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2 1.1 Let there be light

1.1 Letthere be light

And God said, “Let there be light”, and there was light.

Why light comes before human? This question can be answered from an energy point of view.
Because through almost the whole human history, the energy needed for each movement of human
comes indirectly or directly from light.

Since the first human, let’s call him Adam, till the beginning of the industrial revolution, the food and
the wood provide almost all the energy we need. These energies eventually come from sunlight,
which has been fixed into the organic matter such as plants by photosynthesis processes, as shown in
figure 1.1. People may also use other kinds of energy from nature, such as water power and wind
power. But these energies also come from sunlight, because the circulation of wind and water is
driven by the heating of sunlight.

Light energy

f —) SUgar

Figure 1.1. Photosynthesis process. The energy from the sunlight is fixed into organic matters, such
as the plants, during the photosynthesis process. Photo from website www.wisegeek.com®.

With the development of society, humans have increasing abilities and activities. We enlarge and
multiply our activities by using machines, especially since industrial revolution, as shown in figure 1.2
a. However, these powerful machines require big amounts of fuel for their engines. The amount of
energy in these fuels is much bigger than the energy in the food we eat and the wood we burn.
Fortunately, the sunlight has already prepared a solution for us. The energy of sunlight stored in the
organic matters has been accumulated during billions of years in the form of fossil fuel. We just need
to take these fossil fuels out of the earth and release the energy to support the rich and colorful
modern life. Figure 1.2 shows the global energy consumption from 1850 to 2013. Now, we are using
these fossil fuels at an extremely fast rate. With such a rate, we can finish the fuels formed during
billions of years within next 100 years. Such a fast consumption rate also brings numerous problems
to our society. Among the most serious ones are global warming and climate change. This is because
huge amount of CO, is released into the atmosphere when we burn the fossil fuel. This gas warms
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the earth by making it to absorb more energy from the sunlight. If we continue to emit CO, at the
current rate, the sea level might rise at meter scale**. The second problem is the pollution. Dust and
other pollutants, which have negative effect on human health and environment, are also emitted to
the atmosphere when burning fossil fuels. If the fossil energy keeps on dominating the energy
production, a blue sky will be a luxury dream soon.
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Figure 1.2. a) World energy consumption form 1850 to 2012. Photo from IIASA”. b) Illustration of the
scale of different forms of energy. The volume of the balls corresponds to the amount of the energy.
They are: green ball: 2015 world energy consumption; violet ball: proven uranium reserve; blue ball:
proven gas reserves; dark red ball: proven oil reserves; black ball: proven coal reserves; yellow ball:
solar energy received per year by earth.

Another fundamental problem is that the fossil fuels are exhausting. World energy consumption in
2013 was around 0.6 zetta joule®(zetta = 10*). This is a huge amount of energy which has a similar
magnitude with the different forms of proven reserves of energy in the earth. There are 21 zetta
joule of coal®, 9 zetta joule of oil°, 7 zetta joule of nature gas’, and 0.6 zetta joule of uranium®. The
amount of these energies corresponds to the volume of different balls in figure 1.2 b. If we only use
the fossil energy and maintain the energy consumption at the rate of year 2013, the proved reserves
will last less than 100 years. With yearly increasing energy consumption, the fossil fuel reserves will
not able to meet our demand soon. In figure 1.2 b, there is a huge yellow ball which is several
thousand times bigger in volume than the ball which corresponds to the yearly energy consumption
of mankind. This ball corresponds to the energy we receive from sunlight each year. Its value is
around 4000 zettajoule. It can be a nice solution of energy for the near future.

The amount of energy we consume each year is huge. But if we use this amount of energy to lift the
total water on the earth which is around 1.3 zetta liters’, we can lift only 4 centimeters. The
development of our society always provides more and more access to more and more people with
bigger energy consuming activities. It’s hard to imagine the consumption of energy will stop
increasing. The solar energy that our planet receives each year is around 4000 zettajoule. This is still
a finite number. It is not difficult to imagine the energy consumption by human will exceed this
number in the future. Firstly, man-made facilities can already have very big energy consumption rate.
For example the European Extreme Light Infrastructure laser will have a 200 Petawatt power'?, that
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is bigger than the 174 petawatt total power Earth receives from the Sun. Secondly, individual can
have huge energy consumption activity in the future. For example, people may have space-cars for
high speed travel. These space-cars might have a higher energy consumption rate than rockets,
which is in 100 GW scale™. This rate is millions times bigger than the current human average energy
consumption rate, which is in the KW scale. Solar energy will not provide the ultimate solution to our
energy needs. The solution for the far future needs to be virtually limitless energy. This might be
achieved by changing the mass to energy directly. In fact this is how sunlight is generated. In such a
way, the mass required to power the world in 2013 is just equal to the mass of an elephant. In fact,
mankind already used this technique to transfer mass to energy inside nuclear plants. However, the
safety and waste are serious issues for this generation of nuclear technology. We are putting huge
effort to look for new ways to do the transfer. The multibillion euro international research project
ITER is an example. This project seeks to harness the fusion power which can provides us safe, non-
carbon emitting energy. The new technology is expected to be in use in several decades.

From now to the time when we find ultimate solution to our energy needs, it may take several
decades or even hundred years. In this period, we need to face the increasing energy demand,
serious problems brought by fossil fuel and the exhausting of fossil fuel. We need to find a clean and
abundant energy, we need to change the energy structure. Once again, we look at the sun.

1.2 A new era of using light

Each year, a huge amount of solar energy is received by the earth. In order to use it, we have to
change it to another form which can be used by our devices, for example electricity. To transform
light to electricity, one option is to do the transition indirectly through mediums like wind and water.
In this way, firstly sunlight heats the air and water, and then the air and water start to circulate. The
movements of the wind and water rotate the turbines of the power generators to generate
electricity. These are clean ways to generate electricity and have been well developed. In 2014, there
are around 6800 GW of installed electricity generation capacity worldwide’, while hydropower is
around 1200 GW", and wind power is around 400 GW™. Since this is a different topic, we will not
talk about it in detail. Here we will talk about another technology which has also reached a level of
industrial maturity: photovoltaic solar energy.

A solar cell is a device which converts the sunlight into electricity directly. When the sunlight hits on a
solar cell, the solar cell absorbs the energy of the light and gives it to its electrons to generate free
electrons. Then the solar cell conducts the free electrons to flow to the power grid to form part of
electricity we use. Figure 1.3 illustrates how a roof solar panel generates electricity for home use and
power grid. In fact, the electric current generated by solar panels is direct current (DC), while in the
power grid it is alternating current (AC), so an inverter is needed to convert the current from solar
panel to AC current before home use or injecting to the grid.

Solar cells bring a revolution on using sunlight, because they convert it into electricity in a clean,
efficient and direct way. Solar energy has a lot of merits when comparing with other forms of energy.
It is clean and no CO, involved during the energy production. These are the fundamental advantages
compared with fossil fuels. Compared with the nuclear energy, it does not have security and waste
issues. It doesn’t have negative impact on biological and geological systems as hydro power. It does
not have moving parts as wind power, thus it does not generate noise and requires less maintenance
during operation. The capacity of solar panels depends on its size, which can be easily changed from
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milliwatt to kilowatt scale. Therefore its installation can vary from small electrical devices, to house
roofs, and to GW scale solar farms. What’s more, solar energy has a good public acceptance. It is one
of the best candidates to provide the energy for the near future. The main challenge of solar energy
is that we do not have sunlight at one place all the time. But there are many solutions. One is to use
ultra-high-voltage (UHV) electricity transmission to connect the electricity generated at different
places. In China, the single UHV line can be longer than 2000 Km. The UHV transmission lines in
operation and under construction by state grid corporation of China are over 190 thousand
kilometers'®. These power lines can surround earth several times. In fact, the state grid corporation

1318 Once the whole

of China already planned worldwide power grid which will cost a 50 trillion dollar
world is connected, there is always electricity generated by sunlight at some place of the earth.
Beside power grid, another solution is to store the extra electricity in the storage medium such as

battery.

light photons. 4

The light photons

are absorbed by
the solar panels.

Solar cells convert
the photons into
DC power.

A ‘:"‘ I
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where it’s available for
home use.
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Figure 1.3. a) Working principle of solar cells, photo form website of Whittington Solar energy CO." b)
Real solar panel shown by students, photo from website of NREL'®

The first solar cell can be dated to 1839, when French physicist demonstrated the photovoltaic effect
and built the world’s first photovoltaic cell®. One of the early remarkable demonstrations of solar
cells is from 1956, when researchers in Bell Laboratories demonstrated photovoltaic devices with

. . . 20,21
energy conversion efficiency around 6%

. It means that the device can convert 6% of energy of the
coming light into electricity. After several decades of efforts, this number increased to more than
46%. However, these high efficiency solar cells are very expensive. Thus they cannot be used at large
scale. The technologies which have reached a level of industrial maturity are crystalline silicon solar
cells and a few types of thin film solar cells. The best efficiency solar panels made of these solar cells
have an efficiency around 24.4%”*. The application of the photovoltaic solar energy has already
achieved a great success. Till 2015, 226 GW of solar power electricity generation has been installed
worldwide®. This represents around 3% world electricity generation capacity. China, the world’s
largest consumer of energy and one of the most important source of growth for global energy
demand, has achieved 43 GW of installed capacity, with 15 GW installed in 2015*. According to
International Energy Agency’s forecast, 4600 GW of installed PV capacity will be achieved by 2050, 16%
of global electricity will generated by PV,* as shown in figure 1.4.
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scenario”. The different colors correspond to different regions. The green curve on the top shows
the share of total electricity. The black curve corresponds to the share of total electricity under IEA’s
2°C scenario.

