0.9, 1.7 and 2.4 pm absorber are displayed
in a semi-log plot in Fig.4.6-b). The curves are fitted around 0.4V, where the value of n is stable; J,
and n values are listed in Tab.4.2. The increase of absorber thickness from 0.9pm to 2.4pm translates
into an ideality factor and J, decrease from 2.78 to 1.27 and from 4160 to 0.76 nA /cm? respectively.
This decrease is due to lower recombination for thicker epi-layers and therefore brings another proof of
epitaxial electrical quality improvement with thickness. By way of comparison, the best wafer based
silicon solar cells can reach J, as low as few tens of fA /cm?.

24H.M. BRANZ et al., Thin Solid Films, 519: 4545-4550, 2011.

45M. WOLF et al., Advanced Energy Conversion, 3: 455-479, 1963.

463, SuCKOW et al., Progress in Photovoltaics: Research and Applications, 22: 494-501, 2014.
4TA. ORTIZ-CONDE et al., Solid-State Electronics, 44: 18611864, 2000.
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Epi thickness n Jo Voe Jse (mA/em?)  FF  Efficiency
(jum) (mA/em?) (mV) LV EQE (%) (%)
0 - - 373 109 - 49 1.99
0.9 2.78 4160 478 15 - 66 4.7
1.7 1.63 270 501  16.1 12.8 78.6 6.4
2.4 1.27 0.76 546  16.6 15.4 7 7
3.2 - - 527  18.7 18.4 79 7.7
4.2 - - 539  20.2 21.6 80.5 8.8

Tab. 4.2 — (p++)c-Si/(i)epi-Si/(n)a-Si:H epitaxial solar cells characteristics extracted from
dark/light 1-V measurements and EQE.

Quantum efficiency measurements were performed on the epitaxial solar cells, and the results are
shown in Fig.4.8-a) together with the device reflectivity measured with an integrated sphere (dashed
line). The following observations can be made: i) EQE is higher on the whole 400-1100nm range
for thicker absorber. ii) EQE at 400nm is relatively low, but there is an improvement with absorber
thickness up to 3.2 pm and remains similar for the 4.2pm device. iii) The peak EQE (around 580nm)
and red part of the spectrum are significantly improved with thickness. The relatively low value of
EQE around 400 nm is partially explained by the high reflectivity of ITO (>50% at 400nm) in this
range. The short wavelength (around 400nm) are fully absorbed in the first hundreds nanometers of
the device, thus the EQE improvement obtained in this range with increasing absorber thickness is
the proof of better epitaxial quality and better a-Si:H/epi-Si interface. Epitaxial quality may have
reached its maximum quality from a thickness of 3.2pm. The improvement in the higher wavelength
range is also linked to the higher absorption in the absorber. The long wavelength response (>900nm)
remains low because this part of the spectrum is mainly absorbed in the highly doped wafer. Indeed,
as shown in Tab.4.2, the device with no epitaxial layer, (p++)c-Si/(n)a-Si:H, exhibits a non negligible
10.9mA /cm?; however the efficiency remains low, around 2%, because of recombination in the highly
doped wafer. The question of how much the wafer contributes to the device performance, question
often neglected in literature (wafer contributions from 0 to 1mA /ecm? are often mentioned*”), will be
addressed with insight from simulations in the next section. By integration with the solar spectrum,
the Jgc is calculated from the EQE data. The resulting current density is compared to the solar

a, 100 T T T T T L] b) 350 ] T T L] M ]
0 e L p
Epi-absorber /L
90 - Epi-Si absorber 28 P eff 4
—0—1.7 pm 1 I —0O0— 1.7uym / 4.8ym 9
or 2.4pm 7 26T 2.4um / 5.6pm -
70 —A—3.2 pm ] 24 [ —4— 3.2pm / 20pm ]
—0—4.2 ym ] 1 —O— 4.2pm / 11.8um
_ 60 g 2,2_—
E 5 o 20
w B [
8 40 g 1,8 F
- 2 [
30 1,6 |-
20 Ry -7 1,4
10 1,2 |
0 A A - a N A . 1,0
400 500 600 700 800 900 1000 1100
Wavelength (nm) Absorption depth (um)

Fig. 4.8 — a) EQE for (p++)c-Si/(i)epi-Si/(n)a-Si:H solar cells with various epitaxial thicknesses.
The dash-line represents the reflectivity of the final device including the ITO anti-reflection layer
as shown in Fig.4.5-a). b) Inverse quantum efficiency IQE~! as a function of absorption length.
Effective diffusion length Loy is deduced from linear fit.
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simulator values in Tab.4.2. For the 2.4 and 3.2pum epi-cells, there is less than 2% relative discrepancy
between the two techniques, thus the Jg. value is reliable. However, the best cell for instance has
more than 1 mA/cm? higher current from EQE; this could be linked to calibration problems by the
time of the measurement. It should be precised that the I-V measurement is performed on 4 cm?
whereas EQE is acquired for a small area (~2X4mm); contact finger shading effect may introduce
some variability.

To a large extent, the performance of silicon solar cells is determined by the recombination of
minority carriers photo-generated in the absorber layer. The main parameters describing this re-
combination are surface recombination velocity and bulk diffusion length. IQE measurement contains
some information on those two quantities. As reported by Basore*®, if the absorption depth (Lo=1/cx)
is small compared to the thickness of the absorber layer, the IQE is linked to the effective diffusion
length Le gy according to equation 4.4. The factor cos(@) accounts for the longer effective path of the
light in the case of textured c-Si surface; thus here the flat interfaces yield cos(@)=1. This effective
diffusion length depends on the bulk diffusion length and the back surface recombination velocity and
the diffusivity (L,S,D) according to equation 4.5.

L. _ 1+ (SL/D)tanh(W/L)
(44)  Leys =1L (SL/D) tanh(W/L)

IQE~! =1+ cos(8)

4.5
Loty (4.5)

W represents here the thickness of the cell. By expanding eqation 4.5 in the case of L3>W, we
obtain equation 4.6. A lower limit for the bulk diffusion length (L=(D7)/?) and an upper limit for
back surface recombination velocity can thus be deduced® as shown in eqations 4.7 and 4.8.

WL D
L= eff (46) L= Lmin=vWLegy  S<Smae=1—"75
1+ S(W — Legs (4.7) T s

The geometric mean of the absorber thickness and the effective diffusion length sets therefore a
lower limit for the bulk diffusion length. Thus, in literature, IQE data is often used to get Legy and
to estimate the bulk diffusion length and the back surface recombination velocity for epitaxial silicon
solar cells in the 10-50pm range'®'?:%0,

The inverse IQE plot of our PECVD epitaxial solar cells is displayed in Fig.4.8-b). The curves show
a linear increase from an absorption depth of 2um and above. Since the layers are few microns thick,
the condition Lo <W is not really fulfilled. However using the above-mentioned fitting procedure,
we could extract effective diffusion length having realistic order of magnitude: 4.8, 5.6, 20 and 11.8
pm respectively for the 1.7, 2.4, 3.2, 4.2 pum thick epitaxial solar cells. The cells having similar
structures and fabrication processes, the comparison of Leg s is a priori relevant: the net increase with
the epitaxial thickness confirms the improvement of electrical properties (except for the 4.2 pm, which
may have a lower bulk quality or higher surface recombination velocity). By using eq.4.7 and eq.4.8,
we find for the cell with the best Legz a lower bound for the bulk diffusion length of 8um and an upper
bound for the back surface recombination velocity, that is recombination velocity at the wafer/epi-Si
interface, of 1900 cm/s (with D=3.2cm?/s). While the trend and values obtained with this approach
seem reasonable, the results should however be taken with care since the validity limit of the equations
are not completely fulfilled here.

“8P.A. BASORE., 33th IEEE Photovoltaic Specialists Conference (PVSC), 147-152, 1993.

49M. HIRSCH et al., Solid-State Electronics, 38: 1009-1015, 1995.

18] H. PETERMANN et al., Progress in Photovoltaics: Research and Applications, 20: 1-5, 2012.
19M. REUTER et al., Solar Energy Materials and Solar Cells, 93: 704-706, 2009.

%0J.H. WERNER et al., Applied Physics Letters, 62: 2998-3000, 1993.
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4.2.2 Insights from modeling

The influence on thin film crystalline solar cells of epitaxial absorber thickness, bulk diffusion
length and impurity concentration has been studied with PC1D software by a team from NREL. The
study, published by Alberi et al.?’, also correlates simulation results with experimental devices for
which the epitaxial absorber is grown by HWCVD at 700°C. They found that Legy orders of mag-
nitude below the millimeter range required for 200-300 pm thick wafer cells is needed: an effective
diffusion length of 3 times the absorber thickness is required for efficient carrier collection; they predict
that a 5pm thick epi-cell should reach 12% with single light pass and above 15% efficiency with x10
light trapping. In addition, since the bulk life time scales inversely with the concentration of impu-
rities/point defects, the maximum density a cell of thickness W can tolerate is proportional to W2,
Thus a 2um epitaxial cell can tolerate a 10 higher contaminant/point defects compared to 200pum
cell: that is 1017-1018cm=3. Looking at dislocation density in the epitaxial layer, they come to the
conclusion that since efficient carrier collection happens for Lesy greater than ~3W and the distance
between dislocations density lg is roughly limiting Le g according to 1g/2, dislocation spacing should
be greater than 6W; that is 5.10%cm™2 for a 2um cell, 1.10%cm? for a 5 pum cell. But if the defects
are passivated by hydrogen, the upper bound for dislocation density is relaxed. Note that contrary to
the high temperature HWCVD approach, our PECVD epitaxial layers are "self” passivated by their
high hydrogen content.

To get more insight on the epitaxial absorber thickness influence in our solar cells, we have per-
formed PC1D modeling. The influence of the emitter/base thickness on EQE has been investigated
using the p-i-n layer stack shown in Fig.4.5-a). Material parameters used for modeling this c-Si/a-Si
heterojunction are the result of an optimization made by Lien et al.”'. We have used the experimen-
tally measured front reflectance of ITO (see grey crosses in Fig.4.9-a)) in the simulation, the diffusion
length in the epi-Si layer was set to 300pum and epi-Si front and back surface recombination velocities
were set to zero. The bulk diffusion length (the surface recombination velocities) is set intentionally
higher (lower) than the real device, to estimate the maximum achievable efficiency. The results of
the device simulation for different emitter and base thicknesses, as well as experimentally measured
EQE of 1.7pum (circles) and 2.4pm (squares) epitaxial cells, are shown in Fig.4.9-a). The graph is
composed of two groups of curves: i) those corresponding to devices having a thick emitter (60 nm)
and variable base thickness (right part) and ii) those corresponding to devices having a thick base
(100pem) and a variable emitter thickness (left part). Since carriers generated in the emitter by the
short wavelength photons are subject to surface and bulk emitter recombination, the short wavelength
EQE is particularly sensitive to surface passivation and emitter thickness. The simulated device with
same structural parameters as the 2.4pm p-i-n solar cell, is represented by black circles. At 800 nm,
simulation predicts a 35% EQE, whereas the fabricated device reaches 25%. This discrepancy may
be explained by a high recombination velocity at the back epi-Si/c-Si interface. In the blue region of
the spectrum, two main reasons can explain the discrepancy between model and experimental data:
i) The ITO anti-reflective coating of our device absorbs a non-negligible fraction of the incident light.
The simulation does not take into account those losses. ii) The interface between epitaxial silicon and
amorphous top layer may be rough, and thus produce a higher recombination velocity with respect to
a sharp a-Si:H/c-Si wafer interface. Anyhow, the simulated device reaches almost 22 mA.cm™2 with
a Vo of 530 mV and 9% efficiency.

51 Y. LIEN et al., Progress in Photovoltaics: Research and Applications, 17: 489-501, 2009.
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The details of absorption splitting between the various layers of the device were investigated by
optical simulations: a 4.2pm epitaxial solar cell (structure shown in Fig.4.5-a)) has been modeled
using a transfer-matrix method code developed internally by M. Foldyna. The result is displayed in
Fig.4.9-b). The grey curve (bottom and right axis) represents the ideal Jg. per wavelength, the dash
line is the reflectivity of the device, and closed symbols show the absorption in ITO (squares), a-Si:H
(circles), epi-Si layer (triangles) and wafer (stars). One can see that ITO absorption becomes relatively
negligible above 400nm, however absorption in the amorphous layer is quite significant up to 600nm.
The absorption in those two layers corresponds to an ideal J loss of 0.6 and 2 mA /em? respectively.
Thus, as seen in Fig.4.9-a), the amorphous emitter layer should be as thin as possible, provided that it
fulfills its passivation and junction formation duty. Our experimental devices typically have 12-15nm
emitter thickness, but there should be efficiency improvement going below 10nm. In this model, the
4.2pm epitaxial layer produces a maximum of 16.2 mA /cm?, to be compared with the ~20 mA /cm?
measured under the solar simulator. This discrepancy is explained by the contribution of the highly
doped wafer, which starts to absorb significantly above 500nm. The strong absorption at long wave-
length (900nm and above) does not correspond to a high EQE, because such photo-generated carriers
are not collected. However electron-hole pairs generated in the front part of the c-Si wafer can con-
tribute to the solar cell current. When keeping the epitaxial layer on the wafer, the absorber thickness
should be increased beyond 5pm to have a negligible wafer contribution to the current density.

1E N | epitaialsi Epi-Si DOS  Jie Voo FF Efficiency
- (em™3)  (mA/em?) (mV) (%) (%)
@ 1013 16.62 0.558 81.5 7.56
2 10t 16.62 0.556  81.2 7.51
E 1015 16.62 0.547 77.8 7.07
= 5 x 1015 16.60 0.511 72.1 6.12
i 106 16.54 0.584 70 5.6
2l v i L i d 5 x 1016 15.92 0.410 64.6 4.22

Position (microns)

Tab. 4.3 — Solar cell sensitivity to Gaussian defect inside
epi-Si layer. Bolded line corresponds to the actual 2.4um
PECVD epi-Si device[52].

Fig. 4.10 — Simulated energy band
diagram for a 2.4pum PECVD epi-
taxial solar cell[52].

Further detailed electrical-optical modeling of these epitaxial solar cell devices were realized by the
team of P. Chatterjee’”. The simulations are based on the one-dimensional Amorphous Semiconductor
Device Modeling Program (ASDMP)??, later extended to also model crystalline silicon and HIT cells™,
which solves the Poisson’s equation and the two carrier continuity equations under steady state con-
ditions for a given device structure, and yields the dark and illuminated J-V and EQE characteristics;
the program is ab-initio in its electrical part. The expressions for the free and trapped charges, the
recombination term, the boundary conditions and the solution technique in this program are similar
to the AMPS computer code’”. The gap state model consists of the tail states and two Gaussian
distribution functions to simulate the deep dangling bond states in the case of the amorphous layers,
while in the epi-Si layer and c-Si substrate the tails are absent. The defect density on the surfaces of
the epi-Si film is modeled by a defective layer 5 nm thick; thus, for example, a volume defect density
of ~ 2.10cm™3 translates into a surface defect density Ngg of 1011 cm™2.

The complex refractive indexes of each layer are inputs in the model, the band gap of epi-Si is
taken identical to c¢-Si, and two-third of the band discontinuity is apportioned on the valence side.

53P. CHATTERJEE et al., MRS Online Proceedings Library, 426: null, 1996.
54M. NATH et al., Journal of Applied Physics, 103: 034506, 2008.
55P.J. MCELHENY et al., Journal of Applied Physics, 64: 12541265, 1988.
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Other input parameters are: thickness of the individual layers, the doping and defect densities inside
the emitter (deduced from measured activation energies) and the carrier mobilities in the epi-Si layer
(from measurement). The main parameters obtained by fitting the measured illuminated J-V and
EQE curves therefore are the defect densities at the front and back of the epi-Si layer and the defect
density in the volume of this layer. The corresponding simulated band diagram is shown in Fig.4.10.
A high electric field is present at the epi-si/c-si interface and thus electron-hole pairs generated in the
wafer close to the interface are well separated. The low electric field inside the (p++)c-Si wafer and
the large number of defects result in a poor collection from the bulk of the wafer. An excellent fit of
the 2.4 pm epi-cell was obtained for a Gaussian bulk defect density (DOS) of 101%cm™3 0.4 eV above
the conduction band, and an epi-layer front and back surface defect density of 10! and 10'% cm™2.
The sensitivity of the device to bulk Gaussian DOS is resumed in Tab.4.3. One can see that roughly
10 mV V. and 3.5 absolute % FF improvement can be expected by reducing the DOS of one order
of magnitude. This reasonnable higher bulk quality may be achieved using PECVD epitaxial layers
at temperature higher than 200°C, in a reactor with less contamination sources (e.g. equipped with a
load lock, etc.).

The sensitivity of the solar cell output parameters against epi-Si/(n)a-Si:-H and epi-Si/(p++)c-Si
wafer surface defect density, respectively Ngg ¢ and N4 p, is detailed in Tab.4.4. A drastic device per-
formance degradation happens for N4, higher than ~5.10"em ™2 or Ngs, 5 higher than ~1012¢cm—2.
This higher sensitivity to the defect states at the rear epi-Si/(P++)c-Si interface with respect to the
top (n)a-Si:H/epi-Si junction is mainly explained by the valence band gradient at the back interface
which yields a strong favorable field that helps with the hole collection.

Nss, 7 Jse Voe FF  Efficiency Nss,p Jse Voe FF  Efficiency
(em™?) (mA/em?) (mV) (%) (%) (em™?) (mA/em?) (mV) (%) (%)
1010 16.63 547  77.8 7.07 1010 16.63 592 74.8 7.37
101! 16.63 547  77.8 7.07 101! 16.63 591  74.9 7.36
5.1011 16.68 546  77.8 7.09 5.1011 16.63 582  75.8 7.34
1012 6.75 542 78 7.09 1012 16.63 547 77.8 7.07
5.1012 16.77 404  64.8 4.39 5.1012 16.61 394  66.3 4.35
1013 16.41 369  59.6 3.61 1013 16.60 360  62.9 3.76

Tab. 4.4 — Sensitivity of a 2.4um cell to the defect density at the rear c-Si/epi-Si interface, Ngg p,
for a fixed front epi-Si/(n)a-Si:H interface defect density Ngs,5 = 10tcm™2; and front sensitivity
for a fixed Ngsp = 10'2cm™2. Bolded values correspond to the fitted[52] J-V parameters and
surface defect density for our experimental 2.4pum PECVD epi cell.

Keeping constant the parameters of the actual 2.4 pm cell, the effect of an increase in absorber
thickness on the efficiency (without additional light trapping) is displayed in Fig.4.11: up to 10pm
thick epitaxial layer, the efficiency increases to reach slightly more than 10%; then thicker absorber,
with same electrical properties, will improve marginally the efficiency up to 17um where efficiency
starts to drop. Finally, starting from the simulated parameters corresponding to the real 2.4 pum
device, improvement paths are identified and their cumulative effects are quantified in Tab.4.5. First
an increase in epi absorber thickness up to 5um enables to reach 20.3 mA/cm? and an efficiency of
8.6%. This simulation was performed before the fabrication of the 4.2 pum cell, which has indeed
attained this level of current density. Then reducing the back epi-layer surface defect density down
to 5.101cm ™2 enable to increase Vi, at 580 mV. This is an important result since our experimental
device is penalized by its low V,¢; and this could be practically achieved by using in-situ wafer native
oxide cleaning instead of ex-situ wet HF dip (see previous chapter). By randomly texturing the front
surface of such a 5um device, the current could reach 25 mA /cm? and even further 29 mA /cm? for a
double side textured (e.g. if the layer is lifted-off ); thus the final device including the above-mentioned
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improvements could reach around 13% efficiency.

S AR ARRR REARRRRRE Solar cell Jac V,e FF Eff
10 // —_ parameters (mA/cm?) (mV) (%) (%)
S0 Ve | Real device 16.6 546 7T 7.0
% 8" /j E Model 16.63 547 T71.8  7.07
z 7. b ] epi-Si=5pum 20.35 549  76.7 8.57
2 Ngsp = 5.10"Mem ™2  20.36 580 747 883

’ ] Textured front 25.53 589 75 11.27
50 S0 15 20 25 Textured front&back 29.21 594 75 13.02

Thickness (microns)
Tab. 4.5 — Cumulative improvements for the initial

Fig. 4.11 — Simulated effect of epi- 2.4pum epitaxial solar cell model. At each step, the main

absorber thickness increase with diode parameter responsible for the efficiency increase is

fixed electrical properties[52]. bolded[52].

4.3 Light trapping in thin film monocrystalline layers

Increasing the absorption in the thin crystalline layer is an important action-lever to reach higher
efficiencies. Light trapping, especially random pyramids of few microns in size, is routinely used in
wafer based silicon solar cells. As shown in the previous chapter, selective etching can efficiently pro-
duce random pyramids on PECVD epitaxial silicon. To implement this light trapping feature in our
c-Si(p++)/epi-Si/n-aSi:H epitaxial solar cell, the sample is taken out of the PECVD reactor after the
epitaxial step, the wet chemical etching of random pyramids is done in a KOH/IPA solution, and, after
HF surface cleaning, the sample is loaded again in the PECVD reactor to form the n-aSi:H emitter
layer. The comparison between EQE of flat and textured epitaxial cells is shown in Fig4.12. The two
samples come from the same epitaxial run, but one piece has gone through the additional step of wet
selective etching to form random pyramids before the deposition the a-Si:H emitter.

The black curve (squares) corresponds to the sample with flat interfaces, and the red one (triangles)
to the sample with random pyramids. The difference in EQE pyramids-flat is represented in blue (right
axis, circles). The EQE of the textured cell in the short wavelength range is higher, up to ~ 575nm,
but then the flat cell exhibits a higher EQE in all the long wavelength range. Such difference may seem
surprising, since the light trapping features should enhance the light path inside the absorber layer
and thus one could expect an improved EQE in the long wavelength range. In fact, this behavior is
explained by the etching process: when forming pyramids, a significant amount of material is removed.
For example, starting from a 2um thick epitaxial layer, the etching of 1pm high pyramids will leave
a maximum of 1pm epitaxial layer beneath. Thus if the light path is effectively enhanced, the real
thickness of the layer is significantly decreased, and this produces the EQE shift visible in Fig.4.12.
This result illustrates the limitation of standard light trapping features in thin film c-Si solar cells.
Advanced light trapping concepts, such as photonics and plasmonics, may overcome this problem.

4.3.1 Trapping light in thin film c-Si solar cells

Crystalline silicon, with its indirect band gap, has a relatively weak absorption in the main
part of the solar spectrum (~600-1000nm); thus thin film crystalline silicon solar cells in the 1-20
pm thickness range requires strong light path enhancement to keep a high current density. The c¢-Si
flat surface reflects indeed around 35% of the incoming light at 600nm. In addition to light trapping
geometries, this reflection issue is commonly addressed by using anti-reflection coatings (ARC). Such
dielectric layers are deposited on top of the silicon layer, and a minimum reflection for a given wave-
length can be achieved if reflected waves at the front and the back of the ARC produce destructive
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Fig. 4.12 — Comparison of EQE for c-Si(p++)/epi-Si/n-aSi:H solar cells with flat (squares) and
random pyramids textured (triangles) epitaxial absorber. The blue curve (right axis, circles) shows
the difference between textured and flat EQE.

interferences. Thus the thickness (W) and the refractive indices (n) of the ARC should be chosen
according to W = A/4n and n = +/ng; X no, where ng; and n, are the index of silicon and
surrounding material dielectric layer. For c¢-Si cells, silicon nitride or indium tin oxide (ITO) are often
used as ARC layers. To minimize reflection at the wavelength of the maximum solar spectrum photon
flux (~650nm), we have been using 80-90 nm of ITO, deposited by sputtering, on our epitaxial solar
cells. For a broader band anti-reflection effect, dielectric layers with decreasing refractive index from
the semiconductor layer to the air can be stacked. For example ZnS/MgFg or TiO2/SiO2 double
layers are often used in the field of TII-V cells. Up to 4 ARC layers are used in multi-junction devices
to keep reflection below 5% on the whole 400-1800 nm range”°.

Literature results

For thin film c-Si, advanced strategies combining broadband anti-reflection effect with strong ab-
sorption enhancement are needed. Indeed, the standard random pyramids used in wafer based solar
cells, which scatter light over a large angular range, are not well suited for thin film c-Si because: i)
the roughness would exceed the film thickness ii) the surface enhancement increase surface recombi-
nation issues. New light trapping concepts, such as plasmonic’®’”” or dielectric nanostructures and
photonics®? crystals or diffraction gratings, are excellent candidates to provide efficient light trapping
in thin film crystalline materials; the ray optics does not hold at this scale: the light propagation
encounter near-field effects, resonances and wave guide modes. The absorption enhancement in a
nanopatterned c-Si slab is linked to both impedance matching effect (between c-Si and surrounding
medium) and mode coupling. It is shown, at least theoretically, that absorption enhancement much
beyond the Yablonovitch limit (4n?, also called the lambertian/ergodic limit) is achievable in this

°D.J. AIKEN., Solar Energy Materials and Solar Cells, 64: 393-404, 2000.
3OH.A. ATWATER et al., Nature Materials, 9: 205-213, 2010.

STR.A. PALA et al., Advanced Materials, 21: 35043509, 2009.

32A. POLMAN et al., Nature Materials, 11: 174-177, 2012.
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approach®"°%°?_ There is a prolific literature exploring the absorption enhancement produced by vari-
ous type of nanostructures (see Fig.4.13-a,b,c)) with numerical simulations tools (RCWA, FDTD, etc.):
double side diffraction gratings: stripes®’ or nanocones®, metallic arrays®?, quasi-random structures®?,
etc. In addition a growing number of papers deal with the experimental fabrication of such advanced
light trapping structures and the measurement of their optical properties. SEM pictures of some
nanostructures found in literature are gathered in Fig.4.13-d) to i): -Holes formed by hole-mask col-
loidal lithography (HCL) and inverted pyramids formed by nanoimprint lithography (NIL) and wet
etching®® -Black silicon formed by metal assisted etching®® -Microphotonic parabolic concentrator
structures fabricated via direct laser lithography®®:%7 -Silver nanoparticles evaporated through porous
alumina’’ -Spherical nanoshells formed by wet chemical synthesis®.

However, incorporating such nanostructured features in working photovoltaic devices remains chal-
lenging, as testified by the small number of papers presenting efficient nanostructured solar cells. Since
solar cells target the production of electrical power through charge carrier generation and collection,
optical benefits of light trapping features should not be out-weighted by material degradation due to
nanopatterning. Indeed, while excellent optical properties may be achieved over a large wavelength
range (e.g. black silicon reflectance as low as 1% on the whole 0.5-2.5 pm range are demonstrated®’),
keeping high quality electrical properties with such nanostructures is very challenging. Excellent sur-
face passivation should be achieved, since the nanopatterning produces significant surface enhancement
compared to the flat case; in addition, to minimize Auger recombination in the nanostructures®, it
is highly desirable to form the junction on the opposite side of the layer. By choosing carefully the
design and nanopatterning/etching technique, and by applying a highly conformal passivation layer,
very low surface recombination velocities are achievable: Trompoukis et al.”’ have reduced surface
recombination velocity down to 8 cm/s on inverted NIL pyramids on epi-foils passivated by a-Si:H,
and Otto et al.”! could reach 13 cm/s on black silicon passivated by AlaOz. We can mention the
following successful example of nanophotonic solar cells (see Fig.4.13): j) 1 pm epi-free cell formed
using nanoimprint lithography'® reaching 15.5 mA /cm? and k) 10 um c-Si with nanocones formed by
colloidal lithography'® reaching 29 mA /cm?2.

The nanostructures can be classified into 3 categories: i)Periodic ii)Partially disordered and
iii)Random. The periodic nanostructures, i.e. photonic crystals, have their Fourier spectra typi-
cally consisting of series of sharp peaks corresponding to strong resonances for well-defined angles and
wavelengths. Since for solar cell devices, a broad band and broad angle light trapping is desirable,
periodic nanocrystals are probably not the optimum patterns. A random texturation will lead to
broad-band but weak enhancement. Several studies conclude that quasi-random, or controlled dis-
order, is the best compromise: by introducing the right amount of disorder into the structure, the
sharp photonic crystals resonances are gradually broadened while retaining aspects of the high-peak
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Fig. 4.13 — a)Absorption in 2um c-Si layer with double side nanocone gratings, calculated by
RCWA. b)Absorption enhancement from RCWA simulation with 1D silver array for 90nm a-Si:H
layer. ¢)RCWA calculated absorption spectra of 1pum c-Si thin film patterned by a quasi-random
super cell (black) and un-patterned (red). From d to f): SEM pictures of light trapping pho-
tonic/plasmonic nanostructures: holes, inverted pyramids, black silicon, parabolic reflectors, Ag
nanoparticles, spherical nanoshells. Thin film c-Si solar cells including photonic nanostructures: j)
1pum epi-free reaching 15.5mA/cm? and k) 10pum c-Si reaching 29 mA/cm?. From Ref. [13, 16,
30, 61-68].

absorption. Superior light trapping properties have thus been demonstrated by simulation and exper-
imentally for designs with short range correlation or large period grating with a unit cell containing
fine structures %727, Ultimately, getting rid of any planar configuration, the absorber layer can be
fully nanostructured, for example using nanowires in which absorption thickness and carrier collection
length are decoupled, and which exhibit excellent light trapping properties”. This approach is studied
in LPICM, with a small and productive team working on plasma synthesized nanowire silicon solar
cells™0 .

"2 A. OSKOOI et al., Applied Physics Letters, 100: 181110, 2012.

"SE.R. MARTINS et al., Physical Review B, 86: 041404, 2012.

T4F. PRATESI et al., Opt. Express, 21: A460-A468, 2013.

T5P. KROGSTRUP et al., Nat Photon, 7: 306-310, 2013.

"P.-J. ALET et al., J. Mater. Chem., 18: 5187-5189, 2008.

""L. YU et al., Applied Physics Letters, 97: 023107, 2010.

"®B. O’DONNELL et al., Journal of Non-Crystalline Solids, 358: 2299-2302, 2012.
8. MISRA et al., Solar Energy Materials and Solar Cells, 118: 90-95, 2013.



116 4.3. LIGHT TRAPPING IN THIN FILM MONOCRYSTALLINE LAYERS

Alternatively, nanostructures can be decoupled from the active material to keep the excellent sur-
face recombination achievable on a flat interface. The use of high refractive index dielectric nanoparti-
cles to produce multiple Mie scattering events, eventually combined with metallic nanoparticles™, has
shown promising results: Lee et al.®! could demonstrate a significant absorption enhancement with
TiO2 nanoparticles located on the rear side of the cell, and Spinelli et al.®? could reach 4 ms effective
lifetime with ~ 3% averaged broad range reflectivity using AlaO3 to passivate flat wafer interface and
nanopatterned TiOg anti-reflective coating on the front surface.

4.3.2 Nanostructured silicon solar cells

The following work has been done within the framework of two research projects: the french
ANR NATHISOL (NAnophotonics for THIn film crystalline silicon SOLar cells) and the european FP7
PhotoNVoltaics (Nanophotonics for ultra-thin crystalline silicon photovoltaics). NATHISOL gathers
4 partners: - Nanotechnology Institute of Lyon (INL-CNRS) - Laboratory of Photonics and Nanos-
tructures (LPN-CNRS) - Laboratory of Physics of Interfaces and Thin Films (LPICM-CNRS) and -
Total Energies Nouvelles®. The project is based on thin (2-5pm thick) crystalline silicon films absorber
grown by low temperature PECVD, and aims at producing a >13% efficient solar cell transferred to
a foreign substrate, with the help of advanced plasmonic and photonic structures. Some part of the
results achieved in this project can be found in the thesis manuscript of I. Massiot®.

PhotoNVoltaics gathers 7 partners: - Interuniversitair Micro-Electronica Centrum (IMEC) - Nan-
otechnology Institute of Lyon (INL-CNRS) - Laboratory of Physics of Interfaces and Thin Films
(LPICM-CNRS) - Facultés Universitaires Notre-Dame de la Paix (FUNP) - Obducat Technologies
AB (OBDU) - Chalmers University of Technology (Chalmers) and - Total Energies Nouvelles. This
project targets the production of efficient nanostructured thin film Si solar cells based on a broad range
of materials and techniques: the silicon materials in this project are poly or monocrystalline, produced
by PECVD, APCVD or epi-free process, and several nanopatterning and etching processes are tested.
It also targets more fundamental studies such as the optimal pattern design (order/controlled disor-
der/disorder, etc.).

Experimental results

In both projects, the LPICM was involved in nanostructures passivation and solar cells fabrication.
Thus, the simulation part and the various patterning methods will not be detailed here; the reader
can find a broader presentation of PhotoNVoltaics project in the paper from Trompoukis et al.%.
Following a top down approach, the nanostructures were first tested on high quality FZ wafers and
then the process was extended to ultra-thin PECVD epitaxial silicon layers. This work has been done
in collaboration with two post-doc researchers at LPICM: Ismael Cosme Bolanos and Wanghua Chen.

The fabrication of nanostructures studied in this work involves two main processes: 1) definition
of the mask by lithography techniques, namely here by using nanoimprint lithography (NIL)** and
2) etching process for the formation of the pattern via dry plasma reactive ion etching (RIE), wet
chemical etching using tetramethyl ammonium hydroxide (TMAH). The nanoimprint step has been
performed in OBDUCAT facilities and the etching (wet and dry) were done at IMEC. The impact
of the nanopatterning, for the wet and for the dry process, on the c-Si wafer’s passivation quality
as well as on solar cell performances were tested. Two 280pum thick float zone (FZ) silicon wafers,
p-type with a resistivity of 1-5 Q.cm and (100)-oriented were used for this purpose. The nanopattern,
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a periodic square array of holes, was fabricated by nanoimprint lithography (NIL) using a polymer
resist spin-coated directly on the c-Si surface (dry sample) or on a SiOg hard mask (wet sample).

e In the case of the wet etched sample, the SiOg film on both sides was deposited to serve as a
hard mask for patterning one side and to prevent random etching on the other side during the
wet chemical process. The pattern has been transferred from the resist to the SiO2 hard mask by
CHF3/02 plasma-etching and then the chemical etching of the ¢-Si surface was performed with
10% tetramethyl ammonium hydroxide (TMAH) diluted in water at 80°C. After the TMAH
etching, an HySO4/ H202 (so called SPM) + HF mixture was used to remove the residual resist
and the SiOs hard mask on both sides.

e For the dry etched samples, the pattern was directly transferred to the c-Si Surface from the
NIL resist by reactive ion etching (RIE) using a SFg/O2 gas mixture under a total pressure of
100 mTorr. The resist mask was removed with SPM + HF solution.

On both samples, before passivation, the native oxide was removed by a 60s 5% HF dipping. A ca-
pacitively coupled RF (13.56 MHz) PECVD reactor has been used to deposit an a-SiC:H/a-Si:H stack
at 175°C from a SiH4 and CHy4 gas mixtures. The ultrathin a-SiC:H film (~1nm) was used to prevent
epitaxial growth on the (100) c-Si surface. The 20nm-thick a-Si:H film was grown from the dissociation
of 50 sccm of silane at a pressure of 50 mTorr. Finally, HiT solar cell structures were fabricated on
the 280pum nanopatterned wafers with a 25nm emitter consisting of a-SiC:H/a-Si:H/(n+)a-Si:H stack
deposited by PECVD (similar condition to Tab.4.1). To complete the structure, the back stack con-
sisting of a-SiC:H/a-Si:H/(p+) a-Si:H was deposited by the dissociation of trimethylboron and SiHy.
An active solar cell area of 1 cm? was defined by sputtering ITO through a shadow mask followed by Al
grid contact evaporation through a shadow mask. Back contacts were also formed by Al evaporation
on the whole surface. The effect of the nanopatternig on the electronic properties was quantified by
probing the effective minority carrier lifetime (7e ) deduced from photo-conductance decay measured
with a Sinton WCT-120s setup. The topography of the nanopatterned wafers was studied by scanning
electron microscopy (SEM) and the total spectral reflectance was measured in the wavelength range
of 300nm to 1100nm using an integrating sphere. The solar cell parameters of the HiT structures
were extracted from current-voltage measurements under AM1.5G illumination and external quantum
efficiency (EQE) measurements.

Experimental results of wafer nanopatterning and reflectivity are displayed in Fig.4.14. The top
left picture shows a piece of 4 inch wafer nanopatterned with the wet etching process. The visible
colors are the result of diffraction of the white light coming on the nanostructures. The SEM cross
sections of the patterns formed on the (100) FZ c-Si wafers for wet and dry etched samples are shown
on the left side of the figure. The TMAH wet chemical etching through the NIL SiOg hard mask is
based on the different etch rates for the (111) and (100) crystallographic planes (see previous chapter),
and results in a periodic array of inverted nanopyramids with the (111)-oriented walls. On the other
hand, dry plasma etching being independent of the crystal orientation, parabolic shapes are obtained
on the c¢-Si surface. The final structures have a depth and a diameter of about 300nm for the dry
etched sample and the wet etched pyramids have a 500nm square base with a 54.7° top angle. As a
result of the dry etching processes, the sidewalls of the craters are slightly corrugated, contrary to the
faceted aspect in the case of wet etching. On the right side of Fig.4.14 are plotted the total reflectance
as a function of wavelength, measured at an angle of incidence of 8°, for flat, dry and wet etched
samples. This measurements are done before the deposition of a-Si:H and ITO, thus they correspond
to the nanostructured surface only. The total reflectance decreases significantly for both dry and wet
etched samples, as compared to the mirror polished flat wafer. For these specific topographies, the
wet etched sample exhibits a slightly lower reflectance than the dry etched one. Compared to the
classic random pyramid etching process, this approach attractively offers improved light trapping with
a minimal material waste; in addition, a carefully optimized pattern design would provide further
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Fig. 4.14 — Left: picture of a nanostructured (inverted pyramids) piece of c-Si 4 inch wafer; cross
section section SEM of two nanopatterned samples: dry etched holes and wet etched inverted
pyramids. Right: total reflectance measured with an integrating sphere for a flat polished silicon
surface and for the wet and dry etched nanostructures shown on the left.

reflectance reduction.

The effective lifetime versus the injection level, as measured by photo-conductance decay, is shown
in Fig.4.15-a) for the flat, wet and dry etched samples. The effective lifetime reflects the recombination

processes in the bulk and at the surfaces and is defined as follows®>%:
1 — 1 + Sf'ront + Sback (49)
Teff Tbulk w

where Tpp is the bulk lifetime, W the thickness of the substrate, and Sgyront and Spaeck are the
recombination velocities in the front and the back surfaces respectively. We used a double side a-
Si:H passivated 280pm reference wafer to calculate the recombination velocity on a flat surface Sgiqt,
assuming that Ty is infinite and that the passivation is symmetrical at the front and back surfaces.
With this result, the nanopatterned surface recombination velocity Sy, has been calculated for the
wet and dry sample according to Stextured = W/Teps — Stiat-

The reference sample shows the highest value of 2.2 ms whereas the nanopatterned wet and dry
etched samples encounter respectively a 3 to 5 times reduction in carrier lifetime, as measured for
an excess carrier concentration of 2.10%cm™3. This trend is confirmed by TRMC measurements as
shown in Fig.4.15-b): TRMC decay time of 711, 350 and 210 us are found. While it is more tricky
to get well calibrated absolute values with our home-built TRMC set-up compared to the commercial
photo-conductance set-up, both methods give the same conclusion: Triat>Twet>TDry. With the
equation 4.9, the effective surface recombination velocities were calculated assuming that all flat sur-
faces have the same passivation quality. The results, 52, 33 and 6 cm/s for the dry, wet and flat sample,
confirm an important damage to the surface by the dry process, leading to the lowest lifetime value
from all studied samples. The passivation quality of the wet etched sample is also reduced compared
to the flat sample, but the degradation is less important than for the dry etched sample. In addition,

85A.W. STEPHENS et al., Journal of Applied Physics, 76: 363, 1994.
86 A.B. SPROUL., Journal of Applied Physics, 76: 2851, 1994.



Thin film PECVD epitaxial solar cells 119
S— — — ———— . .
a) A FLAT 2200ps (S, =6.3 cmis) b) -
- e WET : flat = Dry 3
w L e Wet
= = DRY '
@ ' A Flat
£ I
k) : A E
= I P 3
- I

107 ' A £
e | 709ps (S, =33.1 cms) | A g 4
@ A - 3
5 | M o 1
b Sesgee’ | s, =
g foe ~ £ \ e
Z ¢ | % H L U
£ \ PY 3 A ]
o | [ ] 2
§ 480 s (S,,,,=51.9 cmls) | i "

| A

! -

2.10'1:5 em” [P TR 1 i
"o ‘1';15 L '1'(;15 0,00 250,004 500,00p 750,000 1,00m  1,26m  1,50m

Injection level (cm'g)

Decay time (s)

Fig. 4.15 — Comparison of effective minority carrier lifetimes for flat, dry etched and wet etched
nanopatterned a-Si:H passivated 280-pum thick (FZ) p-type c-Si wafers, measured by a) photo-
conductance and b) Time resolved microwave conductivity.

as reported in literature’’, the passivation of such inverted pyramids can achieve better results, since
recombination velocities below 10 cm/s are reported.

The current-voltage characteristics of wafer based HiT nanopatterned solar cells, after a post-
frabrication 30 min annealing at 175°C in Ng2/Hg, is displayed in Fig.4.16-a). The flat solar cell
exhibits a Vo of 580mV, a Js of 26.4 mA /em?, a fill factor of 71.4% resulting in an efficiency of 11%.
Both dry and wet etched samples have a higher current (respectively 28.1 and 29.3 mA /cm?), thus
proving the beneficial effect of light trapping on the short circuit current. The dry etched sample has
the lowest performances, as expected; its efficiency, below 10%, is penalized by a lower V. (550mV)
and series resistances. The wet etched sample has comparable efficiency with the flat reference sample,
but with higher current, 10 mV higher V,. and a lower fill factor. This good V,. is the proof of a
good passivation of the surface, passivation which is improved by the final annealing treatment. The
highest short circuit current density, 29.3mA /cm?, measured for the wet etched sample, is in good
agreement with the reflectance shown in Fig.4.14. The increase in the short-circuit current has also
been confirmed by external quantum efficiency (EQE) measurements. Indeed, as shown in Fig.4.16-
b), for short wavelengths, where EQE is sensitive to the device surface (passivation quality, optical
losses), the EQE is higher for both dry and wet etched samples compared to the flat solar cell. This
means that despite a lower passivation quality on the nanopatterned samples, the lower reflectivity
produces an overall EQE improvement in this region. To be more precise, one should have plotted
IQE to get rid of reflectance differences between the samples; however, the reflectance on the final
device has not been measured yet. However, EQE comparison for the nanopatterned samples, in the
short wavelength region, shows a lower increase for the dry sample, this is a logical consequence of
the higher surface recombination velocity and higher reflectance of the dry sample compared to the
wet etched sample. The relatively high series resistance found in both dry and wet etched samples
was identified by cross section SEM (not shown here) to come from some conformality problems of
ITO (mainly on dry etched sample) and/or metal contacts. This could be improved by choosing more
conformal deposition techniques. Around 1000nm, the dry etched sample has lower EQE compared
to the two other samples; this is likely the result of a lower passivation quality on the back side of
this sample; indeed since the 3 samples come from the same wafer box, only the surface passivation
quality and texturation are variables. By integration with the AM1.5G solar spectrum, one can get the
short circuit current density. While the highest current is still found for the wet etched sample with
this technique, the results obtained, 30.8, 26.3 and 26.4 mA /% show some discrepancy with the solar
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simulator results. The origin of those differences may be explained by the fact that our experimental
set-up is measuring EQE on a very small spot (~2x2mm) whereas the I-V is measured for a 1cm?
cell. Thus there is probably some variation in passivation quality or nanostructures shape over the
surface of the solar cells.
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Fig. 4.16 — a) J-V characteristics of flat, dry etched and wet etched nanopatterned wafer HiT cells.
b) Corresponding EQE curves.

To sum up, from reflectance and passivation measurements, the inverted pyramids produced by
NIL and wet etching was found to be the best compromise between optical trapping properties and
minimized electrical degradation of the surface. These results were confirmed by a good Vi, and
superior current density in the case of HiT wafer based cells with NIL inverted pyramids. Thus
both electrical and optical characterizations demonstrate that the wet etching process is a promising
method; the next step is then to implement such nanopatterns on ultra-thin crystalline silicon film
where classic texturation leading to high material waste cannot be applied. Finally electro-optical
simulations are also required to find out the best pattern and design (size, filling factor, etc.) that
maximize absorption and collection for the thin film device; this crucial aspect is being studied in
PhotoNVoltaics and Nathisol projects.

However, working with the above-mentioned un-optimized nanoimprint patterns, first nanostruc-
tured epitaxial solar cells have been fabricated by using the same structure as presented in fig.4.5-a)
but with a textured epi-Si/a-Si:H interface. The schematics of the cell is shown in fig.4.17-a). To
form such a structure, the sample is taken out of the PECVD reactor after the epitaxial growth of
the absorber layer for the nanoimprint and etching steps, which are done respectively at Obducat
and IMEC. The resulting pattern for the dry and wet etching process is visible in Fig.4.17-b,c) cross
section SEM. One can see that the pattern is not very well defined; indeed the PECVD epitaxial hav-
ing a slightly lower material quality compared to the bulk ¢-Si, the etching recipes behave differently
on PECVD epi-Si and c-Si wafer. For the inverted pyramids, the mask should be carefully aligned
with crystallographic axes, mask’s strips width should also be adjusted since the etching selectivity
of (111)/(100) is different from a high quality FZ substrate, and the etching conditions (temperature,
dilution, time). For this first test, none of this parameters have been optimized, and as a result,
the pattern is poorly defined. Notwithstanding these imperfect nanopatterns, solar cells were formed
by HF-cleaning of the surface followed by PECVD deposition of a-Si:C/a-Si:H/n-a-Si:H to form the
emitter layer. The flat reference epitaxial cell (4.4pum absorber thickness) has been compared with
the dry and wet etched cells under solar simulator. The results are shown in Fig.4.17-d).

For this specific batch, the flat cell resulted in a 5.9% with 490mv Ve, a Js of roughly 16 mA /cm?
and a fill factor of ~ 75%. The dry etched sample has shown a significantly lower performance, namely
1.5%, with a 100 mV lower Vo and a Js. reduced more than twice. Clearly, this etching conditions and
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Fig. 4.17 — a) Diagram of nanopattern epi-Si cell on wafer. Cross section SEM picture of poorly
defined nanopatterns on epi-Si: b) holes and c) inverted pyramids. d) Comparison of J-V charac-
teristics for a flat, hole shaped and inverted pyramids epi-si cells.

the passivation of the holes have failed for this sample. On the opposite, the wet-etched sample could
reach 19.9 mA /cm? and an efficiency of 7.8% with a similar V. compared to the flat sample. Those
absolute values remain below our best flat epitaxial cell (see Tab.4.2), but the huge improvement in
short-circuit current without degradation of the V,. is clearly showing that this patterning approach
is relevant for ultra-thin epitaxial solar cells.

4.4 Detachment and transfer of thin film c-Si layers

4.4.1 Literature overview

The epitaxial solar cells previously presented in this manuscript were all made on highly doped
wafer, acting mainly as a crystal seed and contact material. However the lift-off and transfer of such
low temperature epitaxial layers is attractive since it opens up a lot of possibilities: i) Independent
electrical characterization of epitaxial layers ii) Production of ultra-thin monocrystalline layers of var-
ious thicknesses on low cost substrate (e.g. flexible plastic) ii) Potential substrate re-use iii) Increased
light trapping for transferred epi-Si cells with appropriate back side processing, etc.

Various lift-off techniques can be found in literature to produce 1-50pm thick silicon slabs. They
can be separated in two classes: i) the cleaving approach and ii) the porous silicon based methods.

e Cleaving can be induced for instance by hydrogen implantation to create an in-depth cleavage
zone®™Y. This is the basis of the Smart-Cut process from the company SOITEC, a process
which was initially developed at CEA-Leti in the nineties”’”?. Other processes based on both
hydrogen and thermal stress are also reported’®. Indeed, the differences in thermal expansion
coefficients between silicon and a stressor layer (e.g. Al, Cr, Ag, Ni, etc.) combined with an
adjusted annealing profile enable to control the stress induced in the ¢-Si and lift-off of a Si
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. 94 95 . . . .
slab of few tens of microns’*“”. This metal assisted stress engineering can also be used to

exfoliate semiconductor layers at room temperature: this is the so called controlled spalling
process developed by Bedell and co-workers of IBM Thomas J. Watson Center”®”7. Excellent
flexible devices have been achieved using this control spalling approach, such as GalnP/GaAs
tandem solar cells”® with efficiency above 28% or promising silicon integrated circuit on plastic’.

e The second approach for producing ultra-thin c-Si layers is based on porous silicon'”’. Two
regions with different porosity are created under the surface by electrochemical etching of the
wafer in an HF solution: - the top most layer with a low porosity, thus used as a crystal seed
layer for subsequent epitaxial growth - Below the low porosity layer, a high porosity layer weakly
attached to the substrate, allowing an easy lift-off of epi film. There are plenty of thin film c-
Si cells in the 20-50um ranged produced with the porous silicon process'® Y, including the
actual 20.4 % record cell of Solexel'”. There is also the so called Epi-free process, developed at
IMEC!5192 "which is somehow based on a porous layer too: an array of regular pores (~ 550nm)
are formed by UV-lithography and reactive ion etching, and then upon a strong annealing in non-
oxidizing ambient (1150°, N2 or Ha) the surface reorganizes leading to the formation of a 1-2pm
thick Si layer on voids. This technique has been used to produce a transferred 1.1pm cell reaching
4.8% efficiency'®. More recently a combination of photolithography and electrochemical etching
has been used to produce a silicon millefeuille”!”: several stacks of high and low porosity layers

are produced and re-arranged upon annealing into a juxtaposition of c¢-Si slabs of few microns

separated by voids.

As for PECVD epitaxial layers, Moreno et al.'’*'%° have shown that a porous wafer/epi interface
layer enables lift-off at moderate annealing temperature (~ 400°C). This approach will be further
detailed in this section.

4.4.2 PECVD epitaxy on Epifree

As mentioned above, the Epifree process enables the production of 1-2um thick c-Si layers
suspended on a void rich layer. This ultra-thin c-Si layer can then easily be lifted-off if glued to
another substrate (c-Si is not self-supporting for such thin thickness).

A picture of this Epifree material is represented in Fig.4.18-a): 4 square areas of Epifree (orange
color) are visible on this 8 inch c-Si wafer. The color change from orange at the wafer center to
greenish on the side is linked to a variation of the shape and density of voids below the Epifree layer.
A roughness of 1.7nm is found by AFM, which is pretty low given the high aspect ratio of the mate-
rial before annealing. Fluctuation of the voids size and shape below the 1.2pm surface ¢-Si may be
responsible for the wavy aspect of the surface visible in AFM. Cross section SEM pictures taken at

different times during the annealing step of the Epifree process'’! are displayed in b): from top to
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Fig. 4.18 — a) 8 inch. wafer with square areas of Epifree material. AFM roughness of Epifree
surface. b) SEM pictures of voids evolution during the formation process of Epifree!®. c) 5x5
cm? and 1.19um thick Epifree peeled off with kapton tape. d) Experimental data and fits of the
pseudo-dielectric function of Epifree before (squares) and after (triangles) kapton lift-off. €) Raman
spectra of kapton (triangles), c-Si wafer (star), Epifree (square) and Epifree on kapton tape (circle).

bottom, an increase of the pore size for longer annealing is visible. The final material has void areas
with a lateral extension of several tens of microns, thus a very weak attachment to the substrate. This
is illustrated in Fig.4.18-c), where a ~5x5cm? Epifree sample is glued on kapton tape. Indeed by
applying manually a small pressure between a piece of kapton tape on Epifree material, the thin ¢-Si
slab is peeled off easily. Ellipsometry measurements have been performed before and after this kapton
tape assisted lift-off, the results are shown in Fig.4.18-d). The imaginary part of the pseudo-dielectric
function e; of the Epifree material before lift-off is represented in red (squares) and the Epifree on
kapton in black (triangles). The same thickness, namely 1.19pm, is found by fitting e; before and after
the lift-off, thus confirming that the full layer is reported on kapton. The impact of this simple transfer
process on Epifree crystalline quality has been checked by Raman spectroscopy, with a 632nm laser.
In Fig.4.18-e) are gathered the Raman spectra of a c-Si reference wafer (star symbols), the kapton tape
alone (triangles), the Epifree (squares) and the Epifree transferred on kapton tape (circles). The full
width at half maximum (FWHM) of the ¢-Si peak provides a good indication of the crystal quality;
here the Epifree FWHM, 4.7cm ™1, is very close to the one of c-Si reference, 4.5cm ™1, thus confirming
the excellent crystal quality of this material. After the kapton peel off step, a FWHM of 5.9 cm ™1 is
found: the layer is slightly altered by the lift-off step, which may create some cracks, but remains of
good quality, as also seen from the high €; amplitude measured by ellipsometry.

As shown above, the Epifree material is very easy to lift-off, however its thickness is limited to



124 4.4. DETACHMENT AND TRANSFER OF THIN FILM C-SI LAYERS

~2pm, while a 5 to 10 pm thick ¢-Si slab would boost significantly the short circuit current. Thus we
have tried to thicken Epifree material by means of low temperature PECVD epitaxial growth. Both an
Epifree sample and a standard c¢-Si wafer were cleaned by HF dip, and then loaded into the PECVD
reactor. The epitaxial growth was performed at 175°C in a SiH4/Hg2 plasma. The g; functions for the
two co-deposited samples, measured ex-situ after deposition, are shown in Fig.4.19. The first peak (at
3.4 eV) of g; has an amplitude close to 37 in both cases and the second crystalline peak (at 4.2 V)
reaches slightly more than 42 on wafer and slightly below 42 on Epifree. Such high amplitudes are a
good proof of the excellent epitaxial quality on Epifree, which is almost similar to that achieved on c-Si,
despite a 1.7 nm roughness and relatively wavy surface of the initial epi-free (see Fig.4.18-a) AFM).
The inset shows also a zoom on the low energy part of the spectrum, where the visible oscillations
are related to thickness and wafer interface composition. For the epitaxial growth on wafer, a film
thickness of 1.62um is found by fitting this experimental data. For the epitaxial growth on Epifree,
the fringes with higher amplitude and smaller period in the low energy part betray a thicker layer and
a higher contrast at wafer interface, due to the void rich layer below the Epifree. The total thickness
deduced from fitting the ellipsometry data is 2.99um, which confirms that the Epifree thickness could
be more than doubled with this approach. A small diagram on the right part of Fig.4.19 sums-up the
process flow of Epifree thickening and lift-off. The Epifree material can be used as a crystal seed layer
which has the advantage of providing both a high quality crystal surface for epitaxial growth and a
weak attachment to the substrate (void rich layer beneath) enabling easy transfer. Further work is
still needed to explore more precisely how the material quality is affected by the transfer of this double
stack, and to find out the best solar cell design compatible with this approach.
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Fig. 4.19 — Left: ellipsometry measurement of &; for 1.6pum PECVD Si epitaxial growth at 175°C
on c-Si wafer (triangles) and on Epifree (squares). Right: diagram of PECVD epitaxy on Epifree,
a possible path to produce and detach ultra-thin c-Si slab of few microns.

4.4.3 PECVD Epi-Si lift-off

The transfer of a PECVD layer grown on Epifree is an interesting process, since it can probably
reach a high yield and reproducibility, however this is certainly not the most simple, logical and cost
effective approach (lithography step, annealing above 1100°C, etc.). More interestingly, Moreno et
al.'% have demonstrated the possibility to peeling PECVD epitaxially grown layers with a short post-
deposition annealing step at 450°C. By varying the on Ha /SiF4 ratio in Ar dilution, they could obtain
a H-rich wafer interface layer'"” (creating nanocavities), which provides an easy to cleave direction.
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Their epitaxial growth was based on SiF4/Hga/Ar plasma, a different chemistry compared to the
SiH4/Hg used in this thesis, and the lift-off was performed thanks to a rapid annealing above 400°C
of the epi-layer covered by metal and polymid. Indeed, there are two possible effects explaining this
phenomena:

e The presence of an H-rich mechanically weak interface layer which acts as a preferential cleavage
plane.

e The stress in the epi-Si layer, which can originate internally from its high hydrogen content, or
externally from a stressor layer and thermal expansion upon annealing.

It is also likely that hydrogen diffusion during the annealing enlarge the nanocavities at the interface
with the wafer. We present here our experimental results and understanding of this lift-off process for
PECVD epitaxial layers grown in SiHy4/Hga plasmas.

Fig. 4.20 — Examples of various lifted-off PECVD epi-Si layers (1-4pm thick): a,b) small and big
epi-flakes obtained by annealing few seconds the sample at 400°C. c) SEM picture of a bended
small epi-Si flake. Large lifted-off areas are obtained when providing mechanical support: d) with
metal evaporated on epi-layer before annealing, ) by gluing the epi on kapton tape. f) SEM picture
of lift-off starting edge for metal covered epi-Si.

Thus we first performed rapid thermal annealing on our standard epi-Si layers grown on wafer
without any specific interface treatment. The annealing was performed with a simple heating plate
(25-550°C range) at atmospheric pressure, in air. Surprisingly enough, we could lift-off some of the
epi-Si samples despite no specific growth condition nor stressor layers. Pictures illustrating such lift-off
are displayed in Fig.4.20-a,b,c). In some cases, annealing is not even necessary to perform lift-off: ap-
plying a mechanical perturbation, like wafer cleavage, initiate the lift-off and, if no transfer substrate is
used, this result in silicon flakes of few millimeters size (see Fig.4.20-a)). The SEM picture in Fig.4.20-
b) shows that small flakes may present strong bending, with here a few hundreds of pm diameter
pipe shape. In most cases, the layer does not blow-up into flakes, and annealing is required for the
detachment. In this case, larger self-supporting epi-Si sheets can be lifted-off, as shown in Fig.4.20-c).
Of course, if this detached epi-Si layer is to be further processed, it is much more convenient to find
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a better mechanical support to manipulate the layer. We have thus tried to perform lift-off of epi-Si
layers with few hundreds of nanometers metal evaporated on top of it (Al), as shown in Fig.4.20-d):
few centimeters square c-Si sheets are detached from the substrate, but this metal thickness is still
not enough to prevent from bending and wrapping.

A SEM picture of the epi-Si (covered with 200nm Al) lift-off edge corner is shown in 4.20-f). The
use of kapton tape to peel off and transfer the epi-Si layer has been also tested. The picture of an
Al/epi-Si glued on kapton tape is shown in 4.20-e). The kapton tape can indeed support a brief tem-
perature peak of 400°C; however the silicon adhesive used in kapton tape starts to deteriorate and
evaporate. It was thus not possible to apply the tape before the annealing step; the epi-Si sample was
removed from heating plate just when the lift-off begins and the kapton tape was applied right away.
While large area samples could be obtained, this technique was penalized by its lack of reproducibility.
Moreover, a better control of the peel off (speed, curvature radius, etc.) would be required to minimize
cracks formed with this technique.