The future of the solar energy is bright and exciting. However, it still costs more to use photovoltaic
solar energy than other forms of energy. To install 4600 GW solar energy system, it will cost several
trillion dollars. This is several times of France’s GDP in 2015. Reduction of the cost of solar energy
systems can lead to huge savings. One of the most efficient ways is to increase the solar cells
efficiency while maintaining or even decreasing the fabrication costs. This is because for a same PV
system, if the solar cells efficiency is increased, the power output will increase significantly without
increasing the system cost significantly. Thus the cost of per installed power capacity is decreased.

First let’s look at the possibility to increase the efficiency of the current cells in the market. Current
PV market is dominated by crystalline silicon solar cells. The theoretical efficiency limit for this kind of

solar cells is around 30%°%*

. Now the best cell efficiency has already achieved 26.3%%. This
efficiency is very close to the limit. This makes it very difficult to further improve the efficiency. By
the way, during the past 20 years, enormous efforts have been made to improve the crystalline
silicon solar cell record efficiency, but only 2.3% efficiency improvement has been achieved®**®. To
increase efficiency, researchers have also tried to use other materials to fabricate solar cells. These
materials include inorganic compound GaAs®, CdTe and CulnGaSe, and organic compounds
CH3NH;PbCl5%. Among these kinds of solar cells, only GaAs solar cells have efficiencies better than c-
Si solar cells, which is around 29%. However, this kind solar cells has a higher fabrication cost than

silicon solar cells. It is not suitable for large scale applications yet.

The main reason why solar cells have efficiency much lower than 100% is that they do not match the
sunlight spectrum very well. We know that sunlight has many colors. Normally, one material can only
absorb one color efficiently. If we want to absorb all the sunlight efficiently, theoretically we should
use an infinite number of materials. However, technically it gets more difficult when the number of
materials increases. For the moment, 34.1 %, 44.4% and 46% record efficiencies have been achieved
for solar cells with 2, 3 and 4 absorbing materials, respectively. However, these solar cells are
expensive. This is mainly due to the high materials cost and high cost of fabrication processes. Thus
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high efficiency solar cells with combined absorbing materials are very attractive. Is it possible to
fabricate them at low cost? One answer to this question is to use nanotechnology.

1.3 Boost the solar cell performance by nanotechnology

The nano in ‘Nanotechnology’ refers to nanometer scale. 1 nanometer is 10° times smaller than 1
meter. How small is 1 nanometer? The difference between 1 nanometer and 1 meter is same as the
difference between the smallest particle we can see by our naked eye (~100 um) and the size of the
Paris region (~100 Km). Nanometer scale is just one of the plenty length scales of space, as shown in
figure 1.5. Modern physics suggest that length can range from Planck length, which is around 1.6 x
10> m, to the size of the observable universe, which is around 8.8 x 10%° m. Theoretically, the size of
the object can be any value between the two size limits. We know that all the objects are composed
of elementary particles. If we say the ultimate of the science and technology is to understand,
identify and modify each elementary element up to Planck length scale, then we can say that the
nanoscience and nanotechnology is to understand and modify the elementary particles or cluster of
elementary particles at nanometer scale. This is an attractive ability. However, we human do not
have this kind of ability naturally, because the smallest object our naked eye can see is around 100
pum. So naturally we do not manipulate with very small stuff, or we do not pay attention to them.
Since thousands of years ago, people have invented lens which can zoom the image of the object.
But till now, the best lens can only allow us to see objects with um scale, not nm scale. In 1895,
Wilhelm Réntgen discovered the X-ray, and in 1924 Louis de Broglie discovered the wave property of
electron. These two discoveries allow the invention of X-ray tools and electron beam tools. These
tools bring our vision from um scale to nm scale. The concepts of nanotechnology came up soon
after the advance of the microscope tools. In 1959, famous physicist Richard Feynnam considered
the possibility of manufacture things atom by atom®. Generally, people consider that the starting of
nanotechnology age is the beginning of 1980s, when scanning tunneling microscope and atomic-
force microscopy was invented. These tools allow us to modify material at nanoscale. Nowadays,
nanotechnology is familiar to society. It is studied in various domains such as physics, chemistry, and
biology. It is also commonly used in semiconductor industry. Since 1989, the semiconductor
manufacturing processes enter nanometer scale®.

& ~
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Figure 1.5. Length scale of the Universe. The nanoscale is marked in red. Photo from website®

Among the nanotechnology research teams, there is a group of researchers who study nanowires.
Nanowire is a wire like object with diameter in the nanometer scale. The research on nanowires was
started in 1964 by Ellis and Wagner, they have observed the catalyst induced nanowire growth®.
Since 1998**, the nanowire research gets increased interest, and from 2005, researchers start to
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use nanowires to fabricate solar cells. Figure 1.6 shows the image of a germanium nanowire acquired
by scanning electron microscope. This nanowire has a diameter of 60 nm and a length of 1600 nm.

Nanowire structure has many advantages for solar cells application. Firstly, in nanowire solar cells,
the light absorption direction is along axial direction, while the electrons and holes generated in the
solar cell are collected in the radial direction. Since the distance in the radial direction is nanometer
scale, the carriers can be collected efficiently even with low quality materials. This means that high
efficiency solar cells can be made with low cost materials and low cost fabrication process. Secondly,
the size of the nanowire solar cells is in the similar length scale with the wavelength of the visible
light, which contains the majority part of the energy of sunlight. The similar length scale makes the
nanowire structure to interact strongly with light. Thus only small amount of material is needed to
absorb the incoming light. Lastly, at nanometer scale, the materials can exhibit novel properties such
as discrete band structure, ballistic transport, quantum confinement and novel crystalline structures.

Figure 1.6. SEM image of a germanium nanowire grown by plasma-assisted VLS method. This NW is
60 nm in diameter and 1600 nm in length.

1.4 Outline of this thesis

The purpose of this research is to explore the potential of nanowire based radial junction solar cells
theoretically and experimentally. Firstly, to find out the maximum light absorption of different solar
cell configurations, we have performed optical simulation. Then to get a good understanding of the
carrier transport, an electrical model for radial PN junction NW solar cells has been developed from
first principles. Then the work has switched to the experimental part. We have carried out a detailed
analysis of the plasma-assisted Vapor Liquid Solid Si nanowire growth process. In order to develop
low bandgap and high mobility materials for multi-junction solar cells applications, we have grown
SiGe and Ge nanowires in the same PECVD reactor used for Si nanowire growth. Finally, single and
tandem junction solar cells have fabricated based on the Si and SiGe nanowires. The work will be
presented in the following sequence:
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chapter 2 to 5.

Chapter 2. Optical modeling of nanowire radial
junction solar cells

This chapter starts with the theoretical back
ground of the light and material. Then it follows
with the general knowledge of simulation with
Comsol software. After that, the optical simulation
of nanowire radial junction solar cells with
different configurations will be presented.

Chapter 3. Si nanowire growth

This chapter provides a detailed information of
the Si nanowire growth using a plasma-assisted
Vapor Liquid Solid process. It starts with the
introduction of the experimental setups involved
in the study. Then it follows with the results of
catalyst droplets engineering. The major part of
this chapter is the detailed observation and
explanation of the Si nanowire growth process.
The rare hexagonal phase of Si has been observed
in the as grown Si nanowires will also be
presented.

Chapter 4. SiGe and Ge nanowires growth

In the first part of this chapter, we will show how
to vary the growth from Si nanowires to SiGe
nanowires, and finally to Ge nanowires. We will
explain the influence of substrate temperature,
gas partial pressure ratio and catalyst on nanowire
growth. The growth of micrometer long and
cylindrical Ge nanowires will be also presented. In
the second part of this chapter, we will present
the Ge concentration, crystallinity, optical and
electrical properties of the SiGe and Ge nanowires.

Chapter 5. Towards low cost NW based radial
junction solar cells

In this chapter, firstly the synthesis and
characterization of nanowire radial junction solar
cells will be introduced. Then the performance of
single and tandem solar cells with different
absorber materials, including the first SiGe
nanowire based solar cells, will be presented.
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2.1 Introduction

As explained in the first chapter, nanowires (NWs) have numerous advantages for solar cell
applications'”. Among them, a main one is that the NW structure strongly interacts with light*, which
has been demonstrated both experimentally®® and theoretically®*®. Optical modeling is an effective
way to gain insight into the interaction between light and solar cells. It also provides information for
the device optimization. In LPICM, NW solar cells based on randomly oriented Si NWs have been

13 These NW solar cells have core multi shell structure. In the literature,

studied since several years.
large amount of optical simulation works can be found. However, big majority of them consider the
NWs are composed of a single material*®. These studies can give a good estimation of the maximum
absorption of the solar cells, but the detailed absorption in each layer of the solar cells cannot be
provided. There are few papers which investigate the detailed absorption in the core multi shell NW
solar cells™*®
intrinsic layer thickness®’, nc-Si:H/a-Si:H tandem solar cells with balanced photo-current™, and single

junction a-Si:H solar cell with tilted wire axis*® have been studied. These works give a good starting of

. Among these works, single junction a-Si:H solar cell with varied nanowires length and

the theoretical analysis of core multi shell NW solar cells. However, core multi shell NW solar cell is a
complex system with multi variables, such as the thickness and the material of each layer, the pitch
and length of the wires, and the simplification method. Such a high order of freedom requires one to
build the optical model according to the real structures.

This chapter starts with the fundamental knowledge of light, the interaction between light and the
material, and the optical characterization of the material. Then detailed simulation results of
different types of solar cells are presented. Finally, it ends with a brief summary.

2.2 Theoretical back ground of optical modeling

2.2.1 Thelight

What is light? There has been long debate between particle theory and wave theory before the
development of Maxwell’s electromagnetic theory. Then people were convinced that visible light is
just a certain kind of electromagnetic waves. However, the observations of black body radiation and
the photoelectric effect made people realize that light is not just a wave, instead it has a wave-
particle duality. It means that light is particles, and it is also wave. This duality is at the core of this
optical modeling part because light needs to be considered as a wave to describe its interaction with
a material, while the particle nature of light must be used to convert the absorbed energy from the
light to the energy of generated free electron-hole pairs.