The interplay between annealing time and annealing temperature for epi-Si lift-off has been studied
on one PECVD epi-Si sample. The result is plotted in Fig.4.21-a). The required annealing time span
from 18 min at 280°C to 20s at 400°C; in this semi-log scale, there is a good linearity between the
time and the inverse of the annealing temperature. The comparison between Raman spectrum of a
4pm thick epi-Si layer before lift-off and small free standing epi-Si flakes of the same layer after the
detachment is shown in Fig.4.21-b). The layer before annealing (triangles) is right shifted compared to
the c-Si reference (black curve) and the epi-Si flakes after detachment (circles) is left-shifted compare
to the c-Si reference. Assuming bi-axial in plane stress, one can calculate (see eq.3.7) an g of 0.07%
before lift-off (compressive state, as mentioned in the previous chapter) and -0.07% after (tensile state).
Note that the epi-Si flake is not perfectly flat and its stress is linked to its curvature. Overall, we have
seen in the previous chapter that the layer stress depends on its hydrogen content and the interface
quality with the wafer. Thus there is some variability from sample to sample depending on the wafer
cleaning procedure, and the growth temperature; the curve in Fig.4.21-a) may thus be shifted upward
or downward depending on the sample properties.
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Fig. 4.21 — a) Required annealing time for epi-Si detachment as a function of annealing temperature.
b) Raman spectra of epi-Si on wafer (triangles), free standing detached epi-Si flake (circles) and
reference c-Si wafer.

To further investigate the link between wafer/epi-Si interface properties and low temperature
PECVD epi-Si lift-off, we have performed cross section TEM analysis. Five PECVD epi-Si/c-Si sam-
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ples, selected for their different interface quality, were thinned/polished by focused ion beam - FIB?.
The interface between epitaxial silicon and wafer has been investigated with the aberration-corrected
scanning electron microscopy (STEM; model No. JEOL JEM 2200FS AU7) available at LPN-CNRS,
with the expert microscopists J.-L. Maurice and G. Patriarche. The high resolution cross section im-
ages along <110> axis of two samples are represented in Fig.4.22 and 4.22; the first sample was chosen
for its robust epi-Si/c-Si interface: the layer does not lift-off upon annealing up to 550°C, whereas the
second one is easily lifted-off for an annealing temperature above ~ 300°C. Both conventional bright
field and high-angle annular dark field (HAADF) images are shown for the two samples. HAADF
images are formed by collecting high-angle scattered electrons with an annular dark-field detector in
scanning TEM. Using this imaging method, there is a strong dependence of STEM image intensity on
average atomic numbers of the scatterer elements encountered by the incident probe; it is generally
admitted that the STEM-HAADF intensity I can be expressed as'?%107:

I=k)Y niZ" (4.10)

where k is a constant, n; are the number of atoms with atomic number Z; in the probed volume, and
« a constant value in the range of 1.6 to 1.9'%%. Thus, a region with lighter elements or simply less
atoms will appear darker on a HAADF image; if the sample thickness is uniform, the HAADF contrast
is a function of the material density/chemical composition.

Fig.4.22-a) shows the conventional bright field image of the sample which has a strong interface (no
lift-off upon annealing observed). With this technique, the interface is barely visible, in good agreement
with the expected absence of weak/porous layer for this sample. The nearly perfect interface quality
is confirmed by the HAADF picture of the same interface displayed in Fig.4.22-b). Indeed there is a
~2nm wide slightly darker region at the interface. Since this sample was thinned down by FIB, the
thickness is uniform and the contrast is not linked to a variation of number of atoms but rather to
the presence of atoms with smaller atomic numbers compared to Si (H & O). The line scan showing
HAADF normalized intensity (with respect to the wafer), perpendicular to the interface and averaged
laterally on 4nm, is shown in the inset. The very small drop in intensity (and thus density) is confirmed
by this technique.

4FIB preparation by D. Troadec at IEMN, via the French RENATECH network.
1065 J. PENNYCOOK., Ultramicroscopy, 30: 58-69, 1989.
197p D. NELLIST et al., Advances in Imaging and Electron Physics, Volume 113: 147-203, 2000.
1087 W. WANG et al., Physical Review B, 84: 073408, 2011.
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Fig. 4.22 — a) High resolution cross section scanning TEM bright field image along <110> axis of
a clean epi-Si/c-Si interface. b) STEM-HAADF image of the same sample: a very small contrast
change is visible at the interface. The normalized (with respect to wafer) HAADF contrast scan
perpendicular to the interface, averaged on a 4nm wide rectangle is shown in the inset.
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Fig. 4.23 — a) High resolution cross section scanning TEM bright field image along <110> axis of
a weak epi-Si/c-Si interface. b) STEM-HAADF image of the same sample: a strong contrast is
visible at the interface. The normalized (with respect to wafer) HAADF contrast scan perpendicular
to the interface, averaged on a 5nm wide rectangle is shown in the inset.
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Fig.4.23-a) shows the bright field high resolution cross section STEM image of the sample with an
expected weak interface (easy layer lift-off with annealing at 300° and beyond). The interface appears
blurry and well contrasted even in bright field mode. The defective nature of the interface for this
sample is further confirmed by the HAADF image in Fig.4.23-b): the interface appears much darker
compared to the epi-Si or the ¢-Si. The line scan showing HAADF normalized intensity (with respect
to the wafer), perpendicular to the interface and averaged laterally on 5nm, is shown in the inset.
The huge drop in intensity (and thus density) is confirmed by this technique. The interface itself is
globally darker but has some contrast and thickness inhomogeneities. In any case this is a strong proof
of the low density of the interface; this low density is most likely linked to the presence of H-platelets
(see Fig.3.14) and also to the presence of residual surface oxide from imperfect surface cleaning. This
comparison of high resolution STEM bright field and HAADF images of the interface for the two
sample which differ by their ability to be lifted-off is a strong proof that a low density interface is a
key point to enable lift-off of PECVD epi-Si layers. For those two samples, an HF-dipping was used
to clean wafer’s native oxide before loading into the reactor. However they were deposited in two
different reactors:

e The sample with a nearly perfect interface (Fig.4.22) has been deposited in the new PECVD
cluster tool, a reactor bought by Total Company and shared with LPICM-CNRS. It is equipped
with a load-lock, thus the sample is loaded in the deposition chamber, kept at 200°C, within a
minute and roughly ten minutes are needed to reach a base pressure in the range of 5.10~7mb.

e The sample with the weak interface (Fig.4.23) and easy to lift-off was deposited after the same
chemical cleaning of the surface, but in the old home built Arcam reactor®”. This reactor does
not have a load lock, and thus the pumping time to reach the same base vacuum is ~4-5 times
longer.
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10

1 " 1 "
1,5 2,0 2,5 3,0 3,6 4,0 4,5
Photon energy (eV)

Fig. 4.24 — Ellipsometry spectra for the two samples shown in Fig.4.22 and Fig.4.23: epi-Si with
strong (squares) and weak (triangles) wafer interfaces.

35P. RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
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Thus the quality of the vacuum and the pumping rate are linked to the quality of the interface
between epi-Si and wafer. Looking at the ellispometry spectra (see Fig.4.24) of the two samples (that
have similar thicknesses) shown in Fig.4.22 and Fig.4.23, we see that the difference in epi-Si/wafer
interface density is also detected with this technique: the sample with low interface density (triangles)
has a higher amplitude of €; oscillations in the 1.5-3 eV range. By fitting these spectra, we find a
5.2nm interface thickness composed of 9% void and 91% c-Si for the low density sample and 2.3nm
with 6% void for the other sample.

The same HAADF analysis has been performed on 5 epi-Si/c-Si samples which differ by their
cleaning prior epitaxy, deposition reactor and consequently by their ability to be lifted-off. Their
deposition conditions and the HAADF intensity contrast of the interface or bulk epi-Si area with
respect to the substrate, (Igrea — Iref)/Ires, are reported in Fig.4.25.

HAADF Contrast (%) A Lift-off

—A— Wafer interface  "23]. X
Epi-SiSample| A | B | ¢ | D | E 20 [ Neliftoft |

PECVD Arcam v \'i v

reactor Cluster v v

Wafer Wet: HF v \'i v v

cleaning Dry: SiF, v

Lift-off with
300-400°C annealing

D Cc

Fig. 4.25 — Left: 5 samples analyzed by STEM-HAADF; they differ by their cleaning prior epitaxy,
deposition reactor and consequently by their ability to be lifted-off. Sample D is shown in Fig.4.22
and sample B in 4.23. Right: interface HAADF intensity contrast with respect to c-Si substrate
for the 5 samples.

One can see that only two samples (B and C) deposited in the old reactor with a long pumping
time can be easily lifted-off. These two samples were cleaned by HF-dipping prior epitaxial growth.
The averaged interface HAADF contrast is reported in Fig.4.25 diagram on the right side: they both
have a drop of contrast at the interface, and thus a drop of density, of 15-20%; the three other samples
which does not lift-off have a lower density drop at the interface, typically 5-10%. Thus two areas
are defined on the graph: - the area corresponding to a strong interface which do not break upon
annealing, with HAADF contrast < 15% (dark grey shade) and - the area corresponding to weak
interface, which enables easy lift-off with moderate annealing, with HAADF contrast > 15% (light
grey shade). Considering the epi-Si contrast with respect to the c-Si wafer, the difference is less
important, & few percent around zero, and there is no clear trend between the samples.

To conclude, we have shown that the presence of a low density interface is a key point to perform
PECVD epi-Si lift-off. This weak interface is most likely composed of H-platelets and some remaining
silicon oxide, as confirmed by SIMS and TEM (see previous chapter). But a more reproducible process
to form this type of weak interface still needs to be found. Moreno et al.'’*| with Ha/Ar/SiHy plasma
chemistry, could control this interface in-situ. In SiHy/Hg epitaxial plasma, in-situ cleaning with SiFy4
followed by Ha plasma prior epitaxy was effective to tune the stress in the epi-layer (see Fig.3.16)
but did not help to lift-off the layer. Thus if stress can help to enable the layer detachment, this is
probably not enough (or at least this level of stress is not enough): a weak/porous H-rich interface
is needed, and it should be preferentially created by interface plasma treatment. In any case, this
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approach, a sort of low cost SmartCut process, is very promising and has already been patented at
LPICM ',

Large areas lift-off

Using epi-Si samples with a weak/porous interface, alternative lift-off processes were tested to
improve reproducibility and handling compared to the home-made methods shown in Fig.4.20: i) lift-off
with a polymer buffer on glass and ii) anodic bonding to glass substrate. The first approach is the one
developed at LPN-CNRS within the frame of the ANR Nathisol project: the idea is to use a polymer
layer to glue the epi-Si on a glass substrate and then perform annealing to obtain a flat epi-Si layer
on polymer/glass. The polymer, typically PDMS or OrmoStamp, can stand the short annealing time
required for the lift-off; the difference in thermal expansion upon annealing creates some stress which
may contribute to detach the layer. A picture of a 2.5um thick and 1x2 cm? epi-Si transferred with
this process on glass and OrmoStamp is shown in Fig.4.26-a). The corresponding Raman spectrum
(Fig.4.26-b)) shows a sharp crystalline peak with a FWHM of 5.4 cm™!, which testifies that the
excellent epitaxial crystal quality is preserved with this transfer technique. In addition, the AFM scans
(see Fig.4.26-c)) of the substrate after lift-off and of the layer surface transferred on OrmoStamp/glass
reveal a relatively low RMS roughness of 0.9nm on the two surfaces. This is a proof that the epi-Si/c-Si
interface acts as a sharp cleavage plane. The ellipsometry measurement on the epi-Si layer before and
after transfer are displayed in Fig.4.26d). At low energy, the small amplitude of &; oscillations for the
of epi-Si/c-Si sample (triangles) is characteristic of the wafer interface. After lift-off, the oscillations
amplitude is significantly increased, due to the Fabry-Perot effect of light traveling back and forth
in the epi-Si layer. By fitting, the exact same thickness is found before and after detachment, thus
confirming that the epi-Si/c-Si interface is a sharp cleavage plane. However, the difference in €;
amplitude at 4.2eV, roughly 42 before and 35 after, indicates a low crystalline quality for the first
few nanometers of the surface (which was the epi-Si/c-Si interface before lift-off). This can be due
to alteration of crystal quality due to lift-off and transfer. But let us remind that, as shown in the
previous chapter, the epitaxial quality is improving with thickness, and that layers close to the wafer
interface are more defective. Thus the lower crystal quality for the epi-Si surface after transfer can
also be understood because this new upper surface corresponds to the first nanometers of epitaxial
growth before lift-off.

109p Roca 1 CABARROCAS et al. “Method for producing a multilayer film including at least one ultrathin layer of
crystalline silicon, and devices obtained by means of said method” pat. US20120208358 A1l
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Fig. 4.26 — a) Transferred 2.5um thick epi-Si on glass with an Ormostamp buffer layer. b) Raman
spectrum of the epi-Si on glass having a FWHM of 5.4 cm—1. c) AFM scan of the substrate after
lift-off and of the layer on glass: both have a 0.9nm RMS roughness. d) Ellipsometry spectrum of
the same layer on wafer and after being transferred onto glass substrate.

The second approach to transfer large area PECVD epi-Si layers is the anodic bonding!!'’>''!. This
technique, performed at IMEC within the EU-FP7 project PhotoNVoltaics, is a well-known process
used to create covalent bonds between a silicon and a borosilicate glass substrate containing a high
density of alkali ions. In anodic bonding, the wafer is placed between the chuck and the top tool used
as bond electrode, at temperatures between 200 and 500°C (below glass transition temperature). A
typical applied voltage of 1kV is used between the chuck and the top electrode to cause a diffusion of
glass sodium ions (Nat) out of the bond interface toward the backside of the glass (cathode). With
this depletion of Nat ions, the volume at the bonding surface becomes negatively charged because of
the remaining oxygen ions (O27). This produces a positive volume charge in the silicon wafer on the
opposite side of the bonding. As a result, a few micrometer thick high-impedance depletion region is
developed at the bond barrier in the glass wafer. The electrical field intensity in the depletion region is
so high that the oxygen ions drift to the bond interface and pass out to react with the silicon to form
a SiO9 layer. Simultaneously, a pressure is applied to create intimate contact between the surfaces
and ensure good electrical conduction across the wafer pair. The thin oxide layer formed between the
bond surfaces, ensures an irreversible connection between the glass and the wafer.

10T M.H. LEE et al., Sensors and Actuators A: Physical, 86: 103-107, 2000.
113 WEI et al., Journal of Micromechanics and Microengineering, 13: 217, 2003.
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Fig. 4.27 — a) Transferred 1.7pum thick epi-Si bonded to glass substrate. b) Raman spectrum of
the epi-Si on glass having a FWHM of 8.3 cm™!. ¢) AFM scan of the substrate and epi-layer
after lift-off and of the layer on glass: their RMS roughness is respectively 8.6 and 6.1nm. d)
Ellipsometry spectrum of the same layer on wafer and on glass substrate.

A 1.7pm thick and ~ 10cm? epi-Si layer bonded to MEMPax Schott glass (at 400°C and 1kV,
with a EVG 520 machine) is shown in Fig.4.27-a). Few small areas where the bonding failed are
visible on the bottom side of the sample, but overall the homogeneity is excellent, especially given
that no polishing surface treatment was used (just a standard cleaning: piranha 10 min + HF/HCI
dip 2 min), and that the bonding conditions were not optimized. The Raman peak of the epi-Si on
glass (Fig.4.27-b)) has a FWHM of 8.3cm~!. This is higher compared to the polymer buffer assisted
transfer shown in Fig.4.26. Looking at AFM scan, we found a 8.6nm RMS roughness for the substrate
surface after lift-off, and 6.1nm for the epi-Si bonded to glass. Moreover, from the surface topography
displayed in Fig.4.27-c), hills shaped and valley shaped (few tens of nm height) surfaces are found for
the substrate and the layer respectively. Several tests are needed to understand whether this shape is
anecdotal or related to some aspect of the anodic bonding process. The imaginary part of the pseudo-
dielectric function g; of the layer before and after lift-off is shown in Fig.4.27-d). The interpretation
we can make from those curves is similar to the one aforesaid for the Fig.4.26-d). Thickness fringes
at low energy have the same period, thus confirming that the full layer is transferred, and the higher
amplitude is linked to the high index contrast between Si and glass on the back side. Once again the
g; 4.2eV peak amplitude is reduced from ~42 to ~35, probably due to the exposure of what was the
first nanometers of the epitaxial growth.
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Fig. 4.28 — a) Bright field TEM cross section along <110> axis of epi-Si/glass interface with b) a
high resolution zoom on the interface. c) High resolution STEM bright field and d) HAADF of the
same sample.

From the AFM and Raman analysis it appears that the bonding process is more damaging the
material compared to the polymer buffer approach. However this should be considered as preliminary
results and clearly more work is required to evaluate how the electrical properties (e.g lifetime) are
altered with the transfer process.

Cross section TEM and SEM high resolution images of the bonding interface, acquired at LPICM-
CNRS and LPN-CNRS, are shown in Fig.4.28. a) and b) show a medium magnification and high
resolution zoom of the interface. Some defects such as stacking faults are visible, but the epi-Si
adhesion and conformality with the glass interface is excellent. Similarly, the bright field ¢) and
HAADF STEM d) images show an excellent crystal quality for the transferred epi-Si and a sharp
transition with the glass substrate.

Finally, the need for superior light trapping in thin film c-Si layers of few microns is illustrated
in Fig.4.29. On this picture, Palaiseau’s romantic sunset is seen through a 1.5 um thick PECVD
epi-Si layer grown at 175°C and bonded to glass substrate. The short wavelengths of the sun light are
absorbed and thus the sample appears yellowish. Of course there is no back reflector in this sample,
but this gives a visual confirmation that if high efficiency is targeted with such a thickness, huge
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Fig. 4.29 — Experimental proof of transmission losses in 1.5 pm thick epitaxial silicon bonded to
glass substrate.

trapping effect for the long wavelength are required. Alternatively, some semi-transparent photovoltaic
applications could be considered; and in any case, a lot of different fields (microelectronics, etc.) could
benefit from this low cost epi-Si transfer process.

4.4.4 Transferred PECVD epi-Si cells

During the early stage of Nathisol and PhotoNVoltaic projects, a significant part of the work on
PECVD was focusing on testing and improving the lift-off processes. Now, at the time of the writing
of this manuscript, the first PECVD lifted-off solar cells start to be functional. Those preliminary cell
results are briefly presented here.

Several cell architectures and process flow are explored in the two projects. One possibility is
shown in Fig.4.30: this is a transferred PECVD epi-Si cell including plasmonic mirror on the back
side and inverted nanopyramids on the front side. For this architecture, the transfer process can be
either with a polymer buffer or by anodic bonding. Starting from an intrinsic epitaxial layer, the
epitaxial growth would end with a doped area used in the final device as a back surface field. The
back side light trapping features (plasmonic mirror) can be deposited before lift-off and the front side
nanopatterning would be performed after lift-off.

However such an optimized device has not been produced yet: much simpler stacks were tested
first. Omne example of a lifted-off and transferred cell is shown in Fig.4.31. The stack is simply
composed of glass/PDMS/Al/epi-Si(2.5pum)/(i)-(n)a-Si:H/ITO/Al thus there is no p-doped layers.
It is not excluded that some diffusion of Al happens during the lift-off annealing step, thus creating
a p-type doping on the back Si side. The transfer is done with a PDMS buffer, and the access to
the Al back contact is done by etching the epi-Si layer down to the Al by RIE (SFg/Oz2), the ITO
circular plot being used as a mask. The resulting 0.03 cm? cell was measured under dark conditions,
and the semi-log I-V characteristic is plotted in Fig.4.31-b). The diode behavior is clearly visible, but
it corresponds to a high J, and ideality factor. Unfortunately the measurement under AM1.5G could
not be done for this sample: repeated dark I-V measurement with inappropriate contacting tips size
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Fig. 4.30 — Diagram of a possible fabrication process for a lift-off PECVD epitaxial solar cell with
plasmonic and photonic light trapping features .

resulted in macroscopic holes and cracks destroying the cell.

Fig.4.32-a) shows the top view picture, the diagram of the layer stack and cross section SEM
picture of a PECVD epi-Si bonded to glass substrate. The circular blue spots on the picture are ITO
and the grey color around is the Al back contact. The access to the back contact is also achieved here
by RIE using ITO as a protecting mask. For this sample, a (n)uc-SiO, was deposited on top of the
epi-Si, and is thus in contact with the Al on the back side after lift-off. The front side of the device is
composed of (p)a-Si:H and ITO. The layers are visible on the cross section SEM picture. This device
was tested under solar simulator and with EQE measurements; the results are shown in Fig.4.32-b).
Parasitic resistances are visible on the J-V curve and this results in a poor fill factor of 56%. The Vpe,
reaching only 342mV, indicates a poor material quality. Indeed the effect of anodic bonding on epi-Si
bulk or passivation properties is still unknown. However the device shows a current of 19.9mA /cm?2,
which is promising given that this current is created in 4um epi-Si only. Compared to the solar cells
shown in Fig.4.6, here there is no parasitic contribution of the wafer to the current. There is a small
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Fig. 4.31 — a) Diagram of the layer stack and top view picture of a 2.5 pum thick PECVD epi-Si
cell transferred on glass/PDMS substrate. b) Corresponding dark |-V characteristic.
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1mA /cm? discrepancy between the current density calculated by EQE and I-V. But our EQE set-up
is probing only a local area, whereas the I-V is collecting current from the whole cell surface. The
efficiency of this first PECVD device reaches 3.8%.

b) Wavelength (nm)
400 600 800 1000

T
=]
2
E
2 9
2 ~
5
£
[$]
PECVD-Si
(PlN) 0,0 . 01 ’ 0,2 ’ 0,3 ’ 0,4
Voltage (V)
v bee FF | Eff
> | (mAcm?) o o
M) gy eqe | P | O
Aumepi-Si | 545 1 19,9 (18,8 | 562 | 3.8
on glass

Fig. 4.32 — a) Top view picture, diagram of the layer stack and SEM cross section image of a 4um
PECVD epi-Si cell bonded to glass substrate. b) J-V curve and EQE of the solar cell device, with
corresponding parameters listed in the table.

4.5 From silicon to germanium

Germanium and silicon-germanium alloys were also studied during this thesis. This family of
materials is indeed very attractive: i) germanium has a very strong absorption in the long wavelength
range and a high carrier mobility ii) Ge is also almost lattice matched to some III-V semiconductors
such as GaAs iii) SiGe has a tunable band gap with composition and stress, and thus can be used as a
bottom cell in multijunctions, etc. Indeed, the efficiency of a solar cell, beyond the technological limits,
is based on how much light it can absorb. This is why industry and researchers have been looking
for multi-junction solar cells made up of materials with different band gap energies. Ge and its alloys
with silicon is a good candidate: i) in the field of thin film amorphous and nanocrystalline solar cells,
the record power conversion efficiency of 16.3% (initial) is hold by a triple junction which includes an
amorphous SiGe cell®. ii) In the field of III-V multijunctions for space and terrestrial concentration
PV, the record triple junction cell with above 40% efficiency was based on GalnP/GaAs/Ge in past
years''?. The epitaxial growth of Ge below 200°C by PECVD has already been demonstrated in
LPICM-CNRS with the work of Johnson et al.''? (Ge on GaAs) and with Labrune et al.''* (Si/Ge
multilayers on GaAs). Thus, in this section, we present our results on LTE PECVD epitaxial growth
of Ge and SiGe and the use of this materials in solar cell devices.

8B. YAN et al., Applied Physics Letters, 99: 113512-113512-3, 2011.
H2W, GUTER et al., Applied Physics Letters, 94: 223504, 2009.
H13F V. JOHNSON et al., Applied Physics Letters, 92: 103108, 2008.
4N, LABRUNE et al., EPJ Photovoltaics, 3: 30303, 2012.
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4.5.1 Low temperature PECVD epitaxial growth of Ge

Germanium based electronic devices became an active research topic since the first transistor
realization''®, which opened the path to microelectronics. However, silicon quickly flooded the semi-
conductor research and industry due to lower cost, abundance, and its oxide providing excellent surface
passivation. However, more recently, germanium based electronic devices have gained a renewed in-
terest since silicon device scaling down is rapidly approaching its limit. Due to its higher carrier
mobility with respect to Si, Ge has been proposed as a possible candidate for the next generation of
high mobility channel devices. From an optical perspective, Ge benefits from high refraction index, a
strong absorption coefficient, and a minimal optical dispersion, which are useful for lenses and optical
elements for infrared imaging.
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Fig. 4.33 — a) Absorption coefficients of various semiconductors; Ge has the strongest absorption for
middle and long wavelength range (from pveducation.org). b) Ideal current density per wavelength
for AM1.5G solar spectrum (bottom & left axis, dark shade). Single pass absorption of c-Ge slab
with 0.1, 0.2, 0.5, 1 and 5um thicknesses are shaded in colors. By integration, the ideal Jg
(R=0 and EQE=1) is calculated for a single path (top & right axis, triangles), as a function of Ge
thickness.

The absorption coefficient of germanium is high from the middle to long wavelength range in com-
parison with many other semiconductors, as shown in Fig.4.33-a). Using this absorption coefficient
and the AM1.5G solar spectrum, one can calculate the ideal Jg. per wavelength (assuming single light
path, no reflection, and EQE=1) for various Ge thicknesses. This quantity is displayed in Fig.4.33-b),
bottom and left axis, where fraction of the solar spectrum converted into electricity by various Ge
thicknesses (0.1, 0.2, 0.5, 1 and 5um) are shaded in colors. The Jg. as a function of Ge thickness (top
and right axis, triangles), calculated by integration with the solar spectrum, is plotted on the same
graph. The strong absorption of Ge results in a high Jg.: roughly 45 mA.cm™2 can be obtained in 1
pm c-Ge, as compared to 12.5 mA.cm? in a c-Si slab of the same thickness. Of course, we should keep
in mind that efficiency is driven by the product of Jg. and Vy; the low band gap of Ge (0.66 eV) and
thus the Ve of Ge cell is indeed less optimum compared to silicon, for a single junction configuration.
The record efficiency for a single junction with a germanium absorber is around 8%"'°.

An improvement in germanium processing, passivation and growth, can impact many different
fields: opto-electronics, large area electronics, fiber optics and photovoltaics. In this latter field, as
mentioned previously, germanium is widely used as a bottom cell in record triple junction devices''”
thanks to its strong absorption coeflicient together with high mobility and a band gap of 0.66 eV. More-

1157 BARDEEN et al., Physical Review, 74: 230-231, 1948.
H6N E. POSTHUMA et al., IEEE Transactions on Electron Devices, 54: 1210-1215, 2007.


http://pveducation.org/pvcdrom/pn-junction/absorption-coefficient

140 4.5. FROM SILICON TO GERMANIUM

over, its lattice constant is closely matched to III-V materials (Ge~5.657nm and GaAs~5.653nm).
However germanium is a scarce and thus expensive material. Driven by the industrial request of
cost reduction, research is thus moving attention towards new techniques to obtain attractive semi-
conductor materials on low cost substrates. The main ways to meet this target are crystallization
of amorphous materials by novel techniques preserving the substrate''™'? or deposition of epitaxial
layers, eventually combined with lift-off processes for transfer on a flexible support.

Within this context, the growth of high quality germanium with a smooth surface epi-layer on Si is
a crucial step for III-V materials integration with the existing silicon process technology. It has been
a hot research topic for many years'?' '?*. The main problem arises from the 4.2% lattice mismatch
(at 300K) between Ge and Si which ends up with misfit dislocations and other defects (e.g. twins).
Indeed, using buffer layers and specific growth processes, high quality c-Ge can be epitaxially grown
on Si using several growth steps involving temperatures above 600°C'?%!?°. However, low temper-
ature deposition is useful for many applications; among the benefits of low temperature epitaxy we
would like to emphasize: i) the absence of thermal strain induced by differences in thermal expansion
coefficients; ii) having a hydrogen terminated surface (less reactive), which is a key for low impurity
incorporation in non UHV systems; and iii) significant cost reduction thanks to well established low
temperature plasma CVD reactors. Thus we present here our results on thin film epitaxial germanium
(epi-Ge) grown by standard RF-PECVD below 200°C, on c-Ge and c¢-Si substrates. This deposition
technique has been widely used for decades to produce amorphous and micro-crystalline materials,
but the plasma conditions promoting epitaxial growth of Ge at such low temperature is a much more
recent result''*!'*, Compared to high temperature CVD epitaxial growth or ultra-high vacuum MBE
technique, this approach targets lower cost. This work done at LPICM-CNRS received great help
from S. Almosni, R. Ruggeri and J. Nassar.

Focus on c-Ge surface
Since the depositions were done at low temperature, an appropriate surface cleaning method
was required to remove native oxide before epitaxial growth. In the case of c-Si surface, the HF-
dipping and in-situ SiFy4 plasma cleaning are efficient techniques (see section "Surface cleaning prior
to epitaxial growth” in the previous chapter). For c¢-Ge few processes have been tested, and the result
are presented in Fig.4.34.

The surface in Fig.4.34-a) corresponds to &; measured in-situ by ellipsometry (on Philix reactor)
of a c-Ge wafer exposed to a pure SiF4 plasma. The measurement is done in the energy range 3.4-4.4
eV, and the plasma ignition corresponds to the zero time. Since high energy photons are probing
the surface (e.g. 4.1 eV corresponds to a ~6nm of penetration depth in c-Ge), this spectral region is
sensitive to surface changes such as oxide cleaning. Indeed the presence of germanium native oxide
reduces the amplitude of €; in 3.4-4.4 eV. The conditions used here were 30 mTorr of pure SiF4 and
5W; this resulted in a Vg of -110V. The huge increase of g; from a peak amplitude of ~24 before
to a value of ~26.5 after the SiF4 plasma is the proof of Ge oxide removal. This result suggests
that, like in the case of c-Si surface cleaning, a SiF4 plasma is efficient to etch away the native oxide.
Alternative cleaning methods were also tested and the results are gathered in Fig.4.34-b). This graph
represents €; in the 1.5-4.5 eV range measured ex-situ by ellipsometry for c-Ge wafers with various
surface treatments. The black line represents the reference curve for c-Ge®” at room temperature. The

7@, MANNINO et al., Applied Physics Letters, 97: 022107-022107-3, 2010.

H8E VEGA et al., Journal of Applied Physics, 75: 7287-7291, 1994.
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120G, FISICARO et al., Microelectronic Engineering, 88: 488-491, 2011.
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122R | GINIGE et al., Semiconductor Science and Technology, 21: 775-780, 2006.
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Fig. 4.34 — a) In-situ real time spectroscopic ellipsometry acquisition on a c-Ge wafer exposed to
SiF4 plasma showing &; time evolution in the 3.4-4.4 eV range. b) Comparison of c-Ge €; after
various surface treatments to remove the native oxide.

orange and red triangles are the in-situ acquisitions at 175°C, extracted from Fig.4.34-a), measured
before and after the plasma cleaning step. One can see the positive effect of SiF4 with the curve
getting closer to the theoretical value.

However, to be more quantitative, those in-situ curves should actually be compared to reference
c-Ge spectrum at the same temperature (175°C). The grey curve (pentagons) is the measurement on
c-Ge with its native oxide. The green curve (circles) corresponds to c¢-Ge after 15 min rinsing in DI
water; the blue curve (squares) 15 min DI water with an additional 5 min SiF4 plasma etching step.
It appears that the simple DI water cleaning is relatively efficient removing c-Ge native oxide. In
literature, it is acknowledged that both GeO and GeOs are present on Ge surface, the latter being
soluble in water'?®. To further investigate the effect of DI water on c-Ge surface, cross section TEM
has been performed. For the sample shown in Fig.4.35, after a 15 min DI water rinsing, the sample
was loaded into a PECVD reactor to deposit a standard a-Si:H layer and thus protect the c-Ge surface.
The bright field image presented in Fig.4.35-a) shows a sharp and epitaxial regrowth free transition
between c-Ge and a-Si:H. No oxide is detected with this imaging technique.

Energy filtered TEM (EFTEM) mode has been performed to investigate more precisely the presence
of oxide. With this technique it is possible to select only electrons of particular kinetic energies to
form the image. If a very thin sample is illuminated with a beam of high-energy electrons, inelastic
scattering when passing through the sample results in a loss of energy and a change in momentum,
which in the case of inner shell ionization is characteristic of the chemical element. By using a magnetic
prism and an adjustable slit, it is possible to collect only electrons which have lost a specific amount
of energy. Thus by selecting the ionization edges of interest, EFTEM can produce elemental maps.
Here we show in Fig.4.35-b) the cross section EFTEM image of the c-Ge surface obtained by selecting
the oxygen ionization edge; the bright areas correspond to the presence of oxygen atoms. Oxygen is
detected at the interface between a-Si:H and the glue, but much less signal is visible at the c-Ge/a-
Si:H interface. From this result, we can conclude that DI water cleaning is probably effective when
subsequent epitaxial growth is targeted; however this interface, given the simple cleaning process,
would probably have poor electrical properties. In fact, the germanium oxide is not a good dielectric,
and c-Ge surface is defective and hard to passivate'?C.

1265 RIVILLON et al., Applied Physics Letters, 87: 253101, 2005.
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a) TEM Bright field I ______ b) EFTEM Oxygen map

(ST |

Fig. 4.35 — a) TEM cross section along <110> axis of c-Ge (100) wafer cleaned with DI water and
passivated with 15nm of a-Si:H. b) EFTEM oxygen map of the same sample.

Epi-Ge on c-Ge and c-Si substrates

In the following study'?’, germanium layers were deposited on both c-Ge and c-Si substrates,
using the PECVD "ARCAM” reactor®” at temperatures from 175 to 200°C. P-type Si (100) and
Ge (100) substrates with resistivity below 1072 £.cm were dipped in 5% HF and deionized water
(18.3 MQ.cm) respectively, for oxide removal. The substrates were then immediately loaded into the
reactor, with no load-lock chamber, and pumped down to 10~7 mbar within 45 min. Reactive species
are created from dissociation of a mixture of GeHy and Hs, with the deposition conditions listed in
Tab.4.6.

Temp. Pressure GeHy Ho Power Electrode gap
(°C) (Torr)  (sccm) (scem)  (mW/cm?) (mm)
Intrinsic epi-Ge  175-200 1.9 ) 200 50 17

Tab. 4.6 — Optimized deposition conditions for intrinsic germanium low temperature PECVD epi-
taxial growth.

The growth was performed at a rate of about 5 Amin~! and thicknesses up to 168 nm were
deposited. a-Si:H layers were deposited on top of epitaxial layers, from a silane plasma under a total
pressure of 0.13 mbar and RF power density of 6 mW.cm™2 (deposition rate 0.5 A.s_l). The epi-Ge
films were simultaneously deposited on c-Ge wafers and c-Si wafers. The epitaxial Ge layers were first
characterized by spectroscopic ellipsometry to determine compositions and thicknesses. The crystal
quality, interface composition, defects and strain were analyzed by TEM, using a JEOL JEM 2010 F
TEM microscope at an acceleration voltage of 200 kV, equipped with a Gatan electron energy loss
image filtering for energy filtered EFTEM analysis. The defects density was also evaluated by the etch
pit density technique'?®.

127R . CARIOU et al., AIP Advances, 4: 077103, 2014.
35P. RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
128 _C. LuaN et al., Applied Physics Letters, 75: 2909-2911, 1999.
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Fig. 4.36 — a) Ellipsometry spectrum of epitaxial germanium on c-Ge wafer, covered by a-Si:H. The
red line is the fit of experimental data (circular points) according to the model in the inset. b)
HRTEM cross section of the sample. c) FFT image of epi-Ge/c-Ge interface area enlarged in d).
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Fig.4.36-a) shows the g; function of the epi-Ge coated with a-Si:H film (circles) on c-Ge substrate
and fitting (red line) with the optical model detailed in inset. The dispersion curve of monocrystalline
Ge was used for the epi-Ge layer model®”, and a combination of Tauc-Lorentz dispersion formula, large
grain polycrystalline silicon (poly-Si) and void for the top a-Si:H layer (Bruggemann approximation).
The fit shows an excellent agreement with the experimental data, thus giving a first proof that the
layer is monocrystalline Ge. However, no interface layer was found between wafer and epi-layer, which
are described by the same material, thus it was difficult to directly extract epi-Ge thickness from
the model. Consequently, a first approximation of Ge deposited thickness was extracted by fitting
ellipsometry spectra measured of germanium films co-deposited on crystalline Si wafer and glass sub-
strates. Using this procedure our stack was well described by 12.5 nm of a-Si:H, with a 50% crystalline
fraction and 1.5 nm roughness, covering 26 nm of 100 % monocrystalline epi-Ge layer. The partial
crystallinity of the a-Si:H layer is linked to some epitaxial regrowth at the epi-Ge/a-Si:H interface;
this effect indeed absent on c¢-Ge/a-Si:H interface. Specific treatments, such as the ultra-thin a-SiC:H
layer used in the c-Si/a-Si:H interface, should suppress this effect®.

These results were correlated with TEM analysis, as shown by cross-section micrograph in Fig.4.36-
b). Less than 1 nm discrepancy was observed between the thicknesses deduced from ellipsometry and
bright field TEM image, thus confirming that Ge homoepitaxy thickness can be accurately deduced
from fitting ellipsometry data of co-deposited Ge on ¢-Si and glass substrates. Once again, it is inter-
esting to note that a simple deionized water cleaning process results in a very good structural interface,
as visible by high resolution TEM (4.36-d)). This is in good agreement with the absence of interface
layer between epi-Ge and c-Ge found by ellipsometry. Proof of the excellent crystal quality is visible
from atom periodicity and Fast Fourier Transform (FFT) of the interface showing sharp points (4.36-
c¢)). The 50% crystallinity top mixed phase a-Si:H/p-Si deduced from optical modeling is explained
by pyramidal shape epitaxial regrowth inside the a-Si:H layer. Thus, the ellipsometry data and TEM
analysis are consistent, and they together constitute the evidence of high quality epitaxial Ge grown
on Ge substrate by PECVD at 175°C.

We have then extended this approach to hetero-epitaxy of Ge on c-Si, and both ellipsometry
and TEM were used to characterize the layer. Fig.4.37-a) shows the optical model deduced from
ellipsometry: the total film thickness is 168nm with the epi-Ge/air interface described by a 3.8 nm
of mixed c-Ge, GeO2 and voids layer. Accurate data fitting requires to use Si;_,Ge, alloy for the
first 48 nm, with x=0.95, and a 100% crystalline germanium for the last 116 nm. To confirm the
presence of Si inside germanium layer, suggested by ellipsometric modeling, we have performed energy
dispersive X-ray spectroscopy (EDX) on the same sample: we found about 8% of silicon, which is
in good agreement with the above mentioned value. As the Ge deposition is performed in a plasma
reactor otherwise mostly dedicated to silicon, contamination from silicon residues on the reactor walls
is likely. If desired, appropriate cleaning and pre-coating of the chamber walls should allow a significant
reduction of this Si incorporation.

36M. LABRUNE. Silicon surface passivation and epitazial growth on c-Si by low temperature plasma processes for high
efficiency solar cells. PhD thesis. Ecole Polytechnique, France, May 2011.
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Fig. 4.37 — a) Ellipsometry spectrum of a 168 nm thick epitaxial germanium layer on a c-Si. The
red line is the fit of the experimental data (circles) according to the model in the inset. b) Cross-
section TEM picture of the same sample, with a high resolution zoom on Ge bulk close to the layer's
top. c¢) EFTEM oxygen map acquired at the wafer interface. White spots are the silicon oxide
islands, characterized. Inset d) shows FFT of the whole stack with double pattern corresponding
to a relaxed Ge grown on c-Si wafer.
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However, Si incorporation in epi-Ge film may have the beneficial effect of smoothing the structural
transition. The lattice parameter for SiGe alloys is indeed given by'%”:

asi,_.Ge, = 0.5431 + 0.01992z + 0.0002733z% (nm) (4.11)

In the case of 5-8% Si in Ge matrix, it gives a lattice parameter in the range of [0.5610-0.5616] nm,
as compared to 0.5657 nm for bulk Ge: this is a ~ -0.8 % of mismatch with respect to Ge. Thus,
a controlled SiGe graded alloy from interface should contribute to reduce even further defects in Ge
layers.

TEM cross section analysis was performed on this sample; the result is shown in Fig.4.37-b). It is
possible to recognize two regions characterized by different crystal quality: i) a high concentration of
dislocations and stacking faults is lying in the first ~50 nanometers, arising from the 4.2% mismatch
between Si and Ge lattice. Fig.4.37-c) shows an EFTEM oxygen map acquired at the wafer interface,
the white spots at the interface correspond to silicon oxide islands, characterized by plasmon electron
energy loss centered at 26 eV; the presence of this oxide is probably explained by an imperfect wafer
cleaning. As a matter of fact, as shown previously, we systematically observe a higher concentration of
impurities (O, C, H) at the interface, owing to the fact that we use a non UHV environment. ii) A clear
improvement in layer crystalline quality with increasing epitaxial thickness: close to the surface few
defects are visible, as testified by inset zoom in Fig.4.37-b). Thus, the defective area near the interface
with the substrate probably releases the strain, and germanium adopts its own lattice parameter for
the thicker epitaxial growth. This is confirmed by the FFT (see 4.37-d)): double pattern for each
point is distinguishable, which is the signature of the two lattice parameters Si and Ge. Epitaxial
Ge on Si is known to follow the Stranski-Krastanov (SK) growth mechanism'®’ under a variety of
experimental deposition conditions (yet high temperature), in which Ge films remain continuous up to
a few monolayers before breaking into high density Ge islands. In our deposition conditions, namely
low temperature (175°C) and hydrogen rich plasma, the growth likely proceed by islands. The presence
of plasma synthesized Ge nanoclusters that can contribute to the growth has also been demonstrated
experimentally''?.
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Fig. 4.38 — a) Time evolution of surface threading dislocation density (TDD), for epi-Ge on c¢-Si
etched by iodine solution. Inset shows AFM image of a 168 nm thick Ge on Si prior etching. Optical
images of Ge after 1 min and 10 min chemical etching for etching pit counting. b) Plan-view TEM
of epi-Ge on c-Si (100); the fringes are the Moiré pattern obtained in two beam condition using
the (220) Si reflection, as shown in b). c) FFT of the Moiré pattern; A is the average value of the
fringes spacing and the angle B is related to the distortions in the crystal.

129y T. BUBLIK et al., physica status solidi (b), 65: K79-K84, 1974.
130D, J. EAGLESHAM et al., Physical Review Letters, 64: 1943-1946, 1990.



Thin film PECVD epitaxial solar cells 147

The surface quality of Ge deposited on Si was examined by AFM in tapping mode, and by measur-
ing the etching pit density (EDP). Wet chemical etching by iodine solution [CH3COOH (65mL)HNO3
(20mL)|[HF (10mL)|12(30mg)] is a well-established'?® method for measuring surface threading disloca-
tion density (TDD) on Ge/Si systems. The surface was found to have a RMS roughness of 1.6 nm
as shown in Fig.4.38-a), and TDD in the range of few 109cm=2 were found for a 100 nm thick layer.
Those values compare favorably with epitaxial Ge layer produced by chemical vapor deposition in the
range 400-600°C range, followed by a post-growth anneal at 825°C'?°. Fig.4.38-a) shows the TDD
versus etching time with corresponding optical microscope images of Ge surfaces after 1 and 10 min.
We observe a small TDD increase with time (and thus with depth from the initial surface) with a
stabilization around 5.106cm—2.

Quantitative strain characterization was based on TEM observation of Moiré patterns. Moiré
patterns are produced when two crystals with different lattice parameters overlap and the inter-
distance between the fringes in the Moiré patterns is strictly related to those lattice parameters'*''32.
Fig.4.38-b) shows the Moiré pattern (fringes) obtained in two beams bright field configuration, for an
epi-Ge/c-Si sample observed in plan-view, choosing one of the (220) directions 4.38-c). The sample was
tilted in such a way that all the reflections around the silicon [100] zone axis were far from the exact
Bragg position. This configuration strongly reduces the diffraction contrast arising from defects and
allows us to see the Moiré pattern clearly. The non-continuous fringes reveal some complex structure
on defects, which would require further investigation. However, to get quantitative information on
the lattice parameter, the FFT was analyzed, as shown in Fig.4.38-d). The average value of the
inter-distance fringes A, is deduced from the distance between the center of the FFT and the center
of the halo, that is 1/A; B is related to the bending of the fringes coming from distortions in the
Ge epitaxial domains. Thus, measuring A we are able to know the inter-distance of (220) plane
depiGe(220)- Assuming symmetry in the x-y plane for this face-centered cubic system, one can find
the lattice parameter aepige, and the biaxial strain e:

depice(220) = A X dgi(220)/ (A — dgs;i(220))
epice = depice X (R? + k? +1%)1/2 (4.12)

g = (aepiGe - a'Ge)/a’Ge

For a perfect crystal, one can find in literature dg;(220) = 0.1919nm and age = 0.5657nm; with the ex-
perimental value A = 5.22140.074nm (error introduced by pixel size) we finally get € = -0.3940.06%.
This confirms that despite the 4.2% mismatch between those two crystals, there is a good relaxation
of epi-Ge crystal grown on c-Si wafer. Besides, the non-zero value and the negative symbol of € reveals
a slightly compressively residual strain.

In summary, epitaxial germanium growth by standard RF-PECVD at 200°C on both c-Ge and
c-Si substrates was demonstrated. Investigation of the material quality by means of ellipsometry,
TEM, AFM and chemical etching has proven a good crystalline quality of the layers. Supported by
HRTEM analyses, we have shown that ellipsometry data fitting can provide accurate determination
of the layers thickness, composition, and interface quality. Excellent structural quality epi-Ge on c-Ge
has been grown by this simple low temperature process. For epi-Ge on c¢-Si substrate, stacking faults
arising from the Si and Ge mismatch, as well as Si contamination, are mostly located in the first
tens of nanometers above interface, and then crystal quality improves with thickness. With a 200 nm
epi-Ge layer, a relatively low roughness and low surface threading dislocation density can be achieved.
From Moiré patterns analysis, we found a residual slightly compressively strain in the range of -0.4%.

The integration of such epi-Ge material in a solar cell device remains challenging. The various
attempt we could make during this thesis were not very successful. In fact, several factors were making

131PETER BERNHARD HIRSCH. Electron microscopy of thin crystals. en Butterworths, 1965.
132G, CAPELLINI et al., Journal of Applied Physics, 107: 063504-063504-8, 2010.
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this task difficult: i) firstly our Ge deposition rate being around O.IA.S_l, growing few hundreds
nanometers thick absorber requires a long time. ii) Secondly, the surface passivation of Ge is more
difficult compared to silicon and iii) low resistive ohmic contacts to Ge are difficult to achieve because
of strong Fermi-level pinning on Ge'?*'3*. Additional work would be required to address properly
those issues in order to obtain efficient solar cells based on epi-Ge absorber.

4.5.2 Low temperature growth of SiGe alloys

In addition to the growth of epitaxial germanium, we have also explored the possibility of
growing SiGe alloys, since this material system has many interesting properties. Indeed, alloying silicon
with germanium is a complementary solution for absorption enhancement'®”. SiGe heterostructures
have the potential to improve state of the art Si technologies, and they are already used in a large
field of applications (HBT, MOSFETS, solar cells, quantum structures, etc.)'?°. Band gap, lattice
parameter and electrical properties being tunable with Ge atomic fraction and strain, SiGe is also a
good candidate for integration of III-V materials on silicon, as well as for low energy band gap junction
in tandem solar cells®!?7>!3%  Absorption depth and energy gap as a function of Ge % in the alloy are
presented in Fig.4.39.
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Fig. 4.39 — a) Absorption depth as a function of wavelength for different Ge percentages, from
Hadi et al.*3>° and b) SiGe energy gap as a function of Ge% for coherently strained (pseudomorphic
growth on Si) and unstrained scenario, from People et al.3’

An overview of thin film single junction solar cells from literature with different SiGe absorbers,
sorted by SiGe deposition temperature'®” %7, is displayed in Tab.4.7. Among those approaches, we
focus on heterojunction solar cells which benefit from the monocrystal SiGe (c-SiGe) absorber quality

133 . MARTENS et al., Applied Physics Letters, 98: 013504-013504-3, 2011.

134 A DimouLas et al., Applied Physics Letters, 89: 252110-252110-3, 2006.

135R. BRAUNSTEIN et al., Physical Review, 109: 695-710, 1958.

136y SHIRAKI et al., Surface Science Reports, 59: 153-207, 2005.

137R. PEOPLE., Physical Review B, 32: 1405-1408, 1985.

1385 A. RINGEL et al., Progress in Photovoltaics: Research and Applications, 10: 417-426, 2002.
1399 A. HADI et al., 38th IEEE Photovoltaic Specialists Conference (PVSC), 000005-000008, 2012.
140y _H. CHEN et al., Thin Solid Films, 529: 7-9, 2013.

141N, ISOMURA et al., Solar Energy Materials and Solar Cells, 74: 519-524, 2002.

M2 MATSUI et al., Solar Energy Materials and Solar Cells, 93: 1100-1102, 2009.

143K SAID et al., Thin Solid Films, 337: 85-89, 1999.

14K SAID et al., IEEE Transactions on Electron Devices, 46: 2103-2110, 1999.

H5R. OsHIMA et al., Journal of Crystal Growth, 378: 226-229, 2013.
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and a high open circuit voltage thanks to the excellent surface passivation provided by the amorphous
(a-Si:H) emitter. Unlike conventional deposition techniques, we show here that both low temperature,
namely 175°C, and Si;_,Ge, epitaxy are compatible, using standard PECVD. This work received
great help from graduates students N. Ramay and J. Tang.

Ref. Absorber Voe Jse FF n
Material Deposition (pm) (mV) (mA/em?) (%) (%)
Chen[140] a-SiGe VHF-PECVD/200°C  0.13 560 19.8 57.6 6.38
Isomura[l41]  pc-Sig.gGeg.2  RF-PECVD/~200°C 0.5 397 22.7 62.3 5.6
Matsui[142] pc-Sig.sGeg.o VHF-PECVD/200°C 1 427 24.1 61.6 6.33
Said[143] c-Sig.9Geg.1 RP-CVD/750°C 15 559 24.2 76 10.3

Oshima[145]  ¢-Sio.58Geo.42 MBE/550°C 2 233 825 509 1
Had1[139] C—Si()_44G60,56 LP—CVD/900°C 2 323 21.16 68 4.7
This work  epi-Sig.73Geg.27 PECVD/175°C 1.9 416 18.8 77.5 6.1

Tab. 4.7 — Summary of single junction Si;_,Ge, solar cells from literature.

Epitaxial layers are grown on (100) oriented c-Si wafers cleaned by 30s dip in 5% HF solution. In
a standard PECVD reactor, the deposition was done at 175°C from the following gas precursors: pure
SiH4, Ho and 2% GeHy diluted in Ha, referred as GeHy in this study. This growth process occurs at a
pressure of 2.6 mbar, with a RF-power density of 50 mW/ cm”. SiGe layers with thicknesses of 200-500
nm were epitaxially grown with GeHy/(SiH4+ GeHy) gas flux ratio in the 0-0.55 range. Ellipsometry,
Raman spectroscopy, TEM, SIMS and GDOES were used to qualify material composition and quality.
Then, thicker epitaxial layers were grown to make solar cells.

Since RF-PECVD epitaxial growth of crystalline SiGe alloys at such low temperature has not yet
been reported, a set of samples with various thicknesses and composition has been deposited to cali-
brate the process. As low temperature plasma parameters to promote Si or Ge epitaxy have already
been optimized, similar conditions were used for SiGe growth. Under a constant Ho flow rate of 500
sccm, the germane to silane gas flow ratio has been changed under a constant pressure of 2.6 mbar.
Fig.4.40 displays €; function for a PECVD epitaxial SiGe layer. This data was fitted by a four layer
optical model, as shown in the inset: i) semi-infinite crystalline silicon wafer, ii) interface between
wafer and epitaxy, modeled by a mix, according to Bruggemann effective medium approximation, of
voids, residual SiOg due to imperfect cleaning and Si;_,Geg, iii) epitaxial Siy_5Gey layer, and iv) a
surface layer composed of Si;_,Ge, and voids, standing for the roughness of epi-layer. Thicknesses
and compositions were the free parameters; the resulting fitted values are shown in the inset: 220 nm
of crystalline Sig.g5Geg.35 with a 2.5 nm roughness, grown on a 1.4 nm imperfect interface layer, is
found for this sample. The excellent agreement, obtained using this fitting model, with the experi-
mental data confirms that low temperature epitaxial layer is a mono-crystalline SiGe layer.

The €; function of epitaxial layers with various thickness and compositions, together with fits and
reference spectra for bulk ¢-Si (dash line), c-Sig.51 Geg.49 (dot line) and bulk c-Ge (dash dot line), are
shown in Fig.4.41-a). The grey curves represent SiGe samples with GeHy/(SiH4+ GeHy) ratio varied
from 0 (squares), i.e. pure silicon epitaxy, to 0.55 (diamonds) corresponding to 35% Ge in the alloy. A
clear evolution from c¢-Si to c-Ge is visible when increasing this gas ratio: silicon peak amplitude at 4.2
eV decreases towards the Ge peak and the 3.4 eV silicon peak is progressively downshifted in terms
of energy position and amplitude. The layer structure and stoichiometry are deduced from fitting
experimental curves with the optical model and material database provided by Horiba Jobin Yvon
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Fig. 4.40 — Imaginary part of the pseudo-dielectric function g; of epitaxial Sig.g5Geg.35 sample
deposited at 175°C by PECVD on ¢-Si(100). Experimental data (squares) together with thick-
ness/composition fit result (black line). Inset shows the optical fitting model.

software DeltaPsi 2, with the fitting procedure described above. Based on such modeling, Fig.4.41-b)
shows the Ge % deduced from fitting (triangles) on left axis, as a function of GeHy4 concentration in
the gas phase GeHy4/(SiH4+ GeHy). The error bars on Ge % given by this procedure are typically in
the range of 0.2-0.5%, that is smaller than the symbol size. Up to 35 % Ge, we found that the epi-
Si1_4Ge, composition varies linearly (dash line, R2=0.96). Note that this fit does not intercept the
(0;0) point, probably due to mass flow controller offset in our experimental set-up. GeHy4 concentra-
tion in the gas phase predominantly determines the composition of SiGe alloy; moreover the fraction
of Ge incorporated in the layer is much higher than the GeHy fraction in gas phase (GeHy4 precursor
being 2% diluted in Hs). In fact, this difference is a well-known effect in PECVD, attributed to the
lower activation energy of dissociation and sticking coefficient for germane with respect to silane'®.
Non-linear dependence with GeHy/(SiH4+ GeHy) has been reported'*”, however this was in the case
of Si1_,Gey, with x > 35%.

To corroborate Ge% deduced from SE fitting, the Ge composition has also been investigated using
Raman, GDOES and SIMS techniques. The Raman spectrum of SiGe alloys is characterized by three
main peaks, around spectral regions of 300, 400 and 500 cm™!, corresponding respectively to Ge-
Ge, Si-Ge and Si-Si LO phonon modes. Experimental Raman spectra measured on low temperature
epi-SiGe with various compositions are shown in Fig.4.42-a): the three first order peaks are visible,
together with an additional peak coming from the c-Si substrate. The data were acquired at room

1467 R. DOYLE et al., Journal of Applied Physics, 71: 4727-4738, 1992.
Y77 MATsuI et al., Journal of Non-Crystalline Solids, 352: 1255-1258, 2006.
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Fig. 4.41 — a) e; function of PECVD epitaxial Sii—zGez on c-Si with x in [0-35]% (Grey symbols),
bulk ¢-Si, c-Sip.51Geg.49 and c-Ge references (dash, dot and dash dot lines). b) Ge % in epi-SiGe
deduced by ellipsometry as a function of GeH4/(SiH4+ GeHy4) gas flow rate ratio (triangles), and
linear fit (dashed line). Error bars are smaller than symbols size.

temperature with laser excitation wavelength of 532 nm; the influence of the penetration depth was
also tested using A = 473 nm and 633 nm excitation lasers. At 532 nm, the absorption depth changes
from 1.5 pm in pure silicon to 350 nm for Sig.75Geq.35.

The inset in Fig.4.42-a) shows the Si-Si peaks from substrate and SiGe material; the wafer peak
becomes less visible with increasing Ge% and thickness. Si-Si LO mode, in SiGe, shifts with Ge
composition (14% to 32%) from 514 to 500 cm~?!. In addition to the shift, Raman band broadening is
also an important parameter, since it is related to inhomogeneities, alloy clustering and crystallographic
defects (e.g. twins defects). In our case, the FWHM of Si-Si peaks varies between 5.7 to 8 cm™1,
which is close to the value of ~ 5 cm™?! for bulk monocrystalline material*®'*?, thus confirming that
good crystal quality is achieved. Note that measurements at increasing laser power densities, prior
to acquisition, were done to determine the threshold above which the Raman spectrum is affected by
laser heating. Below this threshold, the Raman peak frequency shift is an accurate signature of the
layer stress and composition; consequently, by fitting the spectrum, we were able to determine both
strain state and Ge % in epi-Siy _5Ge, films, using the following equations (valid for x < 0.5)'%:

wsi—si (cm™1) = 520.0 — 68z + Ag;.2

1 (4.13)
wgi—ge (cm™ ") = 400.5 + 14.2x 4+ Ag;ge.- 2

Where x refers to Ge fraction, ¥= £/0.0417 is the normalized strain and A; are constant parame-
ters equal to 34 and 24 cm™?! for Si and SiGe respectively. Ge-Ge peaks being less intense, we did not
use that part of the spectrum in this study. The Ge% from Raman fitting plotted versus Ge% from
SE data is represented by open symbols in Fig.4.42-b): squares correspond to 473nm laser excitation,
circles to 532 nm and triangles to 633 nm. The data obtained with three lasers show an excellent
linear correlation with x deduced by SE (see x=y dash line): while 473 nm laser results have a slope
of 1.1, red and green lasers exhibit a slope of 0.970 and 1,025, with an absolute Ge% agreement within
+2.8% and £1.6% respectively.

148 7 OLIVARES et al., Thin Solid Films, 358: 56-61, 2000.
HM9N[.R. IsLAM et al., The European Physical Journal - Applied Physics, 27: 325-328, 2004.
1507.C. TSANG et al., Journal of Applied Physics, 75: 8098-8108, 1994.
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Further chemical characterizations were done with optical (GDOES) and mass spectrometry (SIMS).
In both cases Ge% was extracted (without the use of commercial calibrated SiGe sample) using the
intensity ratio from the epi-SiGe layer: Ge%=Ige/Isi+Ige. The resulting data has a relatively good
linear correlation with SE results, as shown in Fig.4.42-b): GDOES (stars symbols) has an R-square
of 0.95 and SIMS (diamonds) of 0.90. The small fitting offset observed by SIMS can be explained by
the non-linear variation of sputtering rate and ionization yield with chemical composition, known as
matrix effect. For both GDOES and SIMS, the linear fitting has a slope far from the unit value, and
consequently those techniques cannot lead to an absolute quantification of Ge% without composition
calibrated reference samples. With the intention of reducing the matrix effects, SIMS analysis was
also performed in MCst mode, where polyatomic ions formed with primary Cs atoms (SiCst and
GeCs™T) were detected instead of mono-atomic Si and Ge. A suppression of the matrix effects for SiGe
alloys with MCsT detection mode has already been reported, for given primary beam energy, angle
and chemical composition range'®"'??, In our case, with 5keV Cst primary beam energy , the MCs™t
results could be linearly fitted with a R-square of 0.96 and a slope of 0.9 (see close circles in Fig.4.42-b).
This corresponds to an absolute Ge% difference with SE within +2.9%. Thus to conclude, we found
a linear correlation with ellipsometry for Ge fraction with Raman, SIMS and GDOES measurements.
Moreover, the accuracy of ellipsometry is demonstrated thanks to direct quantitative measurements
of the chemical composition with two independent techniques: Raman and SIMS-MCs™.