The wave nature of the light can be described by Maxwell equations:

V-E=i (2.1)
V-B=0 (2.2)
VxE=—aa—f (2.3)

VXB= uo(eoz—f+]) (2.4)
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Where V is the nabla symbol which denotes the three-dimensional gradient operator, V -is the
divergence operator, E is the electric field, p is the charge density, gy is the permittivity of the
vacuum, B is the magnetic field, V X is the curl operator, |, is the permeability of the vacuum, and J
is the electric current density.

In the vacuum, there are no charges, thus equation 2.1 equals 0. The current density in equation 2.4
is also 0, then by combining equation 2.3 and 2.4, we can obtain the wave equation in the vacuum:

d%E
VZE - uogom = O (25)
Or,

9%B
V2B — pog 52 =0 (2.6)

Since B is linked with E by equations 2.3 and 2.4, equations 2.5 and 2.6 are equivalent to each other.
So one equation among equations 2.5 and 2. 6 is enough to describe the wave. One solution to this
equation is,

E(r,t) = Eje/kT=wD (2.7)

Where E is the peak amplitude of the electric field, w is the angular frequency, j is imaginary unit,
which is defined as j2 = —1 and

k=w.,/ & (2.8)

The speed of the wave is

~3x108m/s (2.9)

Cc =

2.2.2 The material

The material is composed of nuclei and electrons. In the electric field, nucleus and electrons can feel
the electric force because they are charges. Thus when the electromagnetic wave passes by the
material, it induces oscillations to the nucleus and electrons. Since the nucleus are thousands times
heavier than the electrons, they do not move much. On the contrary, electrons can gain the energy
from the oscillating electric field and reduce the energy of the electromagnetic waves, and this is the
absorption of the light by the material.

The interaction between light and material can be calculated by studying the dipole induced to the
nucleus and electron system by the electric field. Figure 2.1 a) shows a nucleus and electron system
without applied electric field. In this case, the average position of the electron cloud has the same
position as the nucleus because the electron cloud is distributed uniformly around the nucleus. Once
an electric field with magnitude E is applied to this system, as shown in figure 2.1 b), the initial
electron cloud will be deformed, the average position of the electron cloud becomes r refers to the
nucleus. This r induced a dipole P.
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1© b|f

Figure 2.1. Interaction of an electric field with a nucleus-electron system. a) Electron cloud distribute

uniformly around nucleus. b) Electron cloud is deformed by the applied electric field E. The average
position of the electron cloud becomes r with respect to the nucleus, and this induces a dipole P.

When a wave described by equation 2.7 passes by the nucleus-electron system, the magnitude of r
can be described as:
E, —jwt
r=—0 (2.10)
MW=+ jmerw—K
Where q is electron change, the capital K is the spring constant of the oscillating system, m,, is the
electron mass.

The total polarization within a volume of the material induced by the wave can be described as:

2 .
P=-Ngr=-— Ng”/me Eje /Wt (2.11)

02-w2+jrw
Where N is the number of dipoles per unit volume, and

_ |k _ Ne*
Wo = |or = s (2.12)

Then in a material with no free charge and no current, the electric field induced by a dipole should be
considered in equation 2.4. This equation becomes:

OE oP

VXB = Moo 5, + Ho (2.13)
Then the wave equation becomes:
VE -5 [14+ tllme ]az—E— 0 (2.14)

c? go(Wo2-w2+jrw)| otz — '
The solution to this equation still has the same form with equation 2.7,
E(r,t) = Eje/(koT—wb) (2.15)
But the relation between wave vector ky and w changes to:

=<k (2.16)

w = —ko .

~ Ne2/m,
Where i = \/1 + PR —] (2.17)
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Where 11 is a complex number with complex form. We can denote it’s real part by n and its imaginary
part by k. Then

fi=n+jk (2.18)

It can be seen that w and k, do not have linear relation any more, the wave becomes dispersive in
the material.

Combining equation 2.15, 2.16 and 2.18 we can get:

E(r,t) = Ege Fc"e/ e ™W0 (2.19)

In this equation k is the imaginary part of fi.From equation 2.19 it can be seen that k leads to the
exponential decay of electric field intensity. This is very important to solar cells application because it
determines the absorption of the material. n leads to the reduction of wavelength and wave velocity
by n times. 71 is called the complex refractive index of the material.

2.2.3 Characterization of the n and k of the material
Spectroscopic Ellipsometry measurement is a way to obtain n and k of a material. In an ellipsometry
experiment, the objective is to measure the complex ratio of Fresnel coefficients, which is given by’

p= :—’S’ = tanpexpil (2.20)

Where 1, is the complex Fresnel reflection coefficient for light polarized parallel to the incident plane,
75 is the complex Fresnel reflection coefficient for light polarized perpendicular to the incident plane,
and Y and A are ellipsometry angles.

In our experiments, we use a phase-Modulated Ellipsometer UVISEL with a PSMA configuration
which is shown in figure 2.2 b). Here P, S, M, and A stand for fixed polarizer, sample, modulator and
fixed analyzer, respectively®’. The signal we measured is:

s(t) = so{1 + I sin(8[t]) + I.cos(8[t])} (2.21)
With:

I. = sin[2(A — M)] [sin2M(2M(cos2y — cos2P) + sin2Pcos2Msin2icosA] (2.22)
I, = sin[2(A — M)] sin2Psin2ysinA (2.23)

Where P, M, and A are the azimuth of the polarizer, the photo-elastic modulator and the linear
analyzer with respect to the plane of incidence, respectively. §(t) = sin(wt), wis the angular
rotation speed of the phase-modulator, t is the acquisition time. For our measurements, the
configurationis M = 0°, A = 45°, and P = 45°. This is known as configuration Il, and it gives:

I, = sin2icosA (2.24)
I, = sin2ysinA (2.25)

However, when the measured 1 is bigger than 45°, the sample will be also measured with
configuration 1ll, with M = 45°, A = 90°, and P = 45°. In this case, i will be taken from the
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measurement of configuration Ill, and A will be taken from the measurement of configuration Il, and

it gives:
I, = cos2y (2.26)
I, = sin2ysinA (2.27)

With equation 2.24 and 2.25, or 2.26 and 2.27, the ellipsometry angles ¥ and A, and also p in
equation 2.20 can be calculated easily. Then the complex pseudo-dielectric function of the material
can be calculated as:

<e>=<e > +<¢€ >=sin?¢p{1 + [(1 —p)/(1 + p)|*tan?¢} (2.28)

Where ¢ is the angle of incidence.

Source

\{D Detector

Figure 2.2. a) General scheme of a standard ellipsometer. PAS is the polarization state analyzer®. b) A
UVISEL ellipsometer with a PSMA configuration used in this study.

Among the materials we have used, the crystalline materials are already well characterized in the
literature. On the contrary, the properties of amorphous materials are largely determined by their
deposition conditions. Thus in this study we have studied the optical properties of the amorphous
materials deposited in our lab.

To extract the material parameters from the ellipsometry measurement data, we use Tauc-Lorentz
model for the fitting. In Tauc-Lorentz model, the imaginary part of the complex dielectric function ¢;
is the product of Tauc’s dielectric function above the band edge® and the ¢; obtained from the
Lorentz oscillator model*!. Tauc’s dielectric function above the band edge is:

€ir(E) = Ar(E — Eg)Z/E2 (2.29)
Where A7 is the tauc coefficient, and E is the optical band gap. The €; obtained from the Lorentz
oscillator model is:

€ (E) = 2nk = ALE(CE

T (E2-Ey%)2+C2E?2 (2.30)
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Where A is the strength of the €; ; peak, Ej is the peak transition energy, and C is a broadening
term. The product of equation 2.34 and 2.30 is:

1 AE,C(E—Eg)?

€ir.(E) = g mprercare £ > Eo (2.31)

Where A = ArA;. The real part of the complex dielectric function €, can be obtained by Kramers-
Kronig integration, given by:

er(E) = () + 2P [ 510 de 2:32)

Where P is the Cauchy principle part of the integral, €,(c0) is an additional fitting parameter. The
integral gives the following expression:

€rr(E) =

€r7,(0) + Zigf:;o In [izziizztﬁﬂ - AZ‘;C;Z” [n — arctan (ZEim) + arctan (_ZECg+a)] o+

—MEoiqggEj ) [arctan(ZEgé %) + arctan (—255 +a)] — AEOCg:Eg i (liiiz |) +

24ECEg |[E-Eg|(E+Eg) (2.33)
¢t (Eo?~Eg?)2+Eg%C

where

am = (Ey® — E;°)E? + E,C? — Ey*(Eo® + 3E,), (2.34a)

Aran = (E? — E*)(Eo® + E;%) + E;*C?, (2.34b)

= (B2 -2+ 55, (2.34¢)

a= /4E02 - C?, (2.34d)
y = ‘/Eoz - C?%/2, (2.34¢)

The figure of merit used to evaluate the fit is?:

(IpTheory_wExperimet)z (ATheory_AExperiment)z

2 _ 1
X = ot o2 + o2 (2.35)

Where N refers to the total number of experiment data points, M is the total number of fitted
parameters. Each o in the denominators corresponds to the estimated uncertainty.