Based on equation 4.13 the strain in our epi-SiGe layers has been extracted, with the assump-
tion that samples were under biaxial strain in the x-y plane of (100) orientation. Theoretical relaxed
Si1_oGeg lattice parameter has an x dependent misfit with the c¢-Si lattice in the range of 0 to 4.17%:
for example, a 30% Ge alloy has about 1% misfit with the silicon substrate. In Fig.4.43-a), the position
of Si-Si mode in SiGe is presented as a function of Ge content deduced from data obtained by SE;
both red (circles) and green (squares) lasers excitation data are shown. As a guide to the eyes, fully
strained (solid line) and fully relaxed (dash line) are represented on the graph. Even though there is
a small discrepancy between the results of the two probing lasers, one can see that epi-Siy _,Ge, with
x<0.2 is half or fully strained, whereas results are very close to fully relaxed for x>0.25. Given the
relatively strain transition seen in this graph, roughly 20% Ge concentration is probably a threshold
above which threading dislocations appear for these given deposition conditions.

In the case of SiGe epitaxial growth on silicon, it is well known that when the SiGe layer is below
a composition dependent critical value, the layer is lattice matched and fully strained (pseudomorphic
growth). But once the epilayer thickness exceeds this critical thickness h., the strain is relaxed via
misfit dislocations at the SiGe/Si interface, and consequently threading dislocations extend through
the SiGe layer (metamorphic scenario). However, pseudomorphic growth is possible beyond the ther-
modynamic equilibrium value: e.g. one order of magnitude higher h. was reported by MBE growth
at 550°C'37. This metastable regime can be sustained for even higher SiGe thicknesses if a lower
growth temperature is used'”?. Thus, the stress relaxation observed by Raman indicates that beyond
~20% Ge the layers exceed the metastable limit for this deposition conditions, and more defects and
threading dislocations could be present in this material composition.

151 MARSEILHAN et al., Applied Surface Science, 255: 1412-1414, 2008.
1528, SAHA et al., Applied Physics A, 108: 671677, 2012.
153, KASPER et al., Applied Surface Science, 224: 3-8, 2004.
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Fig. 4.42 — a) Raman spectra of epitaxial Si;_;Gez grown on c-Si by PECVD at 175°C, with x =
0.14, 0.21, 0.27 and 0.32. The data are acquired with a 532 nm laser at room temperature. The
inset zooms on the Si-Si peak. b) Ge% deduced from Raman, GDOES, SIMS and SIMS-MCs™ as
a function of Ge% deduced from the ellipsometry analysis.

To further investigate the change in crystal structure before and after the relaxation, as deduced
from Raman spectroscopy, two samples were examined by TEM cross section along the <110> axis.
The results are shown in Fig.4.43: while epi-Sig.89Geg.11 on ¢-Si (see Fig.4.43-b)) shows good crystal
quality confirmed by diffraction pattern (Fig.4.43-c)) and high resolution zoom of the bulk (Fig.4.43-
d), some threading dislocations are found for Sip.g2Geg.18 (Fig.4.43-¢). In both samples, defects such
as H platelets are detected; this is visible for instance on the high magnification inset Fig.(Fig.4.43-d).
Together with other point defects, this explains the black-spotted aspect of the layer. Thus both
Raman and TEM analysis confirm the existence of a threshold for misfit relaxation through thread-
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ing dislocations and stacking faults. While there is a small discrepancy observed for Ge% at which
dislocations appear by Raman and TEM, one should keep in mind that TEM is a very local analysis
technique, whereas Raman is probing a much larger area. Thus we can conclude that epitaxial growth
of SiGe at 175°C on ¢-Si (100) is nearly pseudomorphic for x<0.18-0.2, and with higher germanium
content (x>0.18-0.2), the growth becomes metamorphic.

520

3]
ey
(3]

k-
)
c
0
o
©
Q £o5l = 532 nm laser ‘\\ . .
& e 633 nm laser ~a
b": —— Fully strained s
c || y=520-0,62x+0,34x BN i
£ 500 - - - Fully relaxed N
3] — s
& y=520-0,62x N
495 [ L [ 1 [ 1 1
10 15 20 25 30 35
Ge content from SE (%)

100 nm

100 nm
I

Fig. 4.43 — a) Raman shift for Si-Si peak as function of Ge %, in SiGe alloy grown on c-Si (100),
measured with green (squares) and red (circles) lasers. Solid and dash lines represent respectively
theoretical fully strained and fully relaxed scenarios. b) Cross section TEM images along <110>
axis of Sig.89Geg.11 on c-Si. The layer diffraction pattern is shown in c). d) High resolution zoom
of layer bulk showing a platelet defect. e) Threading dislocations are visible for Sig.g2Geg.18/c-Si
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Solar cells

In order to study the effect of alloying Ge with Si on solar cell performances, two compositions were
investigated: - a 1.7um epitaxial silicon (epi-Si) - a 1.8um epitaxial Sig.gs3Geg.27. Without breaking
vacuum, but in separate plasma chambers, (n)a-Si:H emitter layer (see Tab.4.1) was deposited on top
of previously mentioned epitaxial layers to form the solar cell heterojunction. In the case of SiGe
absorber, an extremely thin (~1 nm) epitaxial silicon cap layer was deposited before the amorphous
emitter, to reduce interface states and produce similar interface properties compared to the epi-Si
cell'*%19 The area of the cells (4 cm?), was defined by the ITO layer sputtered through a shadow
mask. The front contact grid and the full plate back contact were realized by aluminum evaporation.
Then, the J-V characteristics and external quantum efficiency (EQE) of the device with and without
Ge are compared!”% 170,

The influence of the composition of a Sij_,Ge, alloy on the expected short circuit current as well
as on the EQE was first investigated by simple absorption calculations, and by using PC1D software.
Based on reference absorption coefficients of various c-SiGe alloys, the ideal J4. has been calculated as
a function of SiGe thickness, assuming EQE=1 and R=0; the results are shown in Fig.4.44-a). One can
see that above ~10% Ge in silicon, there is a gain in absorption which results in a higher J. for every
thickness. For example, a 1 pm thick c-Si absorber will produce a ~12 mA.cm~2 J,. whereas the
same thickness of Sig.63Geg.37 will result in ~ 20 mA.cm™2. For the solar cell, the model developed
for epi-Si solar cells'”® was modified and adapted to describe the c-Si(p-++)/epi-Si1_qGe, /n-aSi:H
structure. The EQE of a solar cells with 2pum SiGe of various compositions are shown in Fig.4.44-b).
From pure Si to 54 % Ge in the alloy, a significant improvement in the long wavelength range happens.
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Fig. 4.44 — a) ldeal Js. (EQE=1, R=0) as a function of SiGe thickness for various germanium
fraction. b) PC1D model of EQE variation with Ge content for a c-Si(P++)/epi-SiGe/n-aSi:H
solar cell.

To qualify the electrical properties of this low temperature epi-SiGe material, heterojunction solar
cells were processed using a wafer equivalent structure with the epitaxial SiGe used as an absorber:
(p++)c-Si wafer/(i)epi-Sig.73Geg.27(1.9pum) /a-Si:H(4nm) /(n+)a-Si:H(10nm). Despite the presence of
threading dislocations for such SiGe alloy composition, as seen above, a high Ge % in the absorber
was chosen to get a significant absorption enhancement compared to silicon. A similar solar cell was
fabricated, but with an epi-Si (1.7 pm) absorber (see Fig.4.45 scheme). The characterization of those

1545 A. HADI et al., ECS Transactions, 41: 3-14, 2011.
155R. CARIOU et al., Solar Energy Materials and Solar Cells, 95: 2260-2263, 2011.
156R. CARIOU et al., SPIE proceedings, 84700B-84700B, 2012.
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Fig. 4.45 — Left: 3D representation of c-Si(p++)/epi-SiGe/n-aSi:H PIN solar cells. Comparison
of IV (top and right axis) and EQE (left and bottom axes) curves for solar cells with 2 different
absorbers: 1.7um epi-Si (triangles) and a 1.9um epi-Sig.73Geg.27 (circles). The corresponding
diode parameters are listed in Tab.4.8

two solar cells are also presented in Fig.4.45: the bottom and left axis represent EQE over 400-1100
nm range, while top and right axis are for the J-V characteristics. Both cells show a high fill factor
around 78%, as reported in Tab.4.8, with conversion efficiencies of 6.1% and 6.4% for SiGe and Si cells
respectively.

With the assumption of no reflection losses and 100% IQE one would expect around 7 mA /cm?
additional current in the SiGe device compared to the epi-Si one. Our results show that the current
gain is limited to a 2 mA/cm2 additional current in SiGe device; this smaller increase can be partly
explained by a lower crystal quality in SiGe and probably also by a smaller parasitic contribution of
the c¢-Si wafer to the photocurrent, due to stronger absorption of SiGe. The reduction in band gap
with Ge incorporation is roughly 10% in the case of relaxed alloy having 27% of Ge, thus the V. of
Sio.73Geg.27 should be also at least 10% lower compared to that of the epi-Si cell, that is ~ 450 mV. We
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obtain experimentally 416 mV; the additional decrease being most probably explained by crystalline
defects such as threading dislocations. The EQE curves show higher values in the case of SiGe over the
whole spectrum. While this trend is explained by a higher absorption in the long wavelength region,
higher EQE in short wavelength region is likely linked to better ITO and emitter performances of the
SiGe cell. By integration of EQE with solar Spectrum, short-circuit current density is calculated in
both cases (see Tab.4.8), and less than 3.5% discrepancy with J-V curve is obtained.

Sample Voc  Jse (mA/cm2) FF  Efficiency
(pm) (mV) LV EQE % %
epi-Si 1.7pum 501  16.1 16.7 78.6 6.4

810'73G60.27 1.9“111 416 18.8 18.7 77.5 6.1

Tab. 4.8 — Solar cell parameters measured with solar simulator and EQE set-up for thin film Si and
SiGe epitaxial cells.

To sum up, by introducing a SiGe absorber, higher current and lower V. with respect to the epi-Si
cell with similar thickness are obtained. Stronger absorption and band gap reduction can explain this
trend; however crystal defects most probably deteriorate the SiGe cell performance. Nevertheless, a
fill factor of 77.5% suggests that this material quality remains high, and defects are probably well
passivated by hydrogen. To our knowledge, the 6.1% efficiency in 1.9um epi-Sig.73Geg.27 is state
of the art results for this technology; it compares very favorably with similar solar cells deposited
above 500°C or with ultra-high vacuum techniques (see Tab.4.7). Further improvement are expected
if graded SiGe buffer layer is grown to even lower defect density in the absorber.
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4.6 Summary and perspectives

[Takeaway Message - Thin film epitaxial solar cellsj

e Thin film crystalline silicon solar cells are building a bridge between the world of thin
film silicon and monocrystalline technologies. The c¢-Si cell of tomorrow is most likely
<40 pm with an efficiency >20%.

PECVD epitaxial solar cells on wafer reaching 8.8% efficiency, for a 4.2pm thick absorber,
have been demonstrated. The corresponding fill factor of 80.5% is a proof of the high
electrical quality of such epi-Si layers. The best diffusion length extracted from the
inverse IQE reaches 20pm. In c-Si(p++)/epi-Si/n-aSi:H cells, the highly doped wafer
contributes to the current up to few mA /cm?.

e The thin ¢-Si absorbers (below 20pum) can accommodate much more defects and impu-
rities: lower diffusion length, compared to thick c-Si wafers, is possible without pe-
nalizing efficiency. H-passivation effectively reduces the impact of crystalline defects
(e.g. dislocations) impact. However the importance of surface passivation is greater
in thinner absorber.

e The classic light trapping based on ray optics is not suitable for ultra-thin ¢-Si; new con-
cepts such as plasmonic and photonics treating light as a wave are required. Nanos-
tructures can efficiently enhance absorption in thin film c-Si by impedance matching
and mode coupling effects.

A balance between optimum optical trapping features and surface passivation quality
should be found. Keeping flat interfaces for the active material and using nanopat-
terned dielectric media could be a solution. Experimental realization of nanostructured
epitaxial and wafer based cells suggest that wet etched inverted pyramids are the best
solution.

o Lift-off on PECVD epi-Si layers is necessary to process the solar cell back side and improve
light trapping. PECVD epitaxy on Epifree material offers an easy lift-off approach.
More interestingly, a low density epi-Si/c-Si interface layer allows epi-Si lift-off at
moderate annealing temperature (300-400°C).

o In the framework of Nathisol and PhotoNvoltaics projects, PECVD epi-Si layers of few

cm? were transferred on PDMS/Glass or directly bonded to glass. Proof of concept

of transferred cells with flat interfaces was achieved.

Epitaxial growth of Ge and SiGe were demonstrated on c¢-Ge and c-Si substrates. High
crystal quality has been achieved and SiGe alloys with Ge content up to 35% were
obtained. A record 1.9um epi-SiGe cell with a 18.8 mA /cm?, FF of 77.5% and 6.1%
efficiency was fabricated.
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Silicon is the most widely used material in microelectronics. Indeed, it features numerous
advantages: small mass density, good thermal conductivity, excellent properties of SiOs, abundance
and low cost, non-toxicity, maximum wafer diameter, tremendous amount of research, mature indus-
trial processes, etc. In the field of computer chips, the exponential rise in the power of electronics
over the past 50 years has been fuelled by an increase in the density of silicon transistors and their
logic performance improvements. Nowadays, the old strategy of shrinking down the transistor di-
mension is getting close to the limit: the power density dissipated by logic chips becomes critical.
Indeed, continuous increase in transistors density requires a reduction in operating voltage, but this
compromises the switch speed. One attractive solution is to introduce new channel materials such as
II1-V semiconductors, which exhibit much higher carriers mobilities' (see Fig.5.1-a)). The integration
of III-V on silicon, e.g. via wafer bonding techniques, is also a key element for photonic integrated
circuits on silicon”?. The interest of this approach stems from the expectation that the maturity and
low cost of CMOS-technology can be applied for advanced photonics. The goal is to take the best
of two worlds: III-V compounds for their efficient light emission and amplification, and silicon for
its low loss and high index contrast wave-guiding properties. This approach has been experimentally
validated at III-VLab with the fabrication of InP lasers on SOI wafers’ ",
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Fig. 5.1 —a) Highest reported mobility of electrons (squares) and holes (circles) at room temperature
as function of lattice constant (cubic unit), from Alamo et al.!. The effect of bi-axial compressive
stress is represented by arrows. b) Band gap versus lattice constant for 1I-VI and I1I-V alloys, and
AML1.5G solar spectrum power density. Connecting lines represent ternary compositions between
binary alloys; their colors represent which conduction band valley is lowest in energy (I'-valley, direct
band gap, X- and L- valleys are indirect band gaps.). From kmontgomery.net.

The family of III-V compound semiconductors, such as GaAs, AlAs, InAs, InP and their ternary
and quaternary alloys, combine elements in columns III and V of the periodic table. Some III-V
compounds have unique optical and electronic properties such as the ability to efficiently emit and
detect light. They are well suited for the construction of a variety of hetero-structures; their band
gap energies and lattice constants can be controlled widely. This is illustrated in Fig.5.1-b), which
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shows the broad range of III-V semiconductors (and few II-VI) in a Band Gap/Lattice constant
plane; the AM1.5G solar spectrum power density is displayed on an indicative basis, on the right
side of the graph. Hence, III-V are widely used in lasers, light-emitting diodes and detectors for
optical communications, instrumentation and sensing. The III-V integrated circuit industry is a well
developed ecosystem, based on highly automated, reliable and sophisticated processes, producing
devices for applications as diverse as smartphones, cellular base stations, satellite communications,
fiber-optic systems, astronomy, defense systems and photovoltaics.

In this latter field, crystalline silicon has been the material of choice for decades and it still rep-
resents more than 80% of the PV market. Record power conversion efficiency of 25.6% has been
reported recently”. The maximum detailed balanced theoretical efficiency for Si cells is around 33.6%,
however this result is based on ideal material properties’, and in reality reaching 75 to 80% of the
above mentioned calculated theoretical efficiency is an empirical upper limit. A proven way to reach
higher efficiencies successfully consists in stacking p-n diodes, made of ITI-V semiconductors, in series
with different band gaps spanning over a broad solar spectrum range; this is the so-called multijunc-
tion configuration'’. Multijunction solar cells based on III-V materials can reach significantly higher
power conversion compared to silicon: for instance, Spectrolab has recently claimed 38.8% efficiency
under 1 sun illumination and the world record of 44.7% under concentration was recently achieved
by the Fraunhofer ISE team of F. Dimroth'! (and even the yet non-certified 46.5%). Indeed by con-
centrating the sunlight, the solar cell area (and thus the required material) can be reduced, while at
the same time a logarithmic efficiency increase with the illumination is obtained. However, the I1I-V
compounds remain expensive and relatively scarce (compared to silicon), thus they are mainly used
in specific applications such as space and terrestrial concentrator photovoltaics. Silicon and III-V
materials have complementary properties and a PV device combining the advantages of the III-V
multi-junction solar cells with the benefits of Si as the most wide-spread photovoltaic material would
be a significant breakthrough toward high efficiency and low cost solar energy. In this chapter we
are focusing on the combination of III-V and silicon, targeting photovoltaics tandem devices. After a
brief presentation of theoretical potential of III-V/Si system, we summarize the strategies developed
in literature for IT1I-V/Si integration, and present our new approach, namely the growth of silicon on
ITI-V. Then the results and building blocks towards II1I-V/Si tandem device obtained during this thesis
work are exposed.

5.1 Theoretical performances for III-V/Si solar cells

It is always useful to look into maximum theoretical efficiency when a new device design is to
be investigated. These calculations can be done with the detailed balance technique, introduced by
Shockley and Queisser in 1961°. This widely used method makes several important assumptions: -
Infinite mobility, allowing carrier collection from anywhere they are created - Complete absorption
for all photons above the material band gap. Moreover, the detailed balance approach considers only
the radiative recombination channel, and thus over-estimates the maximum efficiency, especially for
indirect band gap semiconductors such as silicon. This point has been improved by Tiedje and co-
workers'? who could include the free carrier absorption effect as well as Auger recombination to the
detailed balance limit. In the eighties, the detailed balance limit was also extended to calculate theo-
retical efficiency limit for multijunction solar cells'®!'*. By stacking several pn junctions with different
gaps, the cell is sensitive to a greater part of the solar spectrum; thermalization and transmission

8M.A. GREEN et al., Progress in Photovoltaics: Research and Applications, 22: 1-9, 2014.
9W. SHOCKLEY et al., Journal of Applied Physics, 32: 510, 1961.

10H. CotAL et al., Energy & Environmental Science, 2: 174-192, 2009.
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Fig. 5.2 — Theoretical efficiencies and optimum band gap values for multijunction solar cells with up
to 8 sub-cells, in both series connection and unconstrained configuration. Efficiencies are calculated
for AM1.5G spectrum and under maximum concentration. From Bremner et al.'.

losses are reduced.

The detailed balance efficiencies for multijonction with up to 8 sub-cells are displayed in Fig.5.2.
In their calculations, Bremner et al.'® have distinguished the case of series-connected cells and uncon-
strained configuration. Both scenarios are examined under AM1.5G spectrum and maximum concen-
tration. The unconstrained design, for which the cells are optically coupled but electrically independent
(no current matching), shows a slightly superior efficiency. However , the constrained design is the
most widely used since it comes with a much simpler contacting scheme. The optimum band gap sets
for 1, 2, 3 and 4 series connected junctions under AM1.5G spectrum are 1.34, 0.94/1.6, 0.94/1.37/1.90
and 0.71/1.11/1.49/2.00 eV, reaching respectively 33.68, 45.71, 51.58 and 55.31 % efficiency. Thus,
the optimum low band gap cell for dual and triple junction is slightly below 1 eV; this requirement
can be met with a SiGe bottom cell. In the case of 4 junctions device, silicon band gap is well suited
for the second bottom cell.
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Fig. 5.3 — Theoretical efficiencies for a dual junction device under AM1.5G spectrum showing: a)
two maxima, 42.2% at 0.96/1.64 eV and 41.9% at 1.12/1.74 eV and b) one maximum, 36.2% at
1.46/1.12 eV, in the case of a thin top cell (32% optical transmission) for current matching with
Si bottom cell. From Connolly et al.'c.
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Looking more precisely at the dual junction, the efficiency contour plot as a function of top and
bottom band gap is shown in Fig.5.3-a). Two maxima are visible: i) the one previously mentioned at
~ 0.96/1.64 eV and ii) a second maximum which includes the silicon band gap: 1.12/1.74 eV reaching
a slightly lower but still high efficiency, namely 41.9% as calculated by Connolly et al.'®. Thus, if
not the absolute maximum, the combination silicon with a high band gap material has nonetheless
the potential to reach high efficiency. The small discrepancy between various theoretical efficiencies
reported in literature is linked to author’s assumptions during the calculations (numerical method, solar
spectrum, recombination channels, material parameters, etc.). If sub-cells with less than unit EQE
are considered, then the optimum becomes different: the contour plot in the case of a 32% optically
transparent top cell is shown in Fig.5.3-b); the new maximum of 36.2% efficiency corresponds to a
1.46/1.12 eV tandem. This partially transparent top cell is an interesting scenario which should allow
easier current matching for non-perfect materials.

In the case of triple junctions, the traditional solar cells are typically made of GalnP/GaAs/Ge
and can reach efficiencies in the 41% range'”. Germanium acts here as a substrate and as the bot-
tom p-n junction. However Ge is not the most adapted material: i) the band gap is not optimal:
0.66 eV produces excess current in the bottom cell which is lost due to the series connection of the
junctions; ii) Ge is an expensive and scarce material; iii) it has a poor thermal conductivity, etc. So
research focuses on reducing the germanium thickness and/or finding a new bottom cell material. In
fact, silicon is an appealing choice to replace Ge, since it has an adapted 1.12 eV band gap, it is
widely available at low cost, it has a better thermal conductivity and mechanical strength, and it also
benefits from a well-established industry. In addition, the theoretical detailed balance efficiency for a
Gag51Ing 49P/GaAs/Si triple junction is high!'®: roughly 46.9% under 1 sun, as shown in Fig.5.4-a)
and 53.9% under a concentration of 500 suns, as shown in Fig.5.4-b). Nevertheless, a more realistic
upper limit can be estimated with the correction factor 0.75 or 0.8, thus this device potential is around
35% at 1 sun and 40% under 500 suns. This is basically the same potential than a metamorphic Ge
based triple junction, but with a much more advantageous and attractive solution for the bottom cell.
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Fig. 5.4 — a)The AM1.5G spectrum and the fraction that can in theory be converted into electricity
by a GalnP/GaAs/Si triple junction. b) Triple junction efficiency map at 500X, as a function of
top & middle cell band gap, for a fixed Si bottom cell. From Derendorf et al.'®

Alternatively, instead of being used as the bottom cell, the silicon gap appears to be also fairly
well adapted as a middle cell band gap. This is illustrated in the efficiency contour plot from Connolly
et al.!® displayed in Fig.5.5-a). Using the combination of 1.74/1.12/0.53 eV band gap materials,

163 P. CONNOLLY et al., Progress in Photovoltaics: Research and Applications, , 2014.
"W. GUTER et al., Applied Physics Letters, 94: 223504, 2009.
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Fig. 5.5 — a)Triple junction solar cell radiative limit efficiency under Am1.5G solar spectrum, as
function of top and middle cell band gap; the maximum efficiency when using Si as a middle
cell is 45.4% (1.174/1.12/0.53eV). From Connelly et al'®. b) Simulated performances of Ill-V/Si
multijunctions in series and with separated electrical connection. From Mathews et al.'?.

efficiency of 45.4% is calculated under 1 sun AM1.5G; this only ~ 1.5% lower compared to a triple
junction with Si as a bottom cell. However this design is probably more complicated since both front
and back silicon interfaces have to be precisely controlled.

When used in a quadruple junction, silicon is well adapted as a second bottom cell. Efficiencies
between 55 and 57 % are calculated by Bremner'® an Zhaler”" (see Fig.5.2 and Fig.5.6). Indeed both
silicon and germanium are well suited for a quadruple junction device : the diagram of a 4 junction
device based on Ge and Si bottom cell is shown in Fig.5.6-b), and the corresponding detailed balance
efficiency is around 57%, as shown in a). Bypassing the detailed balanced calculation, Mathews et
al.'” could developed a rather simple 1D electrical and optical model to calculate maximum efficiencies
in series and independently connected cells.
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Fig. 5.6 — a) Detailed-balanced efficiency calculations for wafer-bonded enabled solar cells under 100
suns AM1.5D spectrum. b) Schematic of a 4 junction series-connected cell (2/1.49/1.12/0.67eV)
with active Si and Ge bottom cells. From Zahler PhD thesis®’.
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Their results are displayed in Fig.5.5-b). For a quadruple configuration, they found 45.7% in a
AlGaAs/GaAs/Si/InGaAs device, and 3% absolute improvement if the same materials are used in a
6 terminals configuration. However even if the sub-cells are assembled by simple mechanical stacking,
the 6 terminal configuration implies a complex contacting scheme which may be difficult to implement
at the industrial level.

5.2 Pathways to combine III-V and Silicon: literature overview

As shown in the previous section, the silicon band gap is well adapted for multijunctions: while
not being the exact optimum band gap, this material can potentially reach very high efficiencies when
used in dual, triple and quadruple junction solar cells in combination with I1I-V materials. However,
once the theoretical efficiencies are known, then the big question of how to combine the different
semiconductor compounds should be addressed. In fact, the epitaxial growth of III-V on silicon
encounter two considerable obstacles: i) first, the difference in lattice constant; indeed as shown in
Fig.5.1-b), the variety of gaps available in the III-V family corresponds to a wide range of lattice
parameters, but very few III-V compounds are lattice matched to silicon. For example, GaAs and Si
have both a Zinc blende crystal structure, but with respectively 5.65 and 5.43A lattice parameter at
room temperature; this corresponds to a ~ 4% lattice mismatch. ii) Second, the difference in thermal
expansion coefficient. This is illustrated in Fig.5.7-a) where III-V, Si and Ge thermal expansion
coefficients as a function of lattice parameter are represented; the inset shows the variation of Si and
GaAs lattice from room temperature to 450°C.

For more than 30 years, researchers have attempted to combine Si and GaAs, thus the problems
encountered during growth of GaAs on Si are well documented”' ?. Some of them are already well
addressed: this is the case of the polar/non-polar interface (e.g. GaAs/Si interface). This polarity
difference results in anti-phase domains (APD)?*, which consists of crystallographic regions where
atoms are swapped with respect to their order in a perfect lattice system (e.g. an As atom occupies
the position of a Ga atom).
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Fig. 5.7 — a) Lattice constant and linear thermal expansion coefficients of I1I-V, Si and Ge. From
Kawanami et al.??>. b) Band gap versus lattice constant for Si, Ge and Ill-V compounds. Arrows
indicate transition pathways from Si to GaAs. From Bolkhovityanov et al.?!.
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This problem was successfully solved by using Si substrates deflected by 4-6° from the (100)
plane””?%. But the two previously mentioned lattice and thermal mismatches are more serious. Indeed,
lattice mismatch results in a high density of dislocations and a high stress in the growing crystal,
and since the GaAs growth is usually performed at high temperature (e.g. 600-700° in MOCVD
reactors), additional dislocations and cracks appear upon cooling, due to thermal expansion mismatch
with silicon. For the GaAs on Si system, in literature, we can distinguish various approaches to
tackle this issue: i) the first one consist in growing directly GaAs on Si and see how the high defect
density is affecting the targeted device. This path is represented in Fig.5.7-b) by the arrow c. ii)
Another possibility consists in using buffer layers between the substrate and the active active layer,
to accommodate the strain and the lattice parameter. This path is represented by arrows a and b on
Fig.5.7-b). iii) Finally, it is also possible to bring together GaAs and Si with non-epitaxial techniques,
such as wafer bonding. Some examples of those three approaches, in the field of solar cells, are detailed
below.

5.2.1 Direct epitaxial growth of ITI-V on silicon

The heteroepitaxial growth of GaAs on Si, results in strain and various types of crystalline
defects: lattice distortions, stacking faults, misfit dislocations that can extend in the epi-layer and
generate threading dislocations throughout the structure, etc. The large mismatch of GaAs/Si system,
namely ~ 4%, typically results in poor crystal quality with threading dislocation density as high as
108-10%m~2. Such high defect density can be easily detected by TEM cross section: in the bright
field of GaAs/Si interface produce by Luxmoore et al.’’, (see Fig.5.8-a)), the threading dislocations
are visible as darker lines spreading in the GaAs epi-layer. Various types of dislocations can be found
in a defective crystal, as an example, a 3D molecular model of an edge dislocation’®, caused by the
termination of a plane of atoms in the middle of a crystal, is shown in Fig.5.8-b).
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Fig. 5.8 — a) Cross section TEM bright field image of threading dislocations spreading from Si
substrate into GaAs epi-layer. From Luxmoore et al.?’. b) 3D molecular model showing a dislo-
cation edge (extra atomic plane)?®. c) Left: averaged dislocation spacing (squares) and minority
carrier diffusion length (circles), in 1 um GaAs (n-type 1x10'7cm~3, 20ns lifetime), as function of
threading dislocation density (TDD). Right: open circuit voltage (triangles) as function of TDD.
A dislocation limited region appears above ~ 10cm~2. Adapted from??:30,

Threading dislocations are indeed very effective in reducing mobility and acting as mid gap re-
combination centers. As a matter of fact, dislocations play a dominant role in solar cell performances;

25R. FISCHER et al., Applied Physics Letters, 47: 397-399, 1985.

26 A. GEORGAKILAS et al., Applied Surface Science, 102: 67-72, 1996.
271.J. LUXMOORE et al., Scientific Reports, 3: , 2013.