Once the complex dielectric function is obtained, the n and k can be calculated easily by the
following equations:

24c.2
VJEr2+eter (2.36)

2

n=
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and

24¢2—
k= JeEr2teil—e, (2.37)

2

An example of the material characterization is shown in figure 2.3. The sample is a thin hydrogenated
amorphous SiGe (a-SiGe:H) layer deposited on a corning glass substrate. The optical structure used
for fitting is shown in figure 2.3 a). This structure consists of a corning glass substrate, a thin a-SiGe:H
layer and a roughness composed of a-SiGe:H and voids. The black dots in figure 2.3 b) show the
imaginary part of the measured pseudo-dielectric function. Tauc-Lorentz model is used to model the
a-SiGe:H. The fitted imaginary part of the measured complex pseudo-dielectric function is shown in
figure 2.3 b) with red curve. Through the fitting, the parameters of the Tauc-Lorentz model of a-
SiGe:H are obtained: E; =1.63eV, e =04, A=219, Ey =3.63¢eV, C =2.36. With these
parameters, the n and k of the a-SiGe:H material are obtained and shown in figure 2.3 c).

a)

=N T T T T
E | psiGeH Void 4o M Jdatal |
S| 35% | es% s easured dafa ]
fitted curve
E 20
a-SiGe:H c
2 g 10 -
N o
X 0
£ @ -
E E -0}
8 20}
o .
8 Corning glass e I 0 J . .
2 200 400 600 800 1000 1200 1400 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 2.3. a) The optical structure used for fitting. b) Imaginary part of the complex pseudo-dielectric
function of the sample. c¢) The imaginary and real part of the complex refractive index, k and n,
obtained from the fitting.

2.2.4 The structure of the solar cells for optical simulation

In this study, the main purpose the of the optical modeling is to achieve a good understanding of the
interaction of the light and NW solar cells, and also to get information for the solar cell fabrication
processes optimization. With such a goal, we have built optical models based on the solar cells
structure we have fabricated. A top view SEM image of our solar cell is shown in figure 2.4 a). In this
image, each wire is a solar cell which is composed of a p-type NW core, intrinsic absorber shell and a
n-type shell. The NWs in this image are randomly oriented, and this brings a big challenge for the
modeling. In order to simplify the problem, it is considered that the NWs are perpendicular to the
substrate and have a square array arrangement. Figure 2.4 b) shows the top view of the simplified
NW array, and figure 2.4 c) shows the detailed structure of each unite in figure 2.4 b). The pitch of
NW array is usually around 1 um. In figure 2.4 c), the axial direction of the NW solar cell is
perpendicular to the substrate. The light is incident from the top along the normal direction. The
boundary condition for the sidewall is Floquet periodicity. This cell has core multi-shell structure and
the shells are layers of different materials and thicknesses. The boundary condition for the bottom
surface is a perfect reflector. The space between NW solar cells is filled by air. For all the simulation
of NW solar cells, we always use an infinite periodic array configuration, the axial direction of the NW
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is perpendicular to the substrate, the light is incident from top plane along normal direction and with
a power of 1 w for one cell. Floquet periodicity is used for four sidewalls.

b) Infinite periodic array ¢ 2y
" Incident plane wave
©06060 S, el
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Figure 2.4. a) Top view SEM image of the NW solar cells fabricated in our lab. b) Infinite periodic
array of NW solar cells. c) One example of the structure of a NW solar cell unit used for simulation.

2.2.5 Optical modeling with Comsol multiphysics

As described before, optical modeling is used to study the interaction between the light and the
materials. Since the structure of the material also plays an important role in the light matter
interaction, there are three main elements in the optical simulation: light, material and structure.
These three elements have been used as inputs of a commercial software (Comsol Multiphysics) to
calculate the light absorption.

During the simulation, the main function of Comsol software is to solve the partial differential
equations (PDE) which describe the light propagation in the material. In order to use finite element
methods to solve PDE, the software firstly generates the mesh of the geometry and the weak form of
the PDE. With the weak formulation, it is possible to discretize the mathematical model equations to
obtain the numerical model equations. Then the software transfers the weak formulation, the
boundary conditions and the meshed structure to matrix equations. After solving the matrix
equations, some results can be visualized directly, such as the electric field. While some other results
need post-processing. The calculation process is shown in figure 2.5 a). Figure 2.5 b) shows the mesh
of a NW solar cell.

a) Geometry PDE + BC

Weak form
PDE + BC

Matrix equations

AR AR T

Solution

Other post-
processing

Visualisation

Figure 2.5. a) Calculation processes in Comsol. b) Mesh of a NW solar cell
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The energy of the light which has been absorbed by the material can be calculated as:

€E? 4Tk

2 2 (2.38)

abs = ¢
Where c is the speed of the light, € is the permittivity of the material, E is the electric field, and 1 is
the wavelength. To calculate the percentage of energy absorbed within a certain volume, one can
integrate the absorption in this volume and normalize it by the total incident energy. The equation is
shown below:

Paps = fff abs%dv/Pincident (2.39)

Where P;jcident is the total incident power. To convert the absorbed energy to generated free
electron, the particle nature of the light has to be used. As the light is composed of photons, the
energy of each photon is a function of its wavelength:

hc
Ephoton =7 (2.40)

Where his the Planck constant. Equation 2.39 gives the ratio between absorbed energy by the
material and the total incident energy as a function of wavelength. To calculate the number of
absorbed photon when the material is exposed to the sun light, we can use this ratio to multiply the
total photon number in the sun light at each wavelength. By assuming that each absorbed photon
generates one free electron, the maximum photo-current can be calculated as :

w A
Jphoton = fPabs()L)AM;S()d/1 (2.41)

Ephoton
Where W1 5(4) is the solar power spectrum.

The mesh size is a fundamental parameter for finite element methods calculation. A too big mesh
size will lead to incorrect results, while a too fine mesh will lead to heavy computation and large
memory requirements. In order to find the optimized mesh size for our problem, a series of
simulations with varied mesh size has been done.

In this study, we consider an array of crystalline Si NWs sitting on the top of a silver layer. The SiNWs
have a diameter of 200 nm and a length of 2 um. the pitch of the NWs is 600 nm. The optical
parameters for crystalline Si*> and Ag” are from literature and are plotted in figure 2.6 b). We have
changed the mesh size threshold to change the mesh number. As shown in figure 2.6 a), the mesh
number changes from 5000 to 160000. The maximum theoretical short circuit current density has
been calculated for these settings and is shown in Figure 2.6 c). It can be seen that when the mesh
number is bigger than 20000, the change in the result is smaller than 5%. This mesh number
corresponds to an average mesh volume of 45000 nm?, and an average mesh quality of 0.70. Where
the mesh quality is calculated as:

. 72y/3V
q (hi2+h% +h3?+hy 2 +hs?+hg2)3/2

(2.42)

Where V is the volume of the mesh, h; to hy are the length of the 6 edges of the tetrahedron mesh.
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Figure 2.6 a) NW solar cell with different mesh number. b) k value of c-Si and Ag at different

wavelength. ¢) Maximum theoretical short circuit current density calculated with different mesh
number.

2.3 Modeling of NW solar cells with different configurations

2.3.1 cSiNW on a Ag layer

In the literature, there are numerous reports of the synthesis of periodically arranged crystalline
SiNWs, using top down methods”**?® and bottom up methods”. By inducing doping and a thin
coating to form junction, these SINW can be made to solar cells. Since the structure parameters such
as pitch, length and diameter of these NWs can be changed easily, these structures can be optimized
once the optimized parameters are known. To obtain the optimized parameters for NW solar cells,
optical modeling is needed.

In this simulation, an array of crystalline Si NWs are placed on a 200 nm thick silver layer. The NW
length is fixed to 3 um, the pitch ranges from 500 nm to 700 nm, and the diameter ranges from 100
nm to 400 nm. The boundary condition for the bottom surface of the Ag layer is a perfect reflector.
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For crystalline Si solar cells, the photons which can be absorbed usually have a wavelength in the
range from 300 nm to 1100 nm. Since the pitch of the NW array, the diameter and the length of NWs
have the same order of magnitude of the wavelength, the light will propagate in the form of confined
modes. Figure 2.7 shows the electric field in the cut plane which crosses the axis of the NW. The NW
part and air part are inside and outside the white frame, respectively. From left to right, the pitch has
increased from 500 nm to 700 nm. In figure 2.7 a) it can be seen that the pattern has a similar form
when the pitch is increased from 500 nm to 700. However, the intensity decreases. This means that
the confinement of energy in the NW decreases with the increase of pitch, and there is more and
more leakage to the air. Figure 2.7 c) shows the absorptance of the NW arrays as a function of
wavelength. The absorptance at 750 nm decreases with the increase of NW pitch. When the
wavelength is increased to 900 nm, the NW array with 600 nm pitch has better light confinement, as
shown in figure 2.7 b). In figure 2.7 c), it can be seen that NW array with 600 nm pitch has higher
absorptance at 900 nm. This shows that one structure cannot have optimized light confinement for
all the wavelength. With the increase of the wavelength, the pitch of the array should also increase
to have a better light confinement.



Charter 2 Optical modeling of nanowire radial junction solar cells 25

a) Wave length =750 nm b) Wave length =900 nm

x10° x10®

25

>
=

4.5

8315

I RIS

25

115

0.5

0.5

g
g
5
S

r
I

500 nm 600 nm 700 nm 500 nm 600 nm 700 nm

c) 1,0
0,9
0,8
0,7
0,6
05}
0,4
0,3}
0,2 [——Pitch =500 nm
0,1 [ = Pitch = 600 nm
ool——Pitch=700nm

300 400 500 600 700 800 900 1000 1100

Wave length (nm)

Absorptance

Figure 2.7. a)-b), electric field distribution in SiINWs at different incident wavelengths: a) wavelength
is 750 nm; b) wavelength is 900 nm. c¢) Absorptance of the NW arrays as a function of wavelength.
The insets are electric field map of individual NW at wavelength 750 nm and 900 nm. The insets are

from a) and b).

With equation 2.41, we have calculated the maximum theoretical Jsc for various configurations. The
results are shown in figure 2.8. It can be seen that the values are in the range from 7 to 25 mA/cm?.
When the NW diameter is 100 nm, the NW arrays with smaller pitch have a higher current. This is
intuitive because the smaller pitch means bigger NW density and bigger material volume. But when
the NW diameter is bigger than 300 nm, a 600 nm pitch gives the highest Jsc. Moreover, the increase
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of NW diameter from 300 nm to 400 nm decreases the Jsc. This demonstrates that except for the
volume of the material, the structural parameters play important roles in the optical performance of
the NW arrays. For NWs with 300 nm diameter, the results obtained in this study are in good
agreement with the calculation done by Foldyna et al*.
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Figure 2.8. Maximum theoretical Jsc as a function NW diameter. Lines with different colors represent
different pitch.