#P.J. McNALLY., Nature, 496: 37-38, 2013.
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their impact on material and device properties are relatively well documented?’*". Dislocation re-
combination centers reduce the minority-carrier lifetime and diffusion length, which translates at the
device level into a short-circuit current reduction and an increase of the excess leakage current. Up to
a density of 108cm™2, the increase of dislocation density is reported to have a relatively small effect on
carrier mobility, but the concomitant decrease in diffusion length impacts significantly the solar cell
performance. If we assume a constant mobility and solve the 1D continuity transport equation with
dislocations as boundary conditions, it is possible to evaluate the impact of dislocation density on
diffusion length and V,,. using semi-empirical expressions”’*". For example, the variation of these two
quantities with dislocation density, for a 1pum thick n-type GaAs absorber, with n=2x10'"cm™2 and
7,=20ns minority carriers lifetime, is shown in Fig.5.8-c). Two regions can be distinguished: i) the low
threading dislocation density region, TDD <105cm ™2, where diffusion length is much smaller than the
average dislocation spacing. In this region, diffusion length is mainly limited by bulk recombination,
namely SRH. ii) The dislocation limited region, for TDD>10%cm~2. This threshold value is doping
dependent: materials with higher(lower) doping level have a lower(higher) bulk lifetime, and thus the
TDD limited region is shifted towards higher(lower) value with increasing(decreasing) doping. While
the impact of TDD density on Js. can be minimized by appropriate solar cell design, the effect on
open circuit voltage is less forgiving; along with fill factor they are the limiting factor for I1I-V cells on
a mismatch substrate. The diffusion coefficient being relatively independent of the dislocation density,
the ratio D/Lp increases with higher dislocation density, and this leads to an increased saturation
current density Jg and lower V,.. More specifically, dislocation related recombination in the depletion
region will generate large recombination current and shunt paths across the junction. The quantitative
impact of TDD on V,, is shown in Fig.5.8-c): a TDD increase from 10 to 108cm ™2 results in a ~ 100
mV drop for the V..
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Fig. 5.9 — AlGaAs/Si tandem solar cell fabricated by direct epitaxial growth on Si with corresponding
IV curves under 1 sun AMO spectrum, and solar cells parameters. From Jimbo et al.>!.

To date, the best solar cell efficiency achieved with this direct epitaxial growth approaches is
21.2% under 1 sun AMO spectrum, for a tandem AlGaAs/Si device®"*?. Details about the structure
and its performances are shown in Fig.5.9. However, the reported Js. of 23.6mA /cm? is probably
overestimated, since a tandem with silicon cannot exceed ~ 22mA /cm?.
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32M. UMENO et al., Solar Energy Materials and Solar Cells, 41-42: 395-403, 1996.
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Some advanced strategies such as the implementation of strained layer super-lattice acting as
barrier layers for the dislocation combined with thermal cyclic annealing can help to reduce the
defect density in the upper most epi-layer’”333% Alternatively, the option of using Si lattice-matched
quaternary alloys, such as GaNPAs, has also been explored by NREL for instance, however the low
minority carrier lifetime of those materials was crippling for solar cells applications®”.

5.2.2 III-V on Si via buffer layers

Another possibility to limit the deleterious effect of dislocations, is to use interfacial buffer layers
between the Si substrate and the active III-V material; it helps to reduce and relax the effects of the
abrupt changes of lattice constant and polarity problems. If the Si substrate is to be used as a bottom
cell, then the buffer layer should be transparent (higher gap compared to silicon) and conductive,
to maximize the current of the bottom cell and minimize resistance losses. GaAsP seems to be a
promising material for the buffer layer, with the following design: i) First a nearly lattice GaP layer
(see Fig.5.1-b)) is grown on Si ii) and then a step graded GaAsP layer, for which the As content
is gradually increased, is used to get closer to GaAs lattice parameter. This path is illustrated by
arrows b and bl in Fig.5.7-b). A schematic of such layer stack is shown in Fig.5.10-a), and the lattice
parameter increasing from Si to GaAs is visible in the XRD reciprocal space mappings in Fig.5.10-b),
as published by Roesener et al.?%
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Fig. 5.10 — a) Schematic of GaAs,P;_, buffer grown on Si substrate and b) the corresponding XRD
(004) and (224) reciprocal space mappings. From Roesener et al.>°. c) GaAsP solar cell grown
on Si substrate with graded buffer layers, d) is the corresponding cross section TEM picture, with
visible dislocations pattern confined in the buffer layer. From Lang et al.*’.

This growth scenario starts to be well understood and controlled*®, dislocation densities in the
range of 107cm™2 are reported; research groups are now focusing on producing solar cells with this
approach®”3%0 However, to date, GaAsP buffer layer cells have lower efficiencies compared to the
direct epitaxial growth; for instance, tandem GalnP/GaAs grown via buffer layers on inactive Si
substrate around 16% are reported in literature®'. Other buffer layer materials are also reported in
literature: for instance, SiGe is another possibility to make the transition between Si and GaAs, as
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shown in Fig.5.7-b) by arrows a and a;. Threading dislocations densities in the range of 10%cm=2
are reported with a best efficiency of ~18% for a single GaAs cell on SiGe/Si*’**%3. However, if
Si/III-V tandem device is the targeted device, using a lower band gap as an intermediate buffer layer
will definitely reduce the current of the lower Si cell. Alternatively, mechanically weak alloys, such as
GaSb or AlISb, which can relax thermal and lattice mismatch faster, are also under focus'**°; some

recent papers also mentioned graphene assisted Van Der Waals epitaxial growth™.

5.2.3 Non-epitaxial techniques to combine ITI-V/Si

A solid can be joined directly to another solid at temperatures as low as room temperature,
by pressing them together, provided they have mirror-polished, flat and ideally clean surfaces: this
is the so-called wafer bonding. When pressing together surfaces, they interact via Van Der Waals
forces; however several bonding techniques (plasma activated, under ultra-high vacuum, etc.) enable
to achieve strong covalent bonds between the two materials (e.g. InP/Si*", GaAs/InAs*®), even down
to room temperature’”°Y. In this way crystal mismatch issues are suppressed; the top III-V cells can
be grown lattice matched on a III-V substrate, with a sacrificial layer in between. Then, once the
top cell has been bonded to Si carrier/bottom cell, the sacrificial layer can be etched away and the
substrate re-used after proper surface restoration steps.
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Fig. 5.11 — a) Cross section TEM image of a GaAs/Si bonding interface. b) Schematic diagram of
AlGaS/Si wafer bonded solar cell. c) Corresponding cross section SEM picture with IV performances
shown in the inset. From Tanabe et al.>!.

An example of wafer bonded GaAs/Si interface is shown in Fig.5.11-a). The integrity of the
crystal is well preserved, except for a thin amorphized interface layer”'. This results in additional
series resistances, however promising devices have been realized with this approach: 25% are reported
for a bonded tandem AlGaAs/Si under 1 sun illumination (See Fig.5.11-b,c)). However, here again
the current of 27.9mA /em? appears overestimated (it may be lamp calibration, or surface estimation
issues) compared to the max 22mA /cm? achievable in tandem with bottom silicon. Fraunhofer ISE is
also very active in this field, and triple junction GaInP/GaAs/Si may reach 30% in a near future'®*!,
Additionally, it should be mentioned that the actual world record solar cells, 44.7% under ~ 300
suns, is a 4 junction device, realized by bonding 2 bottom cells grown on InP and 2 top cells grown
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on GaAs''. Even if substrate re-use is possible, the question whether this technique is suitable for
solar production on large area and large scale (silicon standards) remains open. Indeed, compared to
the direct or buffer assisted epitaxial scenario, the bonding requires more steps and careful surface
preparations.

Alternatively, the mechanical stacking or adhesive bonding approach seems to give promising
results. It consists in using transparent glues to stack solar cells grown separately; sub-cells can
be independently connected, thus relaxing the current matching constraint. Tandem®” and even 4
junction devices” are reported. This technique is appealing since it seems easily compatible with the
existing silicon technology; however the question of the glue mechanical strength and aging properties
should be addressed.

5.3 Growing Silicon on III-V: a new paradigm

As presented above, the general and logical trend for combining III-V with silicon is to use
silicon as a substrate and add few microns of III-V material above it. However, to buck this trend,
we decided to explore the opposite route of growing silicon on III-V, namely on GaAs, using the low
temperature epitaxial growth technique presented in this manuscript. The general idea and targeted
ITI-V/Si device is shown in Fig.5.12 schematic.

e The first step is the MOCVD growth. Starting from a GaAs substrate, a buffer layer and a
sacrificial layer are grown in lattice matched configuration. The sacrifial layer can be classically
made of AlAs”"7°, or InP based materials such as GaInP of InAIP°%; it will serve to release the
active III-V layers from the substrate. The top cell is grown inverted on this sacrificial layer.
Targeting a tandem solar cell device for 1 sun application, the materials are chosen to fit with
one of the two maximum efficiency point shown in Fig.5.3-a): 1.64/0.96 eV or 1.74/1.12 eV.
The AlGaAs ternary alloy can be used for the top cell since it has a tunable band gap with
Al composition: for example 17% of Al corresponds roughly to 1.63 eV and 24% to 1.74 eV.
Following this top cell, a tunnel junction is grown: it can be either in ITI-V materials or in silicon
(in the next step) or even half III-V half silicon.

e The second step involves the epitaxial growth of the bottom cell by PECVD, at low temperature,
on top of the previously MOCVD grown layers. This cell is made of Si(Ge) material, for which
the band gap can be tuned between 1.12 eV (Si) and 0.66 ¢V(Ge). The maximum efficiency is
expected for pure silicon in combination with 1.74 eV top cell or for 0.96/1.63 eV tandem, and
this can be achieved with ~ 40% of Ge in the bottom cell. As mentioned above, half or the
totality of the tunnel junction interconnecting the top and bottom cell can be made in Si(Ge)
materials. The top most surface of this epitaxial structure is then processed as a back side
(reflector, contacts, etc.).

e The last step consists in lifting off the whole structure glued to a low cost substrate (that may
be flexible) thanks to the sacrificial layer that can be selectively chemically etched, for example
using HF in the case of AlAs. After this transfer, the interface which was initially in contact
with the sacrificial layer becomes the sun facing one, and consequently need to be processed
(contacts, anti-reflection layer, etc.). The initial substrate may be re-used after appropriate
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52]. MATHEWS et al., Progress in Photovoltaics: Research and Applications, n/a—n/a, 2014.

53X . SHENG et al., Nature Materials, 13: 593-598, 2014.

54J.J. SCHERMER et al., Thin Solid Films, 511-512: 645-653, 2006.

PSA.T.J. VAN NIFTRIK. The epitazial lift-off method : III/V materials and HF etch process studies. PhD thesis.
Radboud University, Netherlands, 2008.

56C.-W. CHENG et al., Nature Communications, 4: 1577, 2013.



Integration of Si on III-V: towards tandem devices 185

| . .
1. lII-V MOCVD or MBE growth ;2 Si(Ge) PECVD epitaxy
Buffer/protecti *  GalnP or AlGaAs :
»  Buffer/protection o PP
layer P JrunctlTrtll:s:l . | *  Optional buffer
*  Thin AlAs release unqe.!unctm.n{s} I Low band gap PN ! layer
*  Possibility of lift l ! . . N, Si. Ge or SiGe low
layer £f at this st I junction(s) I ,
___onathsstee band gap
| Highbandgap | | X High band gap | junction(s) -
' PNjunction(s) ' ! PN junction(s) ' * Tunneljunction
. L — *+  Back contact
| processing:
| reflector, contact,
GaAs susbtrate I etc.
I

Wafer processing, Invert Low temperature PECVD

I1I-V PN junction(s) growth bottom cell(s)

3. Lift off and wafer reclaim

1 1 1111
High band gap !

4

HEF | N ‘ncﬁan[s}

~

: Low band gap : ! Low banfi gap :

! PN junction(s) 1 | PN junction(s) .

 Hebadey L —
|

echting

— 111-V substrate reclaim

Transfer, front side processing

and substrate reuse

Fig. 5.12 — Description of the three fabrication steps of the inverted metamorphic tandem solar
cell, combining I1I-V (MOCVD) and Si(Ge) (PECVD) materials, investigated in the French ANR
research project IMPETUS.
substrate healing®” .
This approach is explored within the Framework of the French ANR research project IMPETUS.
This project gathers 3 partners: LPICM, III-VLab and LGEP. The LGEP carries out the simulation
and modelling part, as well as some material and device characterizations, the III-VLab brings its

expertise in the field of III-V semiconductor growth and processing, and the LPICM focuses on low
temperature PECVD epitaxial growth and solar cells.
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This reverse scenario of growing Si on III-V is not just a scientific curiosity, if features indeed
several advantages:

e First of all, by using an inverted growth, the top cell is grown first lattice matched on a III-V
wafer, and thus the crystal quality can be perfect. Inverted growth enables to reuse the wafer,
and if this is repeated several times (e.g. few tens), then cell cost can decrease significantly.

e The second step, growing the Si(Ge) bottom cell, is done at low temperature by PECVD. This
low temperature process minimizes thermal expansion and diffusion related problems.

e In this reverse approach, the polarity problems are completely suppressed, since the (Al)GaAs
is grown lattice matched on GaAs, and the Si(Ge) grown on top of it is a non-polar material.

e Experimental®” an theoretical work®! seems to agree on the fact that kink formation energy (at
least for 90° « glide) and dislocations migration energy are higher in silicon compared to gallium
arsenide. Thus if grown at the same temperature, there might be less partial dislocations and
stacking faults in Si grown on GaAs compared to GaAs grown on Si.

5.3.1 Estimation of maximum efficiency

Obviously, one of the main issues associated with this design and approach, is the finite thickness
of the Si(Ge) bottom cell compared to classical III-V/Si tandem design which features a c-Si wafer
of several hundreds of microns. With our PECVD epitaxial approach, which typically has a growth
rate of ~ 2A/ s, the thickest layers we could deposit so far was in the 5-10pum range. This is indeed
limiting for bottom cell especially with the weak absorption of silicon. Several strategies can be used
to increase the absorption and current in the bottom cell:

e The first evident option is to further increase the bottom cell thickness (e.g. around 20um).
This may be achieved by increasing the PECVD epi-Si deposition rate by a factor of about 3-4.

e To improve the absorption in the bottom cell, we can also alloy silicon with germanium, which
results in a significantly higher and extended (above 1100nm) absorption for the same thickness.

e The second degree of freedom is the thickness of the top cell, it is indeed possible to thin down
the top cell in order to achieve current matching if the bottom cell is the weakest. This point
is explained in the paper of Connolly et al.'®; in this situation, the gap combination should also
be chosen more carefully, since the optimum is different from the situation of full absorption
assumed in most of the efficiency maps from literature. This point is illustrated in Fig.5.3-a)
and b); in the case of a 32% transparent top cell, the optimum band gap combination is 1.46,/1.12
eV but the maximum theoretical efficiency is ~ 6 points smaller compared to the full absorption
case.

e And finally it should be possible to implement differential area illumination for the top and
bottom cells. By intentionally reducing the area of the top III-V cell (e.g. by etching), additional
illumination is allowed to impinge on the extra area, thus boosting the current generated by the
bottom Si cell to match the current of the top one. The current matching condition corresponds
to a certain ratio of the bottom cell area to the top cell area. This concept has already been
successfully implemented in a GalnP/InGaAS/Si triple junction device reaching 25.5% in 2

terminal configuration under 1 sun®.
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52J. YANG et al., 27th EU PVSEC Proceedings, 1B0.12.6: 160 ~163, 2012.
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To get more insight into the achievable current densities, we have performed optical modeling of
the layer stack using materials refractive indexes and a transfer matrix code developed internally by
M. Foldyna. Two examples of absorption splitting between the layers for two different stacks is shown
in Fig.5.13-a) and b). The first simulated layer stack is Alp17Gag g3As(1.63eV)/Sig57Gep 43(0.96eV)
with 1.2/5.4um thicknesses.
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Fig. 5.13 — Absorption in a tandem solar cell modeled by transfer matrix method. Two tandem

[11-V/Si are presented: a) Alg.17Gag.s3As/Sio.57Geo 43 1.2/5.4uum reaching maximum of 21 mA /cm?

(IQE=1). b) Alg.1Gag.9As/Sig.57Geg.43 0.975/10.2um reaching maximum of 23 mA /cm? (IQE=1).

A double layer SiO2/TiO2 with (85nm/50nm) is used as an anti-reflective coating, the 20nm window
layer is composed of the high band gap AlygsGag.15As, and silver is used as a back reflector. The
absorption splitting between the different layers, as a function of wavelength, is shown in Fig.5.13-a).
Small losses happen at the window layer (~ 1ImA/cm?), and at the back reflector (~ 0.7mA /cm?).
This latter loss can be reduced by using an optical spacer such as ITO in between the silver and the
SiGe. Overall, this structure is lattice matched at 21 mA /cm?, if we assume a 100% IQE.



188 5.3. GROWING SILICON ON III-V: A NEW PARADIGM

The second simulated layer stack is Alp1GaggAs(1.55eV)/Sig 57Gep.43(0.96eV) with 0.975/10.2um
thicknesses. The same anti-reflection layers and back reflector are used for this second design. The
absorption splitting between the layers, as a function of wavelength, is shown in Fig.5.13-b). Of course
the same loss happens at the window layer (~ 1mA /cm?), but the higher absorption in the bottom cell
results in a smaller loss at back reflector (~ 0.4mA /cm?). Overall, this structure is current matched
at 23 mA/cm?, if we assume a 100% IQE (ideal material). In reality, IQE will be lower than one,
especially in the bottom cell because of the presence of mismatch related defects. A 20 mA/cm?
current density in such device would already be a significant achievement; however, if we use the
concept of differential area illumination, 23 mA /cm? may be achievable.

Considering the V., one can look into literature to estimate a realistic value. The optical band gap
and V. of various solar cell technologies are reported in Fig.5.14-a)% . To date the best Si and GaAs
cells show a V,,. 0.3 to 0.4 eV lower than their optical band gap. This figure of merit, W,. = E, /q— Ve
is indeed very useful to evaluate the cell quality and compare different technologies. The best W,
from literature® %’ for GalnP, AlGaAs, GaAs, Si and GaAs are reported in Fig.5.14-b); the values
are spread between 0.31 V for GaAs to 0.45 V for AlGaAs.

1.2
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Fig. 5.14 — a) Open-circuit voltage V,, versus optical band gap £, for the best-in-class solar cells.3
b) Numerical values of W,., the differences between band gap and V,.%*°°. c) Efficiencies for a
[1I-V/Si tandem cell with thin Si(Ge) bottom cell thickness, based on current calculations shown
in Fig.5.13 and W, from literature.

Based on these current and voltage considerations, we can try to estimate a realistic efficiency
target for our III-V(MOCVD)/Si(PECVD) target device. Considering a W, of 0.45 V for the top cell
and 0.5 eV for the bottom one, the predicted V. is in the range of 1.56 to 1.9 depending on the chosen
gap combination (see Fig.5.14-c). The corresponding efficiencies, based on the current simulated from
the transfer matrix method and a 80% FF, are in the range of 27-29%. While those numbers are only
estimations made by hand, it underlines at least the paramount importance of the current density
in this device design. Proper electrical and optical modeling of the device is being performed in the
project IMPETUS to adjust gaps, materials and thicknesses and to get the highest efficiency. From
a silicon point of view, efficiencies in the 27-29% range are of course attractive, however from a III-V
point of view, the device should have efficiency higher than the best single GaAs cell (28.8%)® in order
to be attractive.
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5.4 III-V Solar cells and tunnel junctions

The ITII-VLab has a strong expertise in III-V materials for opto-electronic and photonic devices,
but photovoltaics was not a research topic in this lab so far. LPICM has a strong expertise in silicon
based solar cells, but much less knowledge in the field of III-V materials and photovoltaic devices.
Thus one of the challenge and milestone of this thesis work was to fabricate classic I1I-V solar cells by
building on the knowledge of both sides. In this section, we present our progress to reach state of the
art ITI-V solar cells and tunnel junctions.

5.4.1 Literature overview

Gallium Arsenide (GaAs) solar cells have been around for many years: they were classically
grown by MOCVD epitaxy on 0.35mm thick GaAs or Ge wafers. Already back to 1997, efficiencies
around 24% were reported’”; indeed the GaAs band gap, of 1.42 eV at room temperature, is close to
the single junction optimum band gap for AM1.5G solar spectrum. Moreover, GaAs is a direct band
gap semiconductor and only few microns are needed to absorb totally the photons above its band
gap. Thus more recently, researchers have focused on the fabrication of ultra-thin (~2um) GaAs solar
cells and their separation from the growth substrate. The detachment of the active material from the
substrate enables the use of a back reflector, and thus a lifted-off solar cell requires approximately half
of the active region thickness to absorb the same amount of photon compared to the wafer based cell.
In addition the substrate may be reused, thus cutting down the cost. Miller et al.”’ have also shown
that a reflective back contact enables photon recycling (when radiative recombination is dominant) by
trapping light and concentrating the carrier in a thin layer; this results in an increased open circuit
voltage compared to the wafer based equivalent device.
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Fig. 5.15 — a) Lift-off of multiple GaAs layers and devices separated by sacrifical AlAs layers; from
Yoon et al.”t. b) Epitaxial lifted-off 2 inch. and 1um thick GaAs layer reported on flexible substrate;
from Schermer et al.>*. ¢) EQE of Alta devices record solar cell reaching 28.8% under 1 sun®°°,
d) Comparison of GaAs cells before and after substrate reuse; From Lee et al.*°.

5TA. VAN GEELEN et al., Materials Science and Engineering: B, 45: 162171, 1997.
°0.D. MILLER et al., IEEE Journal of Photovoltaics, 2: 303-311, 2012.




190 5.4. III-V SOLAR CELLS AND TUNNEL JUNCTIONS

The recent progress, since ~ 2005, in GaAs solar cells performance was made possible thanks to the
layer lift-off processes. The detachment of monocrystalline layers from their growth substrate is since
then an active research field, and various techniques are successfully explored: i) Control spalling”> ™
ii) Epitaxial lift-off with selective wet etching”®"* iii) Laser assisted layer separation”, etc. The wet
etching of sacrificial layer beneath the epitaxial material is the most common approach. For instance,
a thin (few tens of nanometers) AlAs between the wafer and the active GaAs epi-layer can be etched by
HF with a selectivity in the range of 107! The lateral etching rate of AlAs is typically around few tens
of mm per hour. It is possible to realize a stack of multiple devices separated by sacrificial AlAs layer
in one single epitaxial run, and separate them during one wet etching step. With this approach Yoon
et al.”! could demonstrate the fabrication and separation of a stack of several near infrared imaging
and photovoltaic devices (see Fig.5.15-a)). Large area lift-off has been achieved: as an example, the
Fig.5.15-b) shows a 1 um thick and 2 inch. diameter GaAs layer reported on flexible plastic substrate”.
The GaAs solar cells have been extensively studied by a team from Radboud University’®"", and the
actual record cell has been achieved by Alta Devices, who has pushed the record up to 28.8% for 1
sun illumination®%%; the EQE curve of such record cell reaches 100% on a large spectral band, as
shown in Fig.5.15-c). The same company also holds the GaAs module efficiency record of 24.1% 7%,
Finally, the ability to reuse the substrate, after some chemical/mechanical polishing steps, without any
decrease in solar cells performances has also been demonstrated®®”’; this is illustrated in Fig.5.15-d).

5.4.2 GaAs solar cells

We decided to start with the simplest configuration, which is GaAs cells on wafer, and to val-
idate separately the lift-off process. The depositions were done in a MOCVD reactor at ITII-VLab,
thanks to the expertise of J. Decobert, L. Dornelas and M. Pires. The first tested GaAs solar cell
was inspired from design published in the late 90’s”": the 23.9% efficiency GaAs cells layer stack, with
doping and thicknesses, is shown in Fig.5.16-a). The layer stack of the first batch of solar cells we have
deposited is shown in Fig.5.16-b). It features an Aly15Gag.ssAs BSF doped at 7.10'7cm ™3, a 4um base
GaAs n type doped at 4.107cm™3, a 600 nm thick p-type 2.10'%cm ™3 GaAs emitter, a window layer
made of Alyg5Gag.15As, on top of which we deposited a TiO2/SiOy double layer anti-reflection coat-
ing. The solar cell processing, which includes photo-lithography to define front contact, metal contact
evaporation, annealing, chemical etching of the contact layer around the metal fingers, anti-reflection
coating deposition, solar cell separation by diamond saw, report of the device on conductive handling
substrate. Thus, the results presented here could not have been done without the precious help of the
ITI-VLab team members: K. Louarn, C. Fortin, D. Make, H. Gariah, Y. Robert, J.-P. Truffer and A.
Accard.

Based on literature considerations and the targeted 1 sun application, we have designed a lithog-
raphy mask to define cell area and contact scheme. The designed mask was composed of three different
cell sizes: 3x3.6mm, 5x5mm and 10x10mm. More details about bus bar and fingers dimensions are
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Fig. 5.16 — a) Example of GaAs solar cell on wafer reaching 23.9% efficiency®’. b) Details of the
first batch of GaAs cell deposited in this thesis.

listed in Fig.5.17-b). Throughout this thesis we have been working on 2 inch. GaAs wafer size. The
picture of front contact fingers are shown in Fig.5.17-a); cells distribution over the wafer surface is
visible on the mask represented in the inset. After completing all fabrication processes, the cells are
separated by diamond sawing, and the resulting devices are shown in Fig.5.17-c): from top to bottom
one can see the 10.8mm?, 25mm? and lem? GaAs cells. To facilitate handling and electrical charac-
terizations, devices are glued to a conductive base and bus bar contacts are moved to the side of the
device using wire contacts. A top view picture and cross section schematic of the final device, ready
to be characterized under solar simulator and EQE set-up, is shown in Fig.5.17-d).

The J-V curve under 1 sun illumination of a single junction GaAs cells corresponding to the stack
detailed in Fig.5.16-b) is displayed in Fig.5.18-a). The devices performances were unexpectedly low,
to say the least. Indeed, the best performances of the three different cell sizes are listed in the inset,
where the solar cells parameters of the corresponding literature device are shown. The lcm? cell is
the weakest one, with only ~ 7% efficiency and a current density of 11.8 mA /cm?; the V. is not too
low, with 934 mV compared to the 1038 mV for the reference cell. But the current is more than 2
times less than the expected value. The two other cell sizes perform slightly better, with the "best”
being the 0.25cm? reaching 9.8% efficiency. However the current was still stuck at 13.4 mA /cm? for
this device, despite a relatively correct fill factor of ~ 78 %. To identify the origin of the problem,
we have measured reflectivity and EQE on the device; indeed a strong reflection of the front surface
can lower significantly the Js.. The total reflectance measured with an integration sphere is shown
in Fig.5.18-b): the square symbols correspond to the measurement before depositing the TiOg/SiOq
anti-reflection coating (ARC), and the curve with circle symbols is measured on the final device with
the double layer ARC. One can see that the reflectivity remains very low, between 5 and 10% on a
large spectral range, and thus we could not attribute the low J,. of the device to a reflection problem.
Both EQE and IQE measured on the best 0.25cm? device are shown on the same graph: the sharp
drop around 875 nm, corresponding to GaAs band gap energy, is characteristic of direct band gap
semiconductors. However, the poor cell performance is clearly confirmed by a peak EQE value lower
than 60% and by very low EQE values in the 400-600 nm range.



192 5.4. III-V SOLAR CELLS AND TUNNEL JUNCTIONS

" b) cell Bus bar Fingers Area
g
#2 #4
W: 200 um W: 15um Mesa Cell area.2
Small 3X3,6=10,8mm
L: 2900um L: 3000um (8,06% shaded )
Spacing: 3000pm | Spacing: 685 um R
#5
#1 Mesa Cell area:
. W: 30pum 2
Medium W: 200 um L: 4400um 5X5=25mm
. " o,
L: 4500pum Spacing: 870 um (6,12% shaded)
#7
#1 W: 50um Mesa Cell area:
Big W: 300 um - O 10X10= 100mm?
L: 9000pum L: 9000um (5,7% shaded )
) H Spacing: 1150 um i

RSN ().\

% & £ 7 gl

AN

Fig. 5.17 — a) Picture of front metal fingers defined by lithography on a 2 GaAs inch. wafer. The
mask defining solar cells areas is shown in the inset. b) Bus bar and finger dimensions for the three
tested cells sizes. c) Picture of finished GaAs cell after sawing. d) Schematic and picture of a 1cm?

GaAs cell glued on a conductive base.
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Fig. 5.18 — a) J-V curve and solar cell parameters of the first batch of GaAs cell corresponding
to the layer stack described in Fig.5.16-b). b) Total reflectance measured before (squares) and
after (circles) the deposition of double layer ARC. EQE (triangles) and IQE of the 0.25cm?. The
transmission of a 600 nm GaAs layer is shown as an indicative basis.
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From this EQE analysis, we could infer that the problem was happening in the front side of the
cell; this could be linked the material itself or something wrong during solar cell processing steps. We
were first suspecting that the emitter layer was too thick and with a too high doping level. Indeed, the
emitter layers used in our devices were 600 nm thick, and thus should the doping be too high, very few
minority carriers created in this part of the cell would then be collected. The emitter layer would in
this case act as a filtering layer for the solar spectrum, and as shown in Fig.5.18-b), the transmission
of a 600 nm GaAs is very poor for wavelength below 800 nm.

To investigate further this problem, we have performed both PC1D simulations. Using the material
data base provided with PC1D, we could model a GaAs cell with various front emitter doping levels.
The influence of the emitter doping (from 2.10'8cm ™3 to 8.10%cm=3) on the solar cell internal quantum
efficiency (IQE) is shown in Fig.5.19-a). One can see that an emitter doping in the range of few
10"%cm ™3 results in a similar quantum efficiency profile, at least qualitatively. Thus, we decided to
perform secondary ion mass spectroscopy (SIMS) to get quantitative information of chemical element
concentration as a function of depth inside the cell'. While no significant deviation from the expected
emitter doping level was detected, another important information could be found with this technique.
The SIMS profile of oxygen (triangles), gallium (circles) and aluminium (squares), in atom per cm ™3
plotted as a function of depth from GaAs cell surface, are shown in fig.5.19-b).
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Fig. 5.19 — a) Influence of emitter doping (from 2.108cm™3 to 8.10cm~3) on GaAs solar cell
IQE, for the design shown in Fig.5.16-b), as modeled by PC1D software. b) SIMS profile of oxygen
(triangles), gallium (circles) and aluminium (squares) in the first hundreds of nanometers of GaAs
cell surface.