2.3.2 Comparison of NW solar cells and planar solar cells

As described above, one major attracting character of NW solar cells is that they possesses light
trapping effects. It means that the light can be trapped in the NW arrays and lead to a stronger
absorption than the planar solar cells. In order to quantify the light trapping, a NW solar cell model
and a planar solar cell model have been built for comparison. The two models have the same amount
and same kind of material. Figure 2.9 shows the configurations and parameters of these two models.
In figure 2.9 a), the NW solar cell has a p-type doped c-Si NW core, an intrinsic a-Si:H shell, a n-type
doped a-Si:H shell and an ITO coating. Between the vertical parts of the solar cell, there is a planar
part. In figure 2.9 b), the model for the planar solar cell has the same layers, same kind and same
amount of materials. Because the c-Si NW core only corresponds to 0.5 nm of planar layer, the
absorption in such a thin layer is negligible. So the c-Si planar layer is not included in the planar layer
model. The boundary condition at the bottom surface for both solar cells is a perfectly matched layer.
In other words, the thickness of the air layer at the bottom is infinite.
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Figure 2.9. Parameters of the solar cell models of different configuration. a) NW solar cell; b) planar
solar cells.

During the simulation, n and k of a-Si:H, pc-Si:H and ITO are determined with the method described
in section 2.2. The other materials, c-Si, Ag and Zn0? are from literature. The plots of n and k of c-Si
and Ag are in figure 2.6 a), and the plots of a-Si:H, pc-Si:H, ITO and ZnO are in figure 2.10.
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Figure 2.10. Imaginary part of the complex refractive index k of a-Si:H, pc-Si:H, ITO and ZnO materials.

In order to analyze the light response of the two solar cells into detail, we have plotted the electric
field and absorption map at wavelength equal to 590 nm in figure 2.11. In the planar solar cell, it can
be seen clearly that the E field is a plane wave both in air and in the solar cell. In the air, the distance
between the two neighbor E field peaks is 295 nm. This is the half of the wavelength. In the a-Si:H
part of the solar cell, the distance between the two neighbor E field peaks is close to 68 nm. This is
the half wavelength divided by refractive index of a-Si:H at A = 590 nm, which is 4.329. For the NW
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solar cell case, due to the confined mode of propagation, the E field gets largely enhanced inside the
solar cell. In the absorption map, it can be seen that the absorption in the NW solar cell is much
stronger than in the planar solar cell. At the same time, since the wire guides the propagation of light
as a wave guide, the light travels a longer distance in the NW solar cell than in the planar one. This
also enhances the absorption.
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Figure 2.11. Electric field and absorption map in NW solar cells and planar solar cells at A = 590 nm.

In order to compare the difference of absorptance of the two solar cells quantitatively, the
absorptance in each layer of the solar cell is calculated as a function of the wavelength as shown in
figure 2.12. Figures 2.12 a) and b) show the results of NW solar cell and of the planar solar cell,
respectively. It can be seen that the absorption in the NW solar cell is much stronger than in the
planar solar cell for all the wavelengths. The green part shows the absorption in the i-layer. The
maximum theoretical Jsc has been calculated for the i-layers, which are 15.6 mA/cm? for NW solar
cell and 7.7 mA/cm? for planar solar cell. Based on these values, the enhancement of absorption in
the i layer is above 100%.

When the wavelength is smaller than 450 nm, the absorptance in figures 2.12 a) and b) is relatively
small. This is mainly because ITO has a strong absorption in this wavelength region, as shown by the
red curves in figures 2.12 c) and d). When the wavelength is larger than 650 nm, the absortance in p i
and n-layers decreases sharply. This is due to the large decrease of k of a-Si:H, as shown in figure 2.10.
However, NW solar cell still have a relatively high value of absorption in this wavelength region due
to the light trapping effect. The reflectance of the two solar cells is shown by the black curves in
figures 2.12 c) and d). Since there is a Ag layer at the bottom of the solar cell, the unabsorbed light
will be reflected back and contribute to the reflectance. Compared with planar solar cell, NW solar
cell has a much lower reflectance in the whole wavelength range. The reflectance of planar solar cell
at 430 nm is almost 0. This is the anti-reflection effect of ITO layer since the n of ITO at such
wavelength is 2.22, and the ITO layer thickness is 145 nm. Besides ITO layer, ZnO layer and Ag layer
also absorb parts of the light, especially in the long wavelength region.
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Figure 2.12. Absorptance as a function of wavelength in different layers of a) NW and b) planar solar
cells. The black curve shows the sum of p i and n-layers, while the green part shows the absorption in
the i-layer. c)-d) Absorptance in ITO, ZnO and Ag layers, together with the reflectance shown in black
curve: c) in NW solar cell, d) in planar solar cell.

The absorptance by the NW core of the NW solar cell is shown in figure 2.13. It can be seen that the
value is well below 1 percent. This is because firstly, the volume of the c¢-Si core is only around 0.4%
of the i layer volume. Secondly, it is buried in a-Si:H. This makes the electric field difficult to reach the
NW core. For example at 450 nm wavelength, the electric field gets absorbed at the n layer and the
outer part of the i layer.” Thirdly, the absorption coefficient of c-Si is much smaller than that of the
a-Si:H at visible wavelength range. This makes c-Si NW core to absorb less. For example at 610 nm,
the region of the core is under strong E field, however, the absorption mainly occurs in the a-Si:H.
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Figure 2.13. Absorptance by the SiINW core inside the NW solar cell. The E field and absorption maps
at 450 nm and 610 nm wavelength are shown on the left and right, respectively.

The absorption of light in each layer has been converted into photo-current using equation 2.40. The
results are shown in table 2.1 and figure 2.14. It shows that in all the layers (except for n layer), the
NW solar cell absorbs more photons than the planar one. For NW solar cell, 12.1% of light for A up to
800 nm is absorbed in ITO, ZnO and Ag layers, and 16% of light is reflected. For planar solar cell, 8.1%
of light is absorbed in ITO, ZnO and Ag layer, and 51.7% of light is reflected.

In our model, the NW solar cell has a vertical part and a planar part. We have calculated the photon
current generation in the two parts separately. For same volume of material, the vertical part
generates 1.9 times more photo-current than the planar part. This compares quite favorably with the

EBIC results measured by L. Yu et al.™.

Table 2.1. Equivalent photon current generated in each layer

Layer name Photon current [mA/cm?] Percentage [%]
NW solar cell Planar solar cell NW solar cell Planar solar cell
ITO 1.8 1.4 6.6 5.2
P 1.1 0.5 4 1.9
i 15.7 7.7 58.4 28.7
n 2.2 2.6 8.1 9.6
Zn0 0.6 0.3 2.1 1.1
Ag 0.9 0.5 3.4 1.8

Reflection 4.7 13.8 16 51.7
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Figure 2.14. Absorption distribution in each layer of NW solar cell, a); and a planar solar cell, b).

This comparison shows that due to the confined and wave-guide propagation mode, the E field in the
nanowire solar cell is much stronger and travels a longer distance in NW solar cell than the planar
counterpart. This lead to stronger absorption and reduced reflection. With the same amount of
material, NW solar cells absorb more. The absorption in the c-Si NW core is negligible because it is
buried in a-Si:H, it has a smaller absorption coefficiency compared with a-Si:H, and it has a tiny
volume.

2.3.3 a-Si:H/pc-Si:H tandem solar cells

We know that light is composed of photons with different energies, or different ‘colors’. These
photons react differently with materials. Solar cells are usually made of semiconductors which have a
certain value of band gap. When the band gap energy of the semiconductor is lower than the
absorbed photon energy, the extra energy will be lost quickly in the form of heat. Since a certain
semiconductor only has a single band gap, it cannot match the solar spectrum. In order to minimize
the energy loss, semiconductors with different band gaps can be combined to match the solar
spectrum. As shown in figure 2.15, the top cell with a wide band gap absorbs high energy photons,
and the bottom cell with narrow band gap absorbs low energy photons.

High energy Low energy

High energy gap top solar cell

Low energy bap Bottom solar cell

Figure 2.15. Schematic of the principle of a tandem solar cell. The top cell with wide band gap
absorbs high energy photons, while the bottom cell with narrow band gap absorbs low energy
photons.
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Stacking solar cells based on different absorber materials is called a multi-junction solar cell. The
theoretical energy convertion efficiency of the multi-junction solar cells increases with the number of
junctions®®. However, the cost and complexity will also increase. The compromise between the
efficiency and the cost has to be found. In our lab, low cost single junction a-Si:H NW solar cells have

d*™*2% However, this is still a

been developed and a conversion efficiency of ~9.2% has been achieve
relative low value when compared with other kind of thin film solar cells such as C1IGS* and cdTe.
Meanwhile, a-Si:H is a relative high band gap material, multi-junction solar cell can be made by
adding relatively low band gap materials. For planar structure, a-Si:H based multi-junction solar cells
have been studied over the past four decades®*. A stabilized efficiency of 13.6%>> and an initial
efficiency of 16.3%>° have been achieved with a-Si:H/a-SiGe:H/nc-Si:H triple-junction and a-Si:H/pc-
Si:H/uc-Si:H solar cells, respectively. On the contrary, there is only one study on a-Si:H based multi-
junction NW solar cells®. The full potential of multi-junction NW radial junction has to be explored
both theoretically and experimentally. In our lab, the fabrication process of NW solar cell allows a
low band gap material, such as pc-Si:H, to be deposited®’. Thus radial junction solar cells with a-Si:H
top cell and pc-Si:H bottom cell can be fabricated. In order to have insight on the optical design,

modeling is needed.