The cell surface layers consists in SiO2(90nm)/TiO2(55nm) antireflection coating deposited on
Alp 85Gag.15As(30nm)/GaAs(600nm) (see Fig.5.16-b)). The Al peak visible around 200nm depth cor-
responds to the window layer; the high level of Ga and Al detected in the first 100nm are probably due
to mass interferences. But overall the striking feature is the oxygen content in the range of few 1022
atoms per cm™3; this is the same order of magnitude than the matrix elements. This analysis has thus
revealed a completely oxidized window layer. In fact, the oxidation rate of AlGaAs alloys increases
significantly with the aluminium content in the layer; consequently the AlygsGag.15As window layer
is very sensitive to the presence of oxygen. In fact two obvious source of oxygen were responsible for
this: i) First, during the processing of the solar cell, the window layer was exposed to the air. Indeed,
after wet etching of the cap GaAs layer and before deposition of ARC, there was roughly 1 hour during
which AlGaAs was air-exposed. ii) Secondly, the direct deposition of dielectric ARC layers, mainly
composed of oxygen, on the AlGaAs window was probably not a very wise decision. TiO2/SiO2 anti-
reflective properties are comparable with that of ZnS/MgF5, but this latter ARC is the most widely
used in III-V based PV, probably also because it suppresses the oxygen related problems.

!The SIMS measurement were done by M. Quillec at Probion.
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Fig. 5.20 — a) Layer stack used in the first batch of GaAs cells. b) Second tested design; changes
with respect to the first design are highlighted in yellow: the thicknesses have been adjusted and a
GalnP instead of AlGaAs was chosen for the window. c) Third GaAs design; changes compared to
design 2 are highlighted in yellow: the window is made of AlGaAs and a thin GalnP layer is used
as an oxidation barrier and etch stop layer.

Unfortunately, deposition tools for ZnS and MgFs materials were not available in the III-VLab.
Thus we decided to keep the TiO2/SiO2 ARC and adapt the front cell design to get rid of oxidation
problems. Two new designs were tested; they are described in fig.5.20-b and c). Based on comparison
with literature and the above mentioned identified problem, we have changed the following parameters:

e For the second device, the window layer was made of GalnP which is less sensitive to oxidation
compared to AlGaAs. The emitter and absorber layers thicknesses were reduced to 200 and 3000
nm respectively. The BSF Al content and doping was increased for better repulsion of minority
carriers. Details are shown in Fig.5.20-b).

e For the third design, the same BSF, absorber and emitter layers compared to the second design
were used. However, the window was made of an AlGaAs layer protected by 10nm of GalnP.
This layer was chosen to act as an oxidation barrier and etch stop layer (when etching the top
cap layer). Details are shown in Fig.5.20-c).
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Fig. 5.21 — a) J-V curves measured under 1 sun AM1.5G spectrum for the three GaAs cell de-
sign shown in Fig.5.20. The solar cell parameters are listed in the inset. b) Corresponding EQE
measurements, with J,. calculated by integration with solar spectrum.
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The same process and contacting scheme was used for the second and the third design, and the
resulting IV curves are displayed in Fig.5.21-a). A net increase is observed for the two new cells: the
GalnP window layer design reaches 21.4 mA /cm? and 15.2% efficiency, and the device with AlGaAs
window and GalnP barrier layer reaches a 26.7mA /cm? J,. and 20.2% efficiency. The best cell has a
Ve of 1011 mV which is very close to the 1038 mV reported in literature for similar device. Our best
cell is still ~ 4% in term of absolute efficiency behind the reference cell; this is mainly explained by
our fill factor being 10% lower. But the improvement paths are clearly identified: series resistance can
be reduced significantly by increasing the doping in GalnP barrier layer, and the front grid pattern
can be further optimized. The corresponding EQE curves are shown in Fig.5.21-b). The same trend
is confirmed by this technique: i) the GalnP/AlGaAs window cell (triangles) has the best EQE,
reaching 90% in the range of 600-800 nm. The J,. calculated from integration with solar spectrum is
26.5 mA /ecm?, thus very close to the value measured with the solar simulator. ii) The GaInP window
solar cell (circles) has an intermediate EQE, which by integration gives a 19.3 mA /cm?. iii) The first
AlGaAs window cell (squares) has the poorest EQE which corresponds to 11.1 mA/cm?. This two
last cells have a roughly 2mA /ecm? lower Jy. as calculated from EQE compared to the solar simulator
value. This may be explained by non-uniform performance of the cell (the EQE beam is probing
only 2-3 mm?). The low value of the GaInP window cell’s EQE at short wavelength suggests that
there may still be front surface recombination problems for this architecture. Overall, thanks to the
complementary expertise of both LPICM and III-VLab, starting from scratch we could go beyond the
symbolic 20% efficiency threshold for GaAs cell, within a year.

5.4.3 Tunnel junctions

In monolithic multijunction solar devices, the sub-cells are connected by means of tunnel junc-
tions (TJ), which consist in pn junctions with very high doping levels in order to position the Fermi
level in the conduction or the valence band. For this type of degenerated p-n junctions, the classical
diode model is no longer valid, since the current can flow as the result of quantum mechanical electron
tunneling across a potential barrier.
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Fig. 5.22 — a) Current-voltage characteristics of the first reported tunnel junction, based on
germanium®. b) Corresponding schematic of energy band diagram. c) Ideal IV curve®!, and
corresponding band diagram, of a tunnel junction showing three regions: 1) At small forward bias,
a high tunneling current is obtained, 2) At medium forward bias, the tunnel current decreases

(negative differential resistance - NDR). 3) The classic diode current is obtained for higher bias.
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The first tunnel diode was reported in 1958 by L. Esaki®’, and the device longevity has been tested
recently: half a century later, the same tunnel diode has shown only a 3.3% performance decrease®’
(peak tunneling current)! The IV characteristic of the first TJ, made of germanium layers doped in
the 10'%m~3 range, and its band diagram are shown in Fig.5.22-a,b). Compared to the classic diode
shape, a zigzag is visible in the low bias region. This behavior is indeed explained by the quantum
mechanism of electron tunneling. The ideal IV curve of a TJ®!' is shown in Fig.5.22-c), together
with the band diagram evolution as a function of the applied forward bias. Three regions can be
distinguished:

e 1) The low bias region. Here the resistor like IV shape is due to band to band tunneling:
carriers quantum mechanically tunnel through the thin depletion region of the highly doped p-n
junction. This behavior is limited by a maximum current density Jyeqr at a voltage Vpeqr. This
region is the most important one, since multi-junction solar cells operate in this part of the I-V
characteristic, and thus it determines the voltage drop during solar cell operation.

e 2) As forward bias continues to increase, the number of electrons in the n-side facing empty states
of similar energy in the valence band decreases (see schematic 2 in Fig.5.22-c)). As a consequence,
the tunneling current drops from the peak to the valley: this is the so-called negative differential
region (NDR). This region can cause the measurement circuit to become unstable®!:%,

e 3) Beyond the valley, the current comes from the contribution of excess current and thermal
current, which is the current normally associated with a p-n junction, that appears at higher
forward bias compared to the tunneling current.

The importance of tunneling current can be easily understood by comparing the voltage drop in
a classical p-n diode, given by the thermal current, and the voltage drop given by the tunneling
mechanism (See yellow an grey points in fig.5.22-c¢). The initial part of the TJ characteristic is
therefore very important since it provides a low resistance path for carriers to bypass thermal current
region. TJs are usually characterized by two figures of merit: the peak tunneling current Jpeqr and
the equivalent resistance measured in the tunneling part of the IV curve; the peak current should peak
as high as possible and the resistance as low as possible. For example, if we take a tandem cell with
21mA /cm? under 1 sun illumination, the resulting current density at 400 suns becomes 8.4 A /cm?
(see Fig.5.23-a)). For a triple junction having 14mA /em? under 1 sun, the current density is pushed to
5.6A /cm? at 400 suns. And if the tunnel junction has a lower Jpeak compared to the device Jg., then
the tunnel diode works in the region where the thermal current dominates and thus a high voltage
drop occurs over the tunnel diode. In this case the IV curve is affected by a significant valley drop,
and the total current rise again at high voltage with Jpeqi being the maximum current density. This is
illustrated in Fig.5.23-b), on a triple junction device measured under increasing illumination by Guter
et al.®?. In practice is better to have Jpear much higher than Jg. to cope for non-uniformities in the
illumination intensity and increase the margin for eventual degradation due to thermal load during
sub-cells growth. With the IMPETUS approach, this latter problem is suppressed since the sub-cell
is grown below 200°C.

80L,. EsaKI., Physical Review, 109: 603-604, 1958.

821, EsAKI et al., Nature, 464: 31-31, 2010.

81J.F. WHEELDON et al., Progress in Photovoltaics: Research and Applications, 19: 442-452, 2011.
83W. GUTER et al., IEEE Transactions on Electron Devices, 53: 2216-2222, 2006.
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Fig. 5.23 —a) Example of peak current densities (Jpeqx) of a tandem and triple junction device under
various concentrations. b) Experimental IV curve of a triple junction with increasing illumination
intensity: at high illumination intensity, when Js.>Jpeqr, a significant drop in IV characteristic
becomes visible®3.

From an optical point of view, the TJ should be as transparent as possible to transmit the photons
potentially absorbable by the sub-cells, and thus have a band gap higher than sub-cells. However, the
peak current density is reported to decrease exponentially with the band gap according to®"%*:

J, <_E93/2> (5.1)
peak X €TP .
Neys

where E is the TJ semiconductor material band gap and Ny the effective doping defined with the
n and p side doping concentrations as follow: N.¢r = n.p/(n + p). This indicates that for the same
effective doping a higher band gap semiconductor used in a TJ will result in a significantly lower
tunneling peak current. In addition, for high band gap materials like AlInP, InGaP or Al,Ga;_,As
(x>0.45), it is relatively difficult to obtain high carrier concentration (>10*cm™3). Thus a balance
should be found between high optical transparency and high peak tunneling current; this balance
depends on the targeted operating concentration ratio. A good review and comparative study on the
different materials used in T.J has been published by Wheeldon et al.®'; AlGaAs/GaAs TJs seems to be
a good compromise, with extremely high peak tunneling current (>10%*A /cm?) reported in literature®.

The contour plot of N.s; as a function of p-side and n-side doping concentration is shown in
Fig.5.24-a). Ncsy can be maximized if p=n, but increasing the doping level of one side only will
result in marginal N,;¢ improvement. The influence of N.;s on the tunneling current is detailed in
Fig.5.24-b): using BCBV software’, which features a simple tunneling model, three GaAs/GaAs TJ
were modeled, with effective doping level of 1.5x10'Y (squares), 2.5x10'Y (circles), and 5x10%cm=3
(triangles), and equal doping on n and p-side. The corresponding band diagrams are shown in Fig.5.24-
c). In reality, to get quantitative information, a simulation that includes several tunneling mechanism
(local, non-local, trap-assisted, etc.) should be used®>*". Here the result produces at least qualitative
information: a change in N.f; by a factor of two can result in two orders of magnitude higher peak
tunneling current. The higher doping on both sides of the TJ produces a higher band bending which
facilitates tunneling.

84G.J. BAUHUIS et al., Progress in Photovoltaics: Research and Applications, 22: 656660, 2012.
851. GARCIA et al., Journal of Physics D: Applied Physics, 45: 045101, 2012.

2BCBV software is developed internally at III-VLab by J.F. Palmier.

86M. BAUDRIT et al., IEEE Transactions on Electron Devices, 57: 2564-2571, 2010.

8TM. HERMLE et al., Progress in Photovoltaics: Research and Applications, 16: 409-418, 2008.
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Fig. 5.24 — a) Contour plot of the TJ effective doping, N.ss = n.p/(n+p), as a function of n-side
and p-side doping concentration. b) Simulations of tunneling current with BCBV software, for a
GaAs/GaAs TJ with effective doping of 1.5x10' (squares), 2.5x10? (circles) and 5x10'%cm—3
(triangles). c) Band diagram for the three values of N.tr, as modeled by BCBV.

The first experimental TJ diode we made was a GaAs/GaAs device with p++GaAs(3x10¥%cm=3)
and n++GaAs(8x108cm™3); this corresponds to a Nesr of 6x10®cm™3; in fact achieving higher
doping with silicon in GaAs was difficult, probably due to the amphoteric nature of Si dopant in
GaAs. More details about the layer stack are shown in Fig.5.26-a). The resulting IV curves are
displayed in Fig.5.25: measured with two probes (triangles and pentagons) on the same diode, and
four probes configuration (circles and squares) for two diodes at different locations on the wafer.
The first comment is that all the curves exhibit the expected TJ IV shape with a peak current at
low bias, then a valley and then the classical diode current. The importance of a good contacting
scheme is underlined by the measurements with 2 probes: the inferior ohmic contact quality with two
probes configuration results in additional series resistances, and thus produces a shifted peak position.
The two diodes measured with four probes have reproducible IV curves, with similar features in the
tunneling region: low resistance as judged by the slope at the origin, and a peak tunneling current
around 7.5 A/cm?. Those performances are very good, especially given the relatively low level of
doping used in this device; this TJ could be used in tandem or triple junction with low to medium
concentration.

Thinking about the subsequent PECVD epitaxial growth of silicon, as scheduled in IMPETUS
project, this tunnel junction has been exposed to a hydrogen plasma, to track the modifications
of its electrical properties. Many works have been done in the eighties about effect of Hy plasma
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exposure of III-V compounds. Hydrogen is known to passivate doping elements in III-V layers®® ",
but also crystalline defects such as dislocations”' and deep level defects’>”?. Annealing around 400°C
is mentioned to be sufficient for doping recovery, but to suppress the passivation effect on deep levels,
annealing around 600°C would be required””. However, upon Hy plasma exposure, III-V layers may
also be damaged (e.g. if high power is used); and Hy plasma-related recombination levels generation
has already been reported”"”?. Given the variability of the effects reported in literature, it was hard
to predict in advance the influence of a Ho plasma on our TJ.
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Fig. 5.25 — GaAs/GaAs tunnel junction with N.ff = 6x10'8cm™3, measured with two probes
(triangles and pentagons) and four probes (circles and squares) electrical contacting scheme.

The experimental result, after plasma exposure (2 Torr, 80mW /cm?, 180°C, 15min), is shown in
Fig.5.26-d). The IV curves measured before (triangles) and after (circles) are plotted on the same
graph. It should be mentioned that the sample exposed to the Hy plasma was annealed for 3 min
at 400°C in a nitrogen atmosphere, after the plasma step, to get ohmic contact; the other sample
received the same treatment. The striking feature is the increase of the peak tunneling current by a
factor of 3; similarly, the resistance at Jy,eqr decreases by almost three times. Such huge improvement
of the tunneling properties may be explained by the generation of defects; such defects could enhance
the trap assisted tunneling. This hypothesis is strengthened by the observed strong increase of the
valley current. Indeed several studies mention an increase of the valley current in Esaki diode with

88J. CHEVALLIER et al., Applied Physics Letters, 47: 108-110, 1985.

895 J. PEARTON et al., Journal of Applied Physics, 59: 2821-2827, 1986.

99B. THEYS et al., Journal of Applied Physics, 80: 2300-2304, 1996.

913.J. PEARTON et al., Applied Physics Letters, 51: 496-498, 1987.

92W.C. DAUTREMONT-SMITH., MRS Online Proceedings Library, 104: 313, 1987.
93J. LAGOWSKI et al., Applied Physics Letters, 41: 1078-1080, 1982.

94G. WANG et al., Japanese Journal of Applied Physics, 38: 3504, 1999.

95 A. JALIL et al., Journal of Applied Physics, 66: 5854-5861, 1989.
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. . . . . . . 06.97
impurity concentration or with recombination centers such as crystalline defects’%“". To further assess

the link between Hy plasma and the creation of deep level defects, characterizations such as DLTS
(deep level transient spectroscopy) should be performed. Also, it could be useful to test how stable
this improvement is under real multijunction working conditions.
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Fig. 5.26 — a) GaAs TJ design with 30nm doped layers, b) GaAs/GaAs TJ design with 10nm
doped layers and barrier layers, c) AlGaAs/GalnP TJ. d) IV curve of 30nm TJ (triangles), 30nm
TJ exposed to hydrogen plasma (circles) and 10nm TJ (diamond). e) Same IV curves than d) with
additional AlGaAs/GalnP characteristic (stars).

Additionally, two other TJ diode designs were tested: one with thinner GaAs layers (10nm) in
sandwich between AlGaAs and GalnP layers for minority carriers repulsion (see Fig.5.26-d)), and one
with AlGaAs/GalnP being directly the tunnel junction materials (see Fig.5.26-c)). The IV character-
istics of the 10 nm TJ is shown in Fig.5.26-d) by diamond symbols; an improved tunneling current (18
A/cm?) compared to the 30nm GaAs TJ before hydrogenation is observed. Whether this improvement
can be linked to the reduced pn junction thickness and/or to the presence of barrier layers is not clear
yet. Considering the AlGaAs/GalnP, this TJ is interesting because of a higher transparency (higher
gaps); in addition peak tunneling currents around 102A /cm? have been reported in literature”. Here
we obtain an improvement of the tunneling current up to 56 A/cm?, and the TJ resistance is similar
to the 30 nm thick TJ exposed to Ha. The parameters of the 4 TJ plotted in Fig.5.26-e) are listed in

9T P. BRODY., Journal of Applied Physics, 33: 100-111, 1962.
97TK. MAJUMDAR et al., IEEE Transactions on Electron Devices, 61: 2049-2055, 2014.
98E. BARRIGON et al., Progress in Photovoltaics: Research and Applications, 22: 399-404, 2014.
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Tab.5.1.

Jpeak  Vipear  Ripear J(bmV) R(5bmV)
(A/em?)  (mV) (mQ.cm?) (A.em?)  (mQ.cm?)

TJ GaAs 30nm - Asdep. 7.2 70 9.7 1.0 5.1
TJ GaAs 30nm - Hy 20.8 70 3.4 3.0 1.7

TJ GaAs 10nm - Asdep. 18 70 3.9 1.9 2.6
TJ AlGaAs/GalnP - Asdep. 56 166 3.0 2.8 1.8

Tab. 5.1 — Tunnel junction parameters as measured experimentally.

This study has shown that TJ with excellent properties were made, exceeding the requirements for 1
sun or low concentration operation conditions. More importantly, the Hy plasma exposure (simulating
the PECVD epitaxial Si process) does not deteriorate the TJ properties but it rather improves the
tunneling properties.

5.5 Heteroepitaxial growth of Si on GaAs

The core idea in IMPETUS research project is to take advantage of the unique capabilities of
low temperature PECVD hetero-epitaxial growth. Thus in this section we present a detailed material
analysis of LTE silicon on (001)-oriented GaAs wafer: substrate surface preparation, epitaxial growth
conditions optimization and crystal quality assessment.

5.5.1 GaAs surface cleaning

GaAs surface cleaning in PECVD reactors is not as simple as using epi-ready wafers in MOCVD
reactors (which requires only a small annealing at 600-700°C under group V precursors atmosphere).
If GaAs wet chemical cleaning is possible””, the resulting surface passivation is probably less resistant
compared to the H-terminated silicon surface. Indeed, while the short time air exposure between silicon
wet oxide removal and reactor pumping does not prevent from good epitaxial growth, in the case of
GaAs, we could not obtain a stable passivated surface because of the air exposure before loading into
the reactor. Thus, we decided to develop dry plasma GaAs in-situ cleaning, using a similar process
as the one established for Si and Ge in the two previous chapters. GaAs surface cleaning has been
achieved in both reactors used in this thesis: the 30 years old ARCAM'"Y and the new industrial like
cluster tool. The best plasma conditions are summarized in Tab.5.2.

PECVD Temp. Pressure SiFy Power Time Electrode gap
Reactor  (°C)  (mTorr) (sccm) (mW/cm?) (min) (mm)
Cluster 175 250 20 140 3 22
Arcam 175 80 30 65 —>30 3+ 2 17

Tab. 5.2 — Optimized SiF4 plasma conditions for GaAs surface oxide cleaning in two different
PECVD reactors.

99V L. BERKOVITS et al., Applied Physics Letters, 80: 3739, 2002.
100p RocA 1 CABARROCAS., Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 9: 2331, 1991.
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Fig. 5.27 — a) In-situ real time spectroscopic ellipsometry monitoring of GaAs (100) native oxide
cleaning by SiF4 plasma. The plasma starts at t=0s, and ¢; at 4.38 eV is monitored for three values
of the RF power: 15W(squares), 25W(circles) and 35W(triangles). b) RMS roughness (squares),
measured ex-situ by AFM after 200s plasma treatment, as a function of plasma power. The 35W
treatment results in a ~1nm roughness as shown in the inset. GaAs surface oxide (triangles)
thickness deduced from fitting post-deposition ellipsometry measurements.

The evolution of GaAs native surface exposed to a SiF4 plasma is monitored in real time by
in-situ ellipsometry. The time evolution of €; at ~ 4.4 eV3for three values of plasma RF-power
is shown in fig.5.27-a). As a reference, the reference e; value for GaAs oxide free surface, at the
substrate temperature of 180°C is shown by a grey dash line at the top of the graph. The SiF4
plasma conditions are 20 sccm and a pressure of 250 mTorr, and three power conditions are tested
15W (squares), 25W ((circles) and 35W (triangles). The flat curves at t<0s correspond to the GaAs
surface with its native oxide, and the plasma ignition is characterized by a drop in g; at t=0s. The
presence of such kink is not clearly understood yet. Then, g; is increasing with time, above the initial
value, indicating that the surface oxide is being removed. The best recipe turns out to be at 35W, since
this curve gets closer to the theoretical value. For the 35W curve, a maximum g; is reached after ~
3 min of surface cleaning; further plasma exposure results in surface degradation, most likely through
roughness creation. The RMS roughness, measured ex-situ by AFM after a 200s SiF4 plasma cleaning
step, is shown in Fig.5.27-b) (square symbols). From an initial value below 0.4nm for the out-of-the-
box surface, the 35W treatment creates ~ 1nm roughness (see inset), which remains reasonable for
subsequent epitaxial growth. The GaAs oxide thickness, as fitted from post-deposition ellipsometry
measurements, is reduced below 0.5nm, as compared to the native oxide thickness being slightly above
2nm. The non-zero value for the oxide thickness after cleaning is probably linked to oxide re-growth
since the sample is measured in air. Overall, this is the proof that GaAs oxide can be efficiently
removed by in-situ SiFy4 plasma at 175°C. The mechanism involved may be a mix of chemical reaction
and sputtering effect.

3 Absorption depth is in the range of 8nm for this photon energy.
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The full spectrum g; as measured both in-situ and ex-situ are shown in Fig.5.28. The differences
between a standard GaAs (triangles) and an epi-ready surface (circles) is clearly visible on graph
a): in the high energy range, the higher amplitude of the epi-ready wafer is linked to lower surface
roughness and lower oxide thickness. Thus the cleaning recipe and the SiF4 cleaning duration should
be adapted if a different wafer surface quality is used. The effective oxide removal upon SiF4 plasma
exposure is proven by the good match of the e; reference oxide-free curve (in red) and the GaAs wafer
measured after cleaning (open triangles). The absorption depth is provided on an indicative basis, on
the right axis (blue curve). Fig.5.28-b) shows basically the same information but measured ex-situ: i)
the standard GaAs wafer with its native oxide (triangles), ii) the same wafer after SiF4 plasma etching
(open triangles), and iii) the reference g; curve for an oxide free GaAs at room temperature (red line).
The best GaAs surface plasma cleaning conditions found in two different reactors are listed in Tab.5.2.
For the reactor Arcam, more asymmetrical compared to the PECVD cluster configuration, a two-step
process with high and low power density has been used.
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Fig. 5.28 — a) Comparison of GaAs surfaces measured by in-situ ellipsometry for: i) a standard
GaAs wafer (triangles), ii) an epi-ready wafer (circles) and iii) a standard GaAs wafer after SiF4
oxide cleaning (open triangles) and iv) the reference GaAs at 180°C (red line). Absorption depth
in GaAs is represented by the blue curve. b) Comparison of GaAs surfaces from ex-situ ellipsometry
measurements for: i) a standard GaAs wafer (triangles), ii) a standard GaAs wafer after SiF4 oxide
cleaning (open triangles) and iv) the reference GaAs at room temperature(red line).

The paramount importance of surface oxide cleaning is demonstrated in Fig.5.29. In this graph
we show the result of three silicon depositions done with the exact same epitaxial conditions as op-
timized for epi-Si, but the surface treatment prior epitaxial growth differs between the three sam-
ples. The depositions and wafer surface cleaning are done in the same reactor, ARCAM, and the
oxide cleaning follows a two steps process (high and low plasma power, see Tab.5.2). In Fig.5.29-
a), the ellipsometry spectrum measured ex-situ after deposition are displayed: one sample had a
1min(11W)/4min(5W) SiF4 plasma (squares), the second a 2.5min(11W)/2.5min(5W) (circles) and
the third a 3min(11W)/2min(5W) (triangles), the optimized recipe for this reactor. The difference
between the silicon materials deposited on GaAs is striking: for the 1min/4min sample, the material is
amorphous (large shoulder with a &; max around 20). The 2.5min/2.5min sample shows characteristic
peaks of crystalline silicon, thus giving a first proof of epitaxial Si grown on GaAs. The third sample,
3min/2min, shows even higher g; peaks: 34.5 and 40.9 at 3.4 and 4.2 eV respectively. Thus the epi-Si
quality is strongly correlated to the GaAs effective native oxide removal.



204 5.5. HETEROEPITAXIAL GROWTH OF SI ON GAAS

We can draw the same conclusion from the Raman spectra shown in Fig.5.29-b). The amorphous
sample has a characteristic shoulder around 480cm ™! with a tiny peak centered around 520cm™!: this
layer has probably a small fraction of crystalline material. The second sample, 2.5min/2.5min, shows
a well-defined c-Si peak centered at 523 cm ™! and with a FWHM of 10.2cm™!: this sample seems to
be under compressive stress, and the FWHM indicates the presence of crystal defects. The substrate
GaAs LO mode is visible at 292 cm 1. For the third epitaxial sample (triangle), the c-Si peak FWHM
is lower, 9cm™! and the shift is even larger: 524cm™!. Thus the crystal quality of this sample is
higher, but since there are less defects enabling relaxation, the stress is higher in this material. Note
that both GaAs TO and LO modes are visible at 268 and 292 cm™!; indeed the high doping of the
GaAs substrate results in a coupling of the LO mode with surface plasmons, which explains why this
TO mode becomes visible.
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Fig. 5.29 — a) &; measured ex-situ after the deposition of silicon on GaAs using the same plasma
epitaxial conditions but different SiF4 oxide cleaning recipe: 1min(11W)/4min(5W) (squares),
2.5min(11W)/2.5min(5W) (circles) and 3min(11W)/2min(5W) (triangles). b) Raman spectra mea-
sured on the same samples.

5.5.2 Effect of silane dilution

Once the optimum surface cleaning conditions were established, we decided to optimize the silane
dilution in Ha, since, as presented in chapter 3, the precursor dilution is linked to the microcrystalline,
epitaxial or amorphous structure of the deposited layer. Thus, we have deposited a series Si on GaAs
samples, for which the SiFy4 plasma cleaning step was identical, but during the following SiH4/Hao
plasma epitaxial conditions, the silane flow rate was changed while keeping all the other parameters
constant. The samples were analyzed by ellipsometry and Raman spectroscopy after deposition, as
shown in Fig.5.30. The ¢g; is displayed in Fig.5.30-a) for 4 different silane flow rates: 14 (stars), 34
(triangles), 36 (circles) and 40 sccm (squares). The same material transition is found compared to
the epitaxial Si on c-Si case: i) at high silane flow rate (40sccm), the material is amorphous, ii) at
moderate flow rate (34-36 sccm), the material is epitaxial (as judged by &; characteristic peaks at 3.4
and 4.2 eV) and iii) at low silane flow rate, thus high dilution in Hg, the sample is microcrystalline
(lower g; 4.2 eV peak compared to 34-36 sccm curve). When comparing the g; curve, one should also
keep in mind that the material is changing with thickness and deposition rates are lower for lower
silane flux. Thus the 14 sccm sample corresponds only here to 18 nm of Si on GaAs, while the 36 sccm
sample consists of 126 nm of Si on GaAs. It is in fact expected that the &; peaks amplitude would
decrease for the 14 sccm conditions if longer deposition were performed. Indeed the highest e; peaks
amplitude for the thickest depositions are good criteria for finding the optimum epitaxial conditions.

This trend in Si on GaAs material changes with silane dilution during epitaxy is further confirmed
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Fig. 5.30 — a) Ellipsometry measurements on silicon deposited on cleaned GaAs wafer from a
SiH4/H2 plasma, with various silane flow rates: 14 (stars), 34 (triangles), 36 (circles) and 40 sccm
(squares). b) Corresponding Raman spectra.

by Raman spectroscopy analysis. The spectra measured on the same series of samples are shown in
fig.5.30-b). The c¢-Si peak around 520 cm™! is very tiny for the 40 sccm sample, betraying the large
a-Si:H fraction in this material; for the 14 sccm sample, no broad a-Si:H shoulder is detected, but the
peak seems to be larger. The TO and LO modes are well detected at 268 and 292 cm ™1, since this
sample is very thin. The 34 and 36 sccm samples have a well-defined sharp c-Si peak, with 34 sccm
exhibiting the smallest FWHM.

These results are summarized in the Fig.5.31 where the e; peak amplitude at 3.4 eV (triangles)
and 4.2 eV (circles) are plotted as a function of silane flow rate (or silane dilution with top x-axis).
The right y-axis shows the Raman c-Si peak FWHM for the different silane flow rates (squares). The
maximum of €;, around 34.5 at 3.4 eV and 41 at 4.2 eV, happens for the same silane flow rate, namely
~34 sccm, than the minimum Raman FWHM (8.4 cm™1). Moreover, looking at deposition rates (see
diamond symbols, second y-axis on the right) the highest value, 1.3 A/ s, corresponds also to 34 sccm
of SiH4. Thus the two techniques confirm the existence of an optimum silane dilution for epitaxial
growth. This optimum corresponds to a SiH4/(SiH4+Hz2) of ~0.14%, in this reactor. Interestingly
enough, this optimum is exactly the same than in the silicon homoepitaxial case.

5.5.3 Assessment of the crystal quality

The successful epitaxial growth at 175°C of silicon on GaAs has been confirmed by both
Raman and ellipsometry. To gain more insight into such heteroepitaxial layers crystal quality, we have
performed cross section TEM analysis of the epi-Si/GaAs samples. These analysis were performed
thanks to the help of TEM experts R. Ruggeri, J.-L. Maurice and G. Patriarche, on both LPICM
TEM and LPN STEM set-ups.

The TEM analysis of a 650nm epi-Si sample observed in cross section along the [110] axis is detailed
in Fig.5.32. The whole layer is visible on the low magnification picture Fig.5.32-b); the characteristic
dark spots already observed in the case of low temperature PECVD epi-Si on ¢-Si are also present
here. Such pattern is linked to the presence of defects, such as H-platelets, point defects and strain
in the epi-Si layer. A high resolution zoom on this epi-Si interface is presented in a): i) the interface
appears sharp and well defined ii) Excellent atomic order can be distinguished in epi-Si layer. Despite
the ~4% lattice mismatched between the two materials, we couldn’t detect threading dislocations; this
first observation validates the benefice of a low temperature growth approach and its reduced thermal
expansion related problems. The Fourier transform image of this high resolution picture is shown
in Fig.5.32-¢): a two points spot can be distinguished, which in fact corresponds to the contribution
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Fig. 5.31 — Left: e; amplitude values at 3.4 eV (triangles) and 4.2 eV (circles) as a function of
silane flow rate. Right: Raman c-Si peak FWHM as a function of silane flow rate (squares). The
top x-axis shows the silane dilution. The second y-axis on the right scales the deposition rate
(diamonds).

of Si and GaAs having different lattice parameters. This is confirmed on the electronic diffraction
picture taken at the interface, as presented in Fig.5.32-d); zoom on (004) and (440) planes in e) and
f) clearly show the distinct diffraction points. This double pattern confirms that the epi-Si growth is
not pseudomorphic: the silicon is growing with a lattice parameter at least partially relaxed, which
differs from the one of GaAs. From those first images, the epi-Si layer crystal quality seems to be
comparable to the one obtained in the case of PECVD epi-si grown on lattice matched c-Si.
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Fig. 5.32 — a) HRTEM image along [110] axis of epi-Si/GaAs interface. b) Low magnification
cross section picture of the whole 650nm thick epi-Si layer on GaAs. c) Fourier transform image of
picture a). d) Diffraction pattern of epi-Si/GaAs interface: the double points visible in each family
planes (e.g. see ) and f)) are the signature of both Si and GaAs lattices.
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The epi-Si/GaAs interface has been analyzed by SIMS and HAADF to get detailed information
on its chemical composition. The SIMS Si, F and As profiles are shown in Fig.5.33. As visible
on graph a) and b), when no annealing is performed (squares symbols) the transition between Si
and GaAs is very sharp, no diffusion is detected. The same sample has been analyzed after 15min
(circles), 60min (triangles) and 140min (stars) annealing steps in air at 390°C. With these latter two
annealing conditions, a diffusion profile starts to be visible for As inside silicon and for F inside GaAs.
The fluorine detected at the interface are residual atoms left from the SiF4 cleaning step; it should
be possible to decrease F content at the interface by appropriate H/Ar plasma treatment after the
cleaning step. The diffusion of As in silicon may result in n-type doping since As is a donor impurity
for silicon. In any case, if annealing steps are required during solar cell processing (e.g. to get ohmic
metal contacts) this is usually a 2-5 min step. Consequently, as expected for this low temperature
approach, the diffusion across the interface should not be a problem if annealing at T~400°C does
not last more than a few minutes.
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Fig. 5.33 — SIMS profiles of a) Si and As and b) F for epi-Si/GaAs interface. The profiles are mea-
sured for the same sample annealed at 390°C in air for 3 durations: Omin (squares), 15min(circles),
60min (triangles) and 140min (stars).

Additionally, STEM-HAADF analysis has been performed on the cross section of epi-Si/GaAs
samples prepared by FIB. HAADF images are formed by collecting high-angle scattered electrons
with an annular dark-field detector in scanning TEM. Using this imaging method, there is a strong
dependence of STEM image intensity on average atomic numbers of the scatterer elements encountered
by the incident probe. Thus, a region with lighter elements or simply less atoms will appear darker on
a HAADF image; if the sample thickness is uniform, the HAADF contrast is a function of the material
density/chemical composition. A 152 nm epi-Si on GaAs low magnification picture is shown both in
bright field a) and HAADF b) in Fig.5.34. In HAADF image, the Si appears darker as a consequence
of its smaller atomic number. At this scale, the interface looks again sharp and well defined. By
zooming on the interface, the crystalline network becomes clearly visible as well as some crystalline
defects such as stacking fault. The high resolution HAADF pictures of the interface, Fig.5.34-c,d),
and the intensity profile in the inset, confirms the chemically sharp transition as expected from SIMS
analysis.

To get more insight into the crystalline defects found in such low temperature epitaxial silicon
on GaAs, we have done TEM image treatment. Starting from a HR-STEM image of the interface
(see Fig.5.35-a), we could highlight defects lying in the 111 planes. First we have used a fast Fourier
transform algorithm (FF'T) to process the interface real-space image. The result, as shown in Fig.5.35,
is conceptually equivalent to an electronic diffraction pattern, and thus reveals well defined spots
corresponding to the contribution of crystallographic planes. In the case of epitaxial growth on (001)
oriented substrates, many defects are lying in the 111 planes. Thus by applying a mask on the specific
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Fig. 5.34 — Low magnification a) STEM bright field (BF) and b) HAADF image of cross section
epi-Si(150nm)/GaAs interface. High resolution BF c) and HAADF d) zoom on the interface, with
inset showing intensity profile.

(111) spots in the FFT image, and then performing inverse FFT algorithm, we could reconstruct the
high resolution real-space image of the interface, but keeping only the contribution of the selected
(111) planes. Additionally, we have used color instead of grey scale for this reconstructed image, to
better highlight planes. Like so, images Fig.5.35-a) and b) correspond to the exact same interface
area. The inset 1, 2 and 3 correspond to zooms on three different zones were defects were detected:
lattice distortions and edge dislocations can be recognized. In fact, as shown in the chapter 3, similar
defects are detected with this technique in the case of epi-Si on ¢-Si. Thus from this analysis, we could
be tempted to say that similar crystal quality is achieved for both PECVD homo and heteroepitaxial
case. Yet, one should remember that Raman FWHM is a good statistical quantity to probe crystal
disorder, and around 8 cm™! has been found for epi-Si on GaAs whereas epi-Si on ¢-Si FWHM are
in the range of 5 to 6 cm™!. In any case, this epi-Si on GaAs material is also full of hydrogen, and a
large fraction of the crystalline defects should not have electrical activity.
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Fig. 5.35 — a) High resolution STEM cross section picture along [110] axis of epi-Si/GaAs interface.
b) Corresponding Fourier transformation. c) Selection of (111) planes by applying specific mask.

d) Reconstructed TEM image, in temperature color scale, by inverse Fourier transform, keeping
only the selected (111) planes contribution. 1, 2 and 3 are zooming on defective areas.
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Fig. 5.36 — a) High resolution XRD measurement of the {004} planes parallel to the surface of
epi-Si film grown on (100) GaAs. b) Grazing incidence XRD measurement of the {220} planes
perpendicular to the surface, for the same sample.

In addition to the TEM analysis, we coupled high angle 20/w X-ray diffraction and grazing inci-
dence X-ray diffraction (GIXRD) measurements on a epi-Si(135nm)/GaAs, grown by low temperature
PECVD epitaxy, to get information about the crystallinity of the films and get their lattice param-
eters. These analysis were performed by XRD experts L. Largeau and O. Mauguin with the Rigaku
Smartlab diffractometer based in the LPN laboratory. This set-up allowed us to study the diffrac-
tion from the {004} crystallographic planes parallel to the surface (lattice parameter:a ), with 20 /w
scan, and the diffraction from the {220} crystallographic planes perpendicular to the surface (lattice
parameter:a, ), with 20 x/¢ scan. The €2 and 26 grazing angles were both 0.28°. Additionally, 4
scans were performed along the {220} planes to check the epitaxy relaxation; the absence of twins in
epi-Si was also confirmed by large angular scans revealing no peak from {114} planes perpendicular
to the sample surface.

Fig.5.36-a) shows the 20 /w scan with diffraction from the {004} planes, and Fig.5.36-b) shows the
GIXRD scan with diffraction from the {220} planes. In both cases, the peaks of GaAs substrate and
Si epi-layers appears at distinct angular positions; thus confirming the difference in lattice parameters
(metamorphic growth). For the 20/w scan, the Si peak intensity is much lower than GaAs, this is
attributed to the lower crystal quality of Si and its limited thickness; in GIXRD, the peak of Si is
well-defined and has an intensity closer to the one of GaAs. Knowing the distances of {004} and {220}
GaAs substrate planes, we could deduce from the peak position the in-plane a| and out-of-plane a_

lattice parameters of epi-Si; we found: a)= 5.4049A and a | =5.4537A . Using the equations listed in

chapter 3 (eq.3.4, eq.3.5 and eq.3.6) a bulk equivalent lattice parameter of 5.4325A for epi-Si on GaAs
is found. Thus, the mismatch between Si and GaAs is so high that Si relaxes almost immediately (few
nm after the interface), and the epi-layer is growing with its own lattice parameter. Therefore, in the
case of epi-Si on GaAs, the in plane compressive stress detected both in Raman and XRD is more
linked to epi-Si impurity content (such as hydrogen platelets) than to the lattice mismatch with GaAs.

Finally, the evolution of epi-Si on GaAs with thickness has been studied. The €; curves measured
by ex-situ ellipsometry are shown in Fig.5.37-a) for three different epitaxial thicknesses: 215 nm
(triangles), 640 nm (circles) and 1450 nm (squares). The thickness change between the three samples
is visible in the 1.5-3 eV range, with Si/GaAs interface related oscillations. The characteristic peaks
of ¢-Si in the three samples are visible, however the thickest sample shows a net decrease of the peak
amplitude. This could be related to an increase of surface roughness or a deterioration of the epi-Si
quality. To further investigate this thickness changes, we have performed Raman measurements on
the same three samples, as shown in Fig.5.37-b). The two thickest samples have a lower peak FWHM,
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Fig. 5.37 — a) Ellipsometry spectra for epi-Si on GaAs samples with three different thicknesses: 215
nm (triangles), 640 nm (circles) and 1450 nm (squares). b) Corresponding Raman spectra.

namely 7.6 cm ™!, compared to the 9.4 cm™?! found for the 215 nm sample; the peak position is also

decreasing from 523.4 to 522.7 cm~! with increasing thickness. Thus the epi-Si material is relaxing
with increasing thickness; while the crystal quality, as measured by this technique, seems to improve.
To resolve this apparent contradiction between ellipsometry and Raman analysis, more samples should
be analyzed. The question of the existence of a potential critical thickness, or whether epitaxial quality
may improves with thickness, in this epi-Si on GaAs scenario remains open.

Using the design presented in the chapter 4 (the so-called wafer equivalent approach) we have built
test diodes made of epi-Si on GaAs. The stack consists of GaAs(n+)/epi-Si(i)/(p)a-Si:H, as shown in
Fig.5.38. Two diodes were made one with 123nm epitaxial absorber (circles) and a second one with
426 nm epi-Si absorber (triangles). The corresponding IV curves under 1 sun and solar cell parameters
are shown in Fig.5.38. These solar cells have in fact a very poor diode behavior, but, obviously, such
absorber thicknesses are way too small to have significant absorption. The trend of V,. and Js¢
increase with absorber thickness reveals that much better diode characteristics can be expected for
epi-Si absorber in the range of few microns. Overall, these devices are proof of concept that epi-Si
grown on GaAs by PECVD have suitable electronic quality for solar cells.
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Fig. 5.38 — Test diodes consisting of GaAs(n+)/epi-Si(i)/(p)a-Si:H with two different absorber
thicknesses: 123 nm (circles) and 426 nm (triangles).
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5.6 Summary and perspectives

[Takeaway Message - Integration of Si on III-V: towards tandem devices]

o The integration of III-V compounds, dominant materials in LED and optoelectronics,
with the mainstream Si technology is a long sought after goal for the semiconductor
industry. However, the associated material challenges for growing planar III-V on
silicon substrate (polar III-V vs covalent Si structure, lattice and thermal mismatch)
make the task difficult.

e Theoretical detailed balanced efficiency calculations confirm that Si band gap is well
adapted for multijunctions: i) 2 junctions can reach ~42% for 1.74/1.12 eV or
1.64/0.96 eV at 1 sun or ii) 3 junctions (1.87/1.44/1.12) eV can reach ~ 47% or
~45% for 1.74/1.12/0.53 eV under 1 sun iii) 4 junctions can reach 57% under 100
suns with 2.0/1.49/1.12/0.67 band gaps.

e For solar cells, direct heteroepitaxy of I1I-V on GaAs is limited by dislocations and max-
imum efficiencies are in the 20% range. Using buffer layers, the defects are reduced,
but such III-V/Si tandem device remains in the 15% range. Wafer bonding III-V/Si
cells are leading the race with efficiency around 25% reported.

e Our innovative inverted metamorphic approach, as studied in IMPETUS project, targets
a low cost ~30% efficient device: i) a top AlGaAs cell is grown lattice matched on
sacrificial I1II-V layers ii) a bottom Si(Ge) cell is grown by LTE on the top III-V cell
iii) The whole stack is lifted-off and flipped over to process the top cell front side.
This approach minimizes the thermal mismatch, suppresses the polarity problems,
and enables wafer re-use.

e GaAs solar cells on wafer reaching more than 20% efficiency and a V. of 1011 mV have
been achieved using AlGaAs window layer, protected from the oxygen of TiO2/SiO2
double ARC by a thin GalnP layer.

o GaAs/GaAs and AlGaAs/GalnP tunnel junctions with Jpeqr of respectively 7.2 and 56
A/cm? have been realized. Unexpectedly, a X3 improvement of the GaAs/GaAs TJ
Jpeak, up to 20.8 A/cm?, was observed upon Hap plasma exposure. This effect is
beneficial for integration of III-V top cell with a PECVD bottom cell deposited from
Hg/SiH4 plasma.

e Proper native oxide removal is crucial for Si LTE on GaAs wafer. Using SiF4 plasma
treatment at 175°C, the GaAs wafer native oxide can be efficiently removed while
keeping a surface roughness low enough to be compatible with subsequent epitaxial
growth (RMS ~1nm).

e Similarly to epi-Si on ¢-Si, when changing the silane dilution in Hs, low temperature
PECVD heteroepitaxial growth happens at the transition between micro-crystalline
and amorphous conditions. The best epi-Si on GaAs has a Raman FWHM of 7.6cm ™.

e The monocrystal quality of epi-Si on GaAs is confirmed by TEM cross section analysis and
XRD. Similar point defects and stacking faults than epi-Si on c-Si are observed. Dif-
fusion related problems are suppressed in our low temperature approach, as confirmed
by the chemically sharp interface found by SIMS and STEM-HAADF. XRD scans
confirm that epi-Si epitaxial growth is metamorphic. The small detected compressive
stress in epi-Si is probably linked to H-platelets.
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Conclusion

The growth of monocrystalline material is usually performed with high temperature techniques
(~700°C and beyond) and/or ultra-high vacuum set-ups (10~mb and below). However during this
PhD thesis we have focused on a completely unusual way of epitaxial growth: low temperature plasma
enhanced chemical vapor deposition - PECVD. As a matter of fact, this technique, widely used by
the semiconductor industry for large area depositions of amorphous and nanocrystalline materials,
enables the growth of monocrystalline material without high vacuum at temperatures in the 200°C
range. Our goal was to gain insight into this low temperature epitaxial (LTE) process, applied to Si
and SiGe crystals, as well as to investigate the potential of such low temperature deposited materials
for single and multijunction solar cells.

Contributions to the research field

Three main research axis were investigated during this doctoral work: i) the silicon low tem-
perature homoepitaxial process itself, from SiH,/Ho plasma ii) thin film crystalline Si and SiGe solar
cells having a photo-active epitaxial layer of few microns thick, and iii) the combination of III-V and
silicon for tandem devices using LTE.

First, using ellipsometry, Raman, TEM and XRD, we have confirmed that monocrystal silicon
layers can be grown on c-Si substrates in a standard PECVD reactor from SiH4/Hsy gas precursors;
thicknesses up to 8um were obtained (dep. rate of 1-3 A /s). As an alternative to the classical wet HF
dipping used to remove silicon native oxide from the crystalline substrate prior to epitaxial growth,
a dry process has been demonstrated. Using a SiF4 etching plasma at 175°C, the c¢-Si native oxide
removal has been precisely monitored by in-situ ellipsometry, and excellent epitaxial growth quality
has been achieved subsequently in the same plasma chamber. We have shown that the silane dilution
in Ho, namely SiH4/(Ho+SiHy), is an important parameter that controls the material crystallinity.
A small dilution results in microcrystalline layers, a high dilution results in a-Si:H material and the
epitaxial growth happens at the transition between these two regimes. The low temperature epitaxial
silicon is a highly hydrogenated material, H content can be as high as few 102°cm™3; thus this material
could be labeled epi-Si:H. By TEM, the main crystal defects identified were point defects, stacking
faults and H-platelets; Secco etching has revealed a dislocation density < 1x10°cm?. However, since
they are passivated by hydrogen, most of crystal defects do not behave as recombination centers. This
hydrogen in the epitaxial layer is responsible for a compressive stress (aepi—si:m > @c—gi); XRD has
confirmed the pseudomorphic growth of epi-Si:H on ¢-Si. In addition, a hydrogen plasma treatment
of the wafer surface before epitaxy has been shown to be another efficient way to control the stress in
the epi-layer. The best electron(hole) mobilities reported in this work was 400(125) cm?/(V.s). Using
cross section epi-Si Raman mapping and in-situ ellipsometry, we could demonstrate the epitaxial qual-
ity improvement with increasing layer thickness. And finally, the existence of an energy upper bond,
for incoming charged particles, above which epitaxial growth is lost has been experimentally proven.
Below this threshold, the impinging ions on the growing film may provide additional surface energy
enabling epitaxial growth at such low temperature.

Thin epitaxial solar cells on wafer reaching a record 8.8% in 4.2um thick absorber have been
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demonstrated. The excellent fill factor of 80.5% obtained confirms the excellent quality of epi-Si:H.
Diffusion length up to 20pum were estimated for these solar cells. Compared to wafer based solar cells,
high impurity concentration and defect density are acceptable in thin film crystalline solar cells: the
rule of thumb is to keep the diffusion length roughly 3 times higher than the absorber thickness for
efficient carriers collection. The classic ray optics light trapping is not suited for ultra-thin c-Si films
of few microns, but nanostructures can instead efficiently enhance absorption by impedance matching
and mode coupling effects. Experimental epitaxial solar cells including nanostructures were found
to be very challenging: the absorption gain is often counterbalanced by surface passivation issues.
Among the different techniques/patterns tested, the inverted pyramids produced by wet etching was
identified as the most promising solution. Furthermore, we have demonstrated that epi-Si:H layers can
be easily lifted-of by a rapid annealing step around 400°C. Transfer of few cm? PECVD epi-Si layers
on PDMS/glass or directly on glass by anodic bonding was successfully achieved. The low density
(porous) epi-Si/c-Si interface, as confirmed by STEM-HAADF, offers an easy cleavage direction for
detachment. This weak interface is caused partially by H-platelets parallel to the interface. A good
quality c-Si/epi-Si interface (high quality surface cleaning and vacuum level) will increase the epitaxial
cell V. but prevents from layer lift-off. We have also shown that the low temperature PECVD process
was well suited for heteroepitaxial growth: epi-Ge layers grown on c-Si and epi-SiGe layers grown on
c-Si were obtained for the first time. A record SiGe epitaxial cell with 27% Ge reaching 18.8 mA /cm?
for 1.9um, 77.5% fill factor and 6.1% efficiency has been demonstrated.

ITI-V and silicon offer a great combination of band gap: more than 40% and 45% are predicted
for tandem and triple junctions featuring a Si bottom cell. The classic approach consists in growing
growing GaAs on Si substrate, but the lattice and thermal mismatches remain a big challenge. Thus,
unlike the general trend of growing III-V on silicon, we have shown that growing silicon on III-V
is a very interesting alternative approach. Indeed, it suppresses the problem of anti-phase domains
encountered with the GaAs/Si polar/non-polar interface. By using low temperature PECVD epitaxy,
the thermal mismatch and diffusion related problems (as proven by SIMS) are also drastically reduced.
Very good Si crystal quality was achieved by direct PECVD epitaxial growth of Si on GaAs at 175°C,
as confirmed by ellipsometry, Raman, TEM and XRD. A one pump down and low temperature pro-
cess was demonstrated using SiFy etching plasma to remove GaAs oxide, followed by epitaxy from
SiH,4/Hg gas precursors. The epi-Si material grown on GaAs exhibits similar crystal quality compared
to the one grown on c-Si; in addition, similar growth rates and effects of silane dilution were observed.
The lattice mismatch between GaAs and Si is relaxed immediately at the interface, and no thread-
ing dislocations were observed by TEM. The best epi-Si on GaAs has a Raman FWHM of 7.6cm™!.
Within the IMPETUS research project, we have proposed an inverted metamorphic tandem device
with AlGaAs MOCVD-grown top cell and SiGe PECVD grown bottom cell. Building blocks towards
this multijunction were demonstrated: GaAs cells with more than 20% efficiency, and performant
AlGaAs/GalnP tunnel junction reaching 56 A /cm? peak current. Moreover, we could show a striking
improvement of the TJ characteristics upon a Hs plasma exposure; this effect was attributed to the
enhancement of trap assisted tunneling mechanism. This provides a further proof of the validity of
this approach.

Open questions and futur work

Luckily for the next PhD students, there are still plenty of interesting things to study in the
field of low temperature PECVD epitaxy. Indeed, the question of how hydrogen is incorporated into
the c-Si lattice remains open: in addition to H-platelets, hydrogen could also be present as interstitial
or molecular impurities. Since this low temperature epi-Si contains a lot of hydrogen, one can wonder
if there would be some light induced degradation effects. The electronic properties should be stud-
ied in more details, as well as their evolution with deposition temperature (and H-content): can we
match microelectronic grade electronic properties for epi-Si layers grown by PECVD in the 150-350°



temperature range? In addition the effect of lift-off and transfer process on the epi-layer should be
studied in more details. From an industrial point of view, the deposition rate affects strongly the cost,
and the upper limit for PECVD epi-Si:H remains to be found. Another intersting point would be to
study more precisely the main physical reason which hinders epitaxial growth on (111) oriented c-Si
substrate as compared to (100). More generally the growth mechanism should be studied in details,
especially the contribution of plasma borned nanoparticles.

With very little room for efficiency improvement, c-Si technology can further drive the cost down
by reducing absorber thickness to few tens of microns. The c-Si cell of tomorrow will most likely be
<40pm and >20% and potentially on flexible substrate. Thin film epitaxial Si solar cells are thus
building the bridge between the world of thin film and crystalline solar cells. PECVD lifted-off epi-Si
cells with absorber in the 10-15um range, can pass the 15% efficiency threshold using wet etched
inverted pyramids as a front light trapping feature, and may even reach 20% if excellent light trapping
and passivation are achieved. This would be a great result to achieve. Using higher growth tempera-
ture (~300°C) and appropriate in-situ wafer surface cleaning, better interface quality and electronic
properties are expected; this should improve epi-cells performances. Efficient lifted-off nano-structured
PECVD epi-Si cells still need to be fabricated.

We have demonstrated that PECVD is a suitable technique for the growth of mono-crystalline Si,
Ge and SiGe layers. It seems also very likely that this technique would enable epitaxial growth of
III-V materials, and thus offer potentially significant cost reduction compared to MOCVD or MBE
approach. Since the epitaxy itself is a significant fraction of the III-V cell cost, this option is worth
being explored. Many aspects of the Si growth on GaAs require detailed study: - material quality
evolution with thickness - interface electrical properties - doped epi-Si(Ge) layers. In addition, detailed
efficiency calculations of the proposed tandem device, by taking into account the incomplete absorption
in the SiGe bottom cell should be performed. Before the tandem device itself, a tunnel junction made
of GaAs/Si would be an important milestone. Finally, the best technological process to transfer and
contact the inverted I1I-V/Si stack should be found.
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Abstract:

This thesis focuses on epitaxial growth of Si and SiGe at low temperature (~200°C) by Plasma Enhanced
Chemical Vapor Deposition (PECVD), and its application in thin film crystalline solar cells. Our goal is to
gain insight into this unusual growth process, as well as to investigate the potential of such low temperature-
deposited material for single and multi-junction solar cells.

First, we have proposed a one pump-down plasma process to clean out-of-the-box c-Si wafer surface and
grow epitaxial layers of up to 8um thick, without ultra-high vacuum, in a standard RF-PECVD reactor.
By exploring the experimental parameters space, the link between layer quality and important physical
variables, such as silane dilution, ion energy, or deposition pressure, has been confirmed. Both material
and electrical properties were analyzed, and we found that epitaxial quality improves with film thickness.
Furthermore, we could bring evidence of SiGe and Ge epitaxial growth under similar conditions. Then, with
the whole process steps <200°C, we have achieved PIN heterojunction solar cells on highly doped substrates
with 1-4um epitaxial absorber, reaching 8.8% efficiency (without light trapping) and 80.5% FF. Replacing
Si absorber by epitaxial Sig73Geq o7 resulted in 11% boost in Jsc. The use of an engineered wafer/epitaxial
layer interface and stress enables easy lift off: e.g. we successfully bonded 1.5um thick 10cm? epi-Si to glass.
Additionally, we have considered the impact of photonic nanostructures on device properties. Together, the
control of growth, transfer and advanced light trapping are paving the way toward highly efficient, ultrathin
(<10pum) and low cost c-Si cells. Finally, in contrast with general trend of growing ITI-V semiconductors on
Si, we have studied the hetero-epitaxial growth of Si on ITI-V. Good crystal quality was achieved by direct Si
deposition on GaAs, thanks to reduced thermal load and suppressed polarity issues in this approach. Using
MOCVD, we could build GaAs cells with 20% efficiency and III-V tunnel junctions reaching 55A /cm?.
Tunneling improvement upon H-plasma exposure was shown. Those results, combined with III-V layer lift
off, validate milestones toward high efficiency tandem AlGaAs(MOVD)/SiGe(PECVD) metamorphic solar
cells.

Keywords: PECVD epitaxial growth, Low temperature, Photovoltaic, Silicon, SiGe, Ultra-thin crys-
talline solar cells, Lift-off and transfer, Photonic nanostructures, Silicon on III-V, GaAs solar cells, Tunnel
junctions.

Résumé:

Cette these s’intéresse a la croissance épitaxiale de Si et SiGe & basse température (~200°C) par dépot
chimique en phase vapeur assisté par plasma (PECVD), et a 'utilisation de ces matériaux cristallins dans
les cellules solaires en couches minces. L’objectif était de mieux comprendre cette croissance inattendue et
d’étudier le potentiel de ces matériaux pour les cellules simples et multijonctions.

Nous avons d’abord démontré qu’il est possible d’effectuer, avec un réacteur PECVD standard, un
nettoyage efficace de la surface du c-Si et de poursuivre par une croissance épitaxiale de couches de Si jusqu’a
8um d’épaisseur. L’impact des parametres du procédé tels que la dilution du SiH4 dans I’'Hg, ’énergie des
ions ou encore la pression totale, sur la qualité des couches a été mis en évidence. Les propriétés électriques et
structurelles des couches ont été analysées, et nous avons démontré une amélioration de la qualité cristalline
avec ’épaisseur de la couche. La croissance épitaxiale de Ge et SiGe sur ¢-Si dans des conditions similaires
a également été établie. Ensuite, par une séquence d’étapes a moins de 200°C, des hétérojonctions PIN sur
substrats trés dopés, avec une couche absorbante épitaxiée de 1-4um ont été réalisées, atteignant 8.8% de
rendement (sans piégeage optique) et 80% de FF. Le remplacement du Si par du Sip 73Geg 27 a permis un gain
de 11% sur le J,.. Le controle de l'interface wafer/épi et des contraintes permet de favoriser le décollement
: des couches epi-Si de 1.5um/10cm? ont été reportées sur verre avec succes. Nous avons également analysé
I'influence de nanostructures photoniques sur les propriétés des dispositifs. L’étude conjointe de la croissance,
du transfert et du piégeage optique ouvre la voie aux cellules c-Si ultra-minces (<10pum) bas cout. Enfin,
contrairement au scénario classique de dépot des matériaux III-V sur Si, nous avons étudié I'hétéroépitaxie
de Si sur III-V. Avec cette approche, une bonne qualité cristalline de Si déposé directement sur GaAs est
obtenue grace aux faibles contraintes thermiques et a ’absence de problemes de polarité a 'interface. Nous
avons fabriqué des cellules GaAs avec 20% d’efficacité et des jonctions tunnel atteignant 55A /cm? par dépot
MOVPE. Une augmentation du courant tunnel par exposition au plasma d’hydrogene a aussi été démontrée.
Ces résultats de croissance, cellule et jonction tunnel, couplés aux techniques de report, valident les briques
élémentaires pour atteindre une cellule tandem AlGaAs(MOVPE)/SiGe(PECVD) & haut rendement.

Mots clés : Epitaxie par PECVD, Basse température, Photovoltaique, Silicium, SiGe, Cellules solaires
en cristallin ultra-mince, Détachement, Transfert, Nanostructures photoniques, Silicium sur III-V, Cellules
GaAs, Jonctions tunnel.
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