The model used for our optical simulation is shown in figure 2.16 a). This model is composed of a
bottom pc-Si:H cell and a top a-Si:H cell. The bottom cell consists of a p-type of c-Si NW core, an
intrinsic pc-Si:H shell, and a n-type pc-Si:H shell. The top cell consists of a p, i, and n-type of a-Si:H
layers. The outer shell of the tandem solar cell is an ITO layer. The substrate of the solar cell is a ZnO
coated Ag layer. The thickness of each layer is marked in figure 2.16. Since all these layers are
deposited by PECVD, there is also a deposition between the vertical solar cells. This is the planar part
shown in figure 2.16 a).

From the optical point of view, we assume that our doping level does not change the optical
properties of the material. Thus the p, I, and n-layers of the a-Si:H cell can be considered as one layer,
and the same for the i and n layers of uc-Si:H. As explained before, the absorption of the c-Si:H core
is negligible. Thus, the initial 9 layers model can be simplified to a 5 layer model, as shown in figure
2.16 b). This simplification will not change electric field and absorption profile. However, it will
simplify the meshing process and improve the mesh quality without increasing the mesh number.
The disadvantage here is that the absorption in p and n-layers cannot be quantified. But our main
purpose is to optimize the geometry design to get the maximum current. The studied parameters
include NW length, layer thickness and pitch. We consider that all the generated carriers are
collected to estimate the theoretical photo-current.
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Figure 2.16. a)-b) Scheme of tandem a-Si:H/uc-Si:H solar cell. a) Initial structure of the tandem solar
cell, with pin/pin structure. b) Simplified structure of the solar cell, with the p i and n layers
combined into a thicker layer.

The optimization has been done by searching the largest matched Jsc in a three dimension
parameter space: NW length, solar cell pitch and layers thickness. The layers thickness include the
thicknesses of a-Si:H and pc-Si:H layers.We have searched in the NW height range from 1000 nm to
1800 nm, the solar cell pitch ranges from 1000 nm to 1200 nm, the total thickness ranges from 200
nm to 400 nm, and the a-Si:H/(a-Si:H+pc-Si) thickness ratio ranges from 0.15 to 0.35. The imaginary
part of the complex refractive index k of pc-Si:H is shown in figure 2.10. c). The uc-Si:H has a high
crystalline fraction.

The highest matched current in this parameter space has been found is 14.1 mA/cm?® This is
obtained when NW length is 1800 nm, solar cell pitch is 1000 nm, total thickness is 350 nm and a-
Si:H/(a-Si:H+uc-Si) thickness ratio is 0.16. In figure 2.17 a), we show the current generated in the a-
Si:H layer and in the pc-Si:H layer with a-Si:H/(a-Si:H+pc-Si) thickness ratio varies from 0.15 to 0.35,
which corresponds to the thickness variation of pc-Si:H layer thickness from 298 nm to 228 nm. With
the increase of pc-Si:H layer thickness and decrease of a-Si:H layer thickness, the photo-current
increases in the pc-Si:H layer and decreases in the a-Si:H layer. The highest current is achieved when
the pc-Si:H layer is 5.3 times thicker than the a-Si:H layer. This is because a-Si:H has a high absorption
coefficient in the visible range (400-650 nm) while pc-Si:H has a weak absorption coefficient in the
near infrared range (700-1100 nm). Thus a thicker pc-Si:H layer and a longer NW is needed to achieve
a higher matched current. Figure 2.17 b) shows the same curves as the figure 2.17 a). The difference
here is that the total thickness of the a-Si:H layer and the pc-Si:H layer is 250 nm. Compared with
figure 2.17 a), the current in each layer is reduced. The matched current in this case is reduced to ~
12.5 mA/cm?>. Compared with the literature™, this matched current is relatively small. The difference
might from the absorption coefficient of the pc-Si:H.
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Figure 2.17. Jsc generated in the a-Si:H layer and pc-Si:H layer with different layer thicknesses. a) The
total thickness of a-Si:H and pc-Si:H layer is 350 nm. b) The total thickness of a-Si:H layer and pc-Si
layer is 250 nm.

The absorptance in each layer of the solar cell which has achieved the highest matched Jsc is shown
in figure 2.18. It can be seen that the a-Si:H layer has a relatively high absorptance in the short
wavelength range. There is an overlap between the two layers in the wavelength range from 400 nm
to 800 nm. The pc-Si:H has a relatively low absorptance in the whole range of the spectrum. This is
because the amount of pc-Si:H material is very small. For planar tandem a-Si:H/pc-Si:H solar cell, it
usually requires several um thick pc-Si:H layer. Even if NW structure has a light trapping effect, the
thickness of pc-Si:H here is smaller than 300 nm. In figure 2.18 b) it can be seen that there is almost
no reflection when the wavelength is smaller than 700 nm, and that there is a significant absorption
in the ITO layer when the wavelength is smaller than 400 nm. When the wavelength is larger than
700 nm, the absorption in ITO layer increases. This is because the k of ITO increases with the increase
of wavelength, while the k of pc-Si:H layer decreases. There is also absorption in the ZnO and Ag
layer in the long wavelength range.
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Figure 2.18. Absorptance in each layer of the tandem a-Si:H/uc-Si:H solar cell which has achieved the
highest current match. a) Absorptance in a-Si:H layer and pc-Si:H layer. b) Absorptance in ITO layer,
Ag layer and ZnO layer. The reflectance is also shown by the green curve.
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2.4 Summary

In this chapter we have gone through the detailed theoretical back ground of the interaction
between light and materials, and the characterization of the material. Then we have explained the
process and theoretical background of simulation with Comsol Multiphysics. After that, various NW
configurations have been studied. Firstly we have investigated the details of the light absorption in
SiNW arrays. Then we have compared the absorption in a NW solar cell to that of a planar solar cell.
We show that with same amount of material, NW solar cells can increase the total absorption by
100%. Lastly we have optimized the a-Si:H/uc-Si:H tandem solar cell structure in a 3 dimensional
parameter space. For NW length of 1.8 um, 14.1 mA/cm” matched Jsc has been achieved with 293
nm thick pc-Si:H layer and 57 nm thick a-Si:H layer. We show that the limiting factor for higher Jsc is
the low absorption coefficient of the pc-Si:H.
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3.1 Introduction

A nano-object is an object which has a size in the nanometer scale. With the nano-object, it is
possible to make small devices and integrate a large amount of them in a small area. The small size
also brings novel material properties to the nano-object. This is because firstly, materials are
composed of atoms which have a length scale of 0.1 nm. When the size of the material is in the nm
scale, it cannot be considered that there are an infinite number of atoms. The limited number of
atoms will give discrete band structure. Secondly, when the electron flows in the material, it usually
has a kinetic energy of a few eV. This energy corresponds to an electron wavelength of few nm which
is the size of the nano-object, thus the flow of electrons in nano-object will exhibit quantum
properties. Lastly, when the material becomes small, the surface states will have a strong influence
on the electron behavior. All these make the electrons to behave differently in a nano-object and
lead to novel properties of a material. These properties include electrical, optical, thermal,
mechanical and chemical properties. As a result, nano-objects find their application in a variety of
fields such as electronics’, photonics®*, mechanicals’, and biologicals®.

A nanowire (NW) is a kind of nano-object. Its specificity is the wire form, which means it is long in
one dimension. The geometry gives another freedom to tune the properties of the NW or the NWs
system. Firstly along the axial direction, the wire can have structured form, such as spring or zigzag.
The atom arrangement and atom composition can also be changed along the axial direction.
Secondly, the NW can have a core-shell or core multi-shell structure in the radial direction. Lastly, the
NWs can also be arranged into arrays or more complicate structures. The novel properties makes

NWs highly desirable for new generations of applications such as transistors ’, memories 2,

11-15 16-18

biosensors °, photodetectors '°, solar cells **°, and battery electrodes

The synthesis of the NWs can be dated to 1960s'°. Among the pioneers, Wagner and Ellis reported on
the solid phase SiINW growth when they exposed the liquid phase Au nanoparticle to vapor phase
SiCl, and H, gases at 950°C*. They named the growth mechanism as Vapor-liquid-solid (VLS). VLS and
its variations are still the most used mechanism for NWs synthesis today?'. This mechanism belongs
to a category which is called bottom up approach. In this approach, the NW ‘grows up’ by adding the
composition material little by little. The growth must be anisotropic, otherwise the growth will result
in a bulk crystal. There are many ways to realize one dimensional anisotropic growth, such as using a

172223 There is another NW synthesis

capping catalyst metal or induce confinement by using template
approach called top down approach. Thanks to the advance of technology, it is possible to remove
material at nanoscale with nm precision®**>. Then the straight forward top down approach appears.
This approach starts with a bulk material and then removes material between NWs to get NWs. High

cost equipment, such as electron lithography is usually used in the top down approach®®.

As explained in chapter 2, NW radial junction structure is highly desirable for solar cell applications.
However, the competition with different types of solar cells and also from other kind of energy
sources requires low solar cell fabrication cost. This means the NW structure in this study should be
synthesized at low cost. It requires that the equipment to be low cost, the process to be low cost,
and the material to be low cost. As a result, high cost equipment such as electron beam lithography,
high cost substrate such as crystalline silicon wafers and complicated synthesis process are not the
priority to be chosen. Instead, we use a standard low temperature PEVCD reactor, which is routinely
used by the industry to produce low cost material on large areas, and a standard thermal evaporator
as main equipment for synthesis, standard Corning glass coated with thin conductive layer of ZnO:Al
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as substrate, and use simple process. We use Sn as a catalyst to produce SiNWs by plasma-assisted
VLS method. There are several reasons to choose Sn. Firstly, Sn has a low eutectic point with Si. Thus
the SiNWs can be grown with low temperature process. Secondly, the defect level in the Si induced
by Sn is low. Lastly, according to previous studies on several catalyst candidates, such as Bi¥, In%,
Ga”’, and Sn*>*!, sn produces NWs with better morphology and gives better solar cell performance.

Thus we focus on Sn as a catalyst.

SiNWSs or SiNW arrays are nano-structured Si material. It is the structural parameters that give them
novel properties with respect to bulk Si. Thus controlling the structural parameters is essential in NW
synthesis. A tremendous amount of research effort has been devoted to better understand the NW

3234 This research is also dedicated

synthesis process and to achieve better controlled NW synthesis
to achieve better controlled NW synthesis. With a low cost approach this task is more challenging
because the process parameters, such as catalyst layer thickness, substrate temperature, and gas
flow rate, do not link with a certain NW structural parameter directly. When one process parameter
is changed, it always results in the change of many NW structural parameters. The complexity of the
system requires one to have a good understanding of the NW growth process. In the literature, only
few papers dedicated to the study the SINW growth by plasma-assisted-vapor-solid method using tin
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d

as a catalyst can be foun . In these studies, different growth temperature *>, plasma power

4% 3nd hydrogen dilution level *** have been used as variables to study their

density ¥/, catalyst size
effect on the nanowire geometry and crystallinity. However the growth process was not detailed in
these studies. There are few papers which investigate the nanowire diameter and length

evolution®*

and discuss the growth process. However, the initial growth stage (when catalysts
droplets form small NWs) was overlooked, despite the fact that this stage is the most important one
for controlling the NW growth. Indeed, the density, the orientation of the NWs as well as the
diameter of the crystalline core are mainly determined within this stage. This growth stage is one
focus of this chapter. We have developed a positioning method which allows us to return to the
same location on the sample after each process step. With this method we studied the behaviors of
the catalyst droplets and the initial growth stage precisely. In addition, we have expanded the
duration of the NW growth duration until the merging of NWs. Moreover, we also provide detailed
statistical analysis and explanations on the evolution of NW density, morphology and crystalline

structure.

3.2 Experimental setups

3.2.1 Thermal evaporator

With a bottom up approach, Si crystal needs to grow anisotopically to form a NW. In our case the Sn
nanoparticle is capping on the tip of the SiINW to achieve one dimensional growth. An Edwards FL
400 thermal evaporator is used to deposit Sn thin film catalyst on the substrate. Figure 3.1 a) is a
photo of the internal components of the thermal evaporator, and figure 3.1 b) shows the schematic
diagram of the evaporator. Its working principle is simple. Firstly the substrate is fixed to the
substrate holder and the Sn metal is loaded into the tungsten boat. Then the system will be pumped
till the vacuum is under 5 x 10°® mbar. After that an electric current will be applied to the crucible to
heat the Sn metal by Joule effect. The thickness of the deposited Sn layer is monitored by a quartz
crystal microbalance. The quartz crystal microbalance measures the thickness by measuring the
changing resonance frequency. The decrease in frequency can be linked with the increase in mass by
using Sauerbrey’s equation®:
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Afy = (3.1)

N (quq)l/z
Where Af; is the decrease in frequency, f, is the fundamental frequency of the crystal, mis the
increase in mass, nis the harmonic number, y, is the shear modulus of the crystal, and p, is the
density of the evaporated material. During the deposition process, the substrate temperature is
room temperature.
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Figure 3.1. a) Internal components of thermal evaporator. b) Schematic diagram of the thermal
evaporator.

With thermal evaporator we can deposit films of different thicknesses. We have checked the
accuracy of the quartz crystal microbalance by measuring the deposited thickness. Figure 3.2 a)
shows a SEM image of Sn catalyst deposited on a flat Si surface with 1 nm nominal thickness as
measured by the microbalance. Image treatment software Imagel* has been used to measure the
droplets size. Firstly, a binary file is generated, as shown in figure 3.2 b). Then the droplets are
identified and their areas are measured, as shown in figure 3.2 c). The volume of the droplets is
calculated by considering they are perfect spheres. The total volume of the droplets is equivalent to
1.94 nm of planar Sn layer. Since the droplets have certain level of wetting on the Si surface, the real
volume of the Sn droplet will be smaller than the perfect sphere. In the case of semi-spheres the
equivalent thickness would be 0.97 nm, very close to the nominal value of 1 nm. This shows that the
quartz crystal microbalance gives a relatively good accuracy. Here a Si wafer is also used, this is
because that Si wafer has a flat surface and it is easy to cut. During the experiments, the native oxide
on the Si wafer was not removed.

Figure 3.2. a) SEM image of as deposited 1 nm of Sn on Si surface. b) Image a) after binary treatment.

c) Droplets which have been identified by the software.
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3.2.2 PECVD reactor

The NW growth is carried out in a PECVD reactor named Plasfil. Figure 3.3 a) shows the structure of
Plasfil, and 3 b) shows a schematic diagram of it. It consists of a chamber which is linked with
precursor gas lines and pumping system. When there is no gas injection, the back ground vacuum
level is in the 5 x 10 Pa (5 x 10 mbar) range. When the precursor gas is injected, the working
pressure is in the ~100 Pa (~1 Torr) range. There are two electrodes in the chamber. The top one is
connected to the power injection system, while the bottom one is grounded. Both electrodes can be
independently heated. The bottom electrode also works as a substrate holder. During NW growth,
the precursor gases flow between the two electrodes. The free electrons are accelerated by the
oscillating electric field and collide with the precursor gas molecules. After receiving the energy from
electrons, the gas molecules dissociate and become reactive radicals. The radicals diffuse to the NWs
to maintain the growth process.
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Figure 3.3. a) PECVD reactor Plasfil. b) Schematic diagram of the reactor.

For a PECVD reactor, the most important parameters include gas flow rate, substrate temperature
and injection power. We have calibrated these parameters to guarantee the accuracy of the
experiments. The substrate temperature was measured by fixing Pt100 platinum resistance
thermometers to a 1 mm thick Corning glass on the substrate holder. Figure 3.4 a) shows the real
temperature measured by Pt100 as a function of nominal substrate temperature. During the
measurement, the H, flow rate was 100 sccm, pressure was 133 Pa, and the top electrode
temperature was set at 200°C. It can be seen that the measured data during heating up and cooling
down have a good match which indicates that the temperatures have achieved a steady state value
during measurements. The linear fit of the two curves gives a slope around 0.56. This means with the
increase of the nominal temperature, the difference between measured temperature and nominal
temperature gets bigger. When the nominal temperature is 160°C, the difference is 16°C, while when
the nominal temperature is 650°C, the gap increases to 224°C. Figure 3.4 b) shows that when the
setting temperature is 600°C, it takes around 15 minutes to reach a steady state value, which is
around 393°C. When the setting temperature is 250°C, it takes around 10 minutes to achieve
equilibrium at around 202°C.
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Figure 3.4. Temperature calibration results on Plasfil. a) Real temperature measured with a Pt100 as
a function of nominal temperature. b) Temperature increasing profile when the nominal
temperature is set at 600°C and 250°C.

The flow rate is calibrated as follows: the volume of the reactor is V in m?, the flow rate is v in sccm,
the pumping system is stopped. At time t in seconds, the change of the pressure of the reactor is AP
in Pa, T is reactor temperature in K, R is gas constant 8.314 JK'mol™. Then the real flow rate can be
calculated as:

1.344%10°APV
V=

RTt (3.2)

The volume of the chamber is measured by connecting a tube with known volume V; to the reactor.
There is a valve between the tube and the reactor. At the beginning, keep the valve open and set the
pressure at P;, then close the valve and pump the chamber to decrease the pressure to P,, then
open the valve, the total pressure will be increased to P;. The volume of the chamber can be
calculated as:

Py—P;
P3—P,

V= Vt (3.3)

The leakage rate of the reactor has also been measured. After closing the pumping system, the
increase of pressure of the chamber pressure is shown in figure 3.5 a). The leakage rate of the
chamber has been calculated by using equation 3.2, and it has a value around 10 sccm, as shown in
figure 3.5 b).
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Figure 3.5. a) Chamber pressure after closing the pumping system. b) Chamber leakage rate after
closing the pumping system.

3.2.3 Other experimental tools and the SiNW growth processes

Besides the thermal evaporator and the PECVD reactor, a sputtering system is used to deposit thin
ZnO:Al layers on Corning glass. The characterization tools used in this study include scanning electron
microscopy (SEM), Raman spectroscopy and Transmission electron microscopy (TEM). The SEM
equipment was a Hitachi S-4800; the TEM instrument was a Jeol 2010F with a point-to-point
resolution of 0.23 nm, and a TiTan with a point-to-point resolution of 0.1 nm. The Raman
spectrometer was an ARAMIS system from Jobin-Yvon with a lateral resolution around 1 pum and four
possible excitation wavelengths: 473 nm, 532 nm, 633 nm and 785 nm.

The typical NW synthesis experiment involves the following steps:

(1) A~1.4 um thick ZnO:Al film was sputtered onto Corning glass. During the sputtering process,
the substrate temperature was set at 200°C *°.

(2) A Sn layer with a nominal thickness of 1 nm was deposited on ZnO:Al by thermal
evaporation. These droplets subsequently oxidize when exposed to atmosphere.

(3) The substrate was loaded into Plasfil, and heated up to 200°C under vacuum.

(4) A hydrogen plasma was applied to reduce the tin oxide and to form Sn droplets. The H, flow
rate, pressure, RF power density, inter-electrode distance and duration of the plasma were
100 sccm, 600 mTorr, 38 mW/cm?, 28 mm and 2 minutes, respectively. This is our standard
H, plasma treatment.

(5) After the hydrogen plasma treatment, the temperature of the substrate was increased to
400°C, and samples were annealed for 2 minutes under a H, flow. Then 11 sccm of silane
were introduced. The total pressure for SiH, and H, gas was set to 1000 mTorr, and a RF
power of 17 mW/cm? was applied to trigger the silane plasma. The duration of NW growth
was 10 minutes. After growth, the samples were cooled down to 120°C under H, flow.

3.3 Experimental results

3.3.1. Droplets engineering

With bottom up NW synthesis, the catalyst droplets play a major role during the NW growth process.
Thus engineering the droplets diameter and density distribution is an effective way to control the
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NW growth. In this study, various treatments have been carried out to study the evolution of the
catalyst droplets.

3.3.1.1 The substrate

The image of the substrate for SINW growth is shown in figure 3.6 a), and the schematic of it is
shown in Fig 6 b). It composed of a 1 inch by 1 inch commercial Corning glass, then a ZnO:Al layer,
and finally an evaporated thin Sn layer. The ZnO:Al layer is deposited in the lab using sputtering
process. The function of this layer is to provide a transparent conductive contact for solar cells. The
most used nominal thickness of Sn layer in this study is 1 nm. Figures 3.6 d) shows a SEM image of
the substrate. The diameters of the droplets in figure 3.6 d) have been measured and shown in figure
3.6 c). They are in the range of 2 to 12 nm. The total volume of these droplets calculated from theses
diameters data is close to the volume of a 1 nm thick layer. Since 1 nm only corresponds to 3
monolayer of Sn, there should be no Sn layers between the droplets. Figures 3.6 e) and f) show Sn
layers deposited on ZnO:Al coated Corning glass with nominal thicknesses of 30 nm and 350 nm,
respectively. It can be seen that Sn does not form a uniform layer even when the thickness is as big
as 350 nm. This is due to the fact that the interaction between Sn atoms is stronger than the
interaction between Sn atoms and ZnO:Al surface, thus the growth of the Sn layer has an island
growth mode.

b) c) 40 -
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Figure 3.6. a) ZnO:Al coated Coring glass. b) Schematic diagram of substrate with 1 nm of Sn. c) Sn
droplets diameter distribution when the Sn layer thickness is 1 nm. d) to f) SEM pictures of Sn layers
deposited on ZnO:Al with different thicknesses: d) 1 nm, e) 30 nm; f) 350 nm.

In order to monitor the change of droplets after the treatments, we have developed a positioning
method for SEM observation. Firstly, a cross shape scratch is made on Corning glass with a diamond
pen. The form of the scratch can be seen in figure 3.7 a). There are two additional scratches in the
center to differ the up and down during SEM observation. Then a 1.4 um thick ZnO:Al layer is coated
on the Corning glass. Finally 1 nm of Sn layer is deposited. Figures 3.7 b) to f) show the SEM images at
different magnifications. For each picture, the zone indicated by the arrow is magnified in the next
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one. On the last image, we can identify single droplets with diameters of few nm. The particles with
um size in the SEM images are glass particles coated with ZnO:Al. The glass particles are generated
during the scratching process. The particle with 1 um size might also be a ZnO:Al particle formed
during the sputtering process. The particles are used as a mark for positioning. This positioning
method is low cost, fast and gives nm precision, thus suitable for our purposes.

Zoom 3*n times Zoom 3‘5*n times Zoom 600*n times

$1501111_1 30.0kV x35\°

Zoom 5000*n times Zoom 50 000*n times
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Figure 3.7. Images of the sample at different magnification. The zone indicated by the arrow is
zoomed in the next image. a) Normal cameral image zoom at x 3. b) to f), SEM images zoom at x 35*n,
x 600*n, x 5000*n, x 50 000*n, and x 800 000*n, respectively. Note that the n which determine the
real magnification depends of the final display on the screen or on the paper. When these images are
printed on an A4 paper, n ~=1/3.

3.3.1.2 Effect of annealing

With the positioning method described above, firstly we have carried out annealing treatments on
the Sn droplets. Two similar annealing experiments have been done with same parameters except
annealing temperature, which are 200°C and 400°C. The substrate used are 1 nm of Sn deposited on
ZnO:Al coated Corning glass. Before annealing, a standard H, plasma has been applied to the Sn
droplets to remove the native oxide. In order to prevent the oxidation of the droplets during the
annealing, H, flow has maintained in the PECVD reactor. The annealing times are in the range of 45
minutes to 65 minutes.

The SEM images of the same position of the samples before and after annealing are shown in figure
3.8. For the annealing at 200°C, there is no significant change of the droplets size after the annealing.
For the majority of the cases, the position and the size of the droplets remains the same as before
the treatment, as indicated by the dashed circle 1. However for some cases, there are droplets
disappear accompanied with neighboring droplets size increases, as indicated by the dashed circles 2.
The most plausible likely explanation to this is Ostwald ripening, which means the atoms from small
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droplets spontaneous transport to large droplets because larger droplets are more energetically
favored than smaller droplets*. Another possibility is that the droplets move and coalesce. Even the
annealing temperature (200°C) is 32°C lower than the melting point of bulk Sn, the real melting point
of a Sn droplet of 10 nm diameter can be well below 200°C***%. Thus the liquid phase Sn droplets
have the possibility to coalesce during H, plasma treatment and annealing. Ostwald ripening and
coalescence are two phenomena which can lead to same result. The difference between them is that
the scale of the change. It is atom by atom for Ostwald ripening, and droplet by droplet for
coalescence. For the annealing at 400°C, it is not easy to obtain SEM image with good contrast after
the annealing. However, it can still be seen that the majority of the droplets stay at the same position
as before the annealing, as indicated by the dashed circles. These two annealing experiments show
that the size and the density of the droplets cannot be modified significantly by annealing at a
temperature close to the melting point of Sn ( 200°C ) or even at a temperature much higher than
the melting point of the Sn (400°C).

Before annealing After annealing
Co :

Figure 3.8. SEM images of samples before and after annealing. a) and b) show the same position of a
sample annealed at 200°C for 45 minutes; c) and d) shows the same position of same sample
annealed at 400°C for 65 minutes.

3.3.1.3 Effect of a thin a-Si:H layer

During the plasma-assisted VLS SiNW growth process, there is a-Si:H deposition on the area between
Sn catalyst drops. The a-Si:H layer can change the surface chemistry and the behaviors of the Sn
droplets. An experiment has been done to study the influence of a thin a-Si:H layer during annealing.
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For this experiment, 1 nm of Sn was deposited both on ZnO:Al coated Corning glass and cSi wafer.
Firstly the samples were exposed to a standard H, plasma treatment to remove the native oxide.
Then 30 seconds of a-Si:H deposition was carried out. The H, flow rate was 100 sccm, the SiH, flow
rate was 10 sccm, and the RF power was 38 mW/cm?. The estimated a-Si:H layer thickness was
around 2 nm. In order to avoid SiNW growth during a-Si:H layer deposition, the temperature of a-Si:H
deposition was set at 200°C. Indeed, previous studies in our lab show that the a-Si:H layer deposited
at lower temperature is more favorable to coalescence for pm scale Sn catalyst droplets.***° Finally

45 minutes annealing was carried out at 400°C under H, flow.

SEM images of a same position before and after the process are shown in figures 3.9 a) and b),
respectively. Figures 3.9 c) and d) shows two different positions of the ZnO:Al coated Corning glass
sample before and after annealing, respectively. It can be seen that annealing has a similar effect on
the two samples. After annealing, the droplets size increases and their density decreases. By
comparing figures 3.9 a) and b), we can see that some droplets stay at the same positon, as indicated
by the dashed circles 1 and 2. But in most cases, droplets merge with the neighboring ones and lead
to the increase of droplets size and the depletion of the surrounding area, as indicated by dashed
circles 3, 4, and 5. This demonstrates that a-Si:H can enhance coalescence or Ostwald ripening of Sn
catalyst.
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Figure 3.9. SEM images of 1 nm Sn samples before and after annealing at 400°C with a thin a-Si:H
layer. a) 1 nm of Sn as deposited on Si wafer. b) Same position as a) but after the annealing. c) 1 nm
of Sn as deposited on ZnO:Al. d) Same sample as c), but on a different position after annealing.



50 3.3 Experimental results

3.3.1.3 Effect of H; plasma treatment

Since H, plasma produces highly reactive hydrogen radicals, there is a strong possibility that a H,
plasma can modify the Sn droplets distribution. An experiment has been done to study the H, plasma
effects on the Sn droplets. Firstly, 1 nm of Sn has been deposited on ZnO:Al substrate. Then a H,
plasma has applied to the samples. The H, flow rate, pressure, RF power density, substrate
temperature and duration of the plasma were 100 sccm, 326 mTorr, 17 mW/cm?, 310°C and 100
minutes, respectively. As shown in figure 3.10, there is a significant increase of droplets size and
decrease of droplets density after the H, plasma treatment. The distance between two neighboring
droplets can exceed 100 nm. The size of the droplets is not uniform. The large ones can reach 40 nm,
while the small ones can be smaller than 10 nm.

Before After

Figure 3.10. SEM image of 1 nm Sn on ZnO:Al sample before and after H, plasma treatment at 310°C

An experiment has also been done to study the H, plasma effects on the Sn droplets at 400°C. In this
experiment, firstly, 1 nm of Sn has been deposited both on Si wafer and ZnO:Al substrate. Then a H,
plasma has applied to the samples. The H, flow rate, pressure, RF power density, substrate
temperature and duration of the plasma are 100 sccm, 830 mTorr, 17 mW/cm?, 400°C and 90
minutes, respectively. The SEM images of the two samples before and after the treatment are shown
in figure 3.11. It can be seen that the morphology of the surfaces has totally changed after the
treatment. On the Si wafer substrate, the result is quite similar to that of the H, plasma treatment at
310°C. As shown in figure 3.11 b), big droplets appear on the Si surface after the treatment. The total
volume of these big droplets represents 60% of the initial volume. This indicates that at least the
majority of the Sn has not been removed by the H, plasma. The result for ZnO:Al substrate sample is
quite different. In figure 3.11 d), no Sn droplets can be seen on the ZnO:Al substrate after the
treatment. Since the same H, plasma treatment has not removed the Sn on the Si wafer sample, so
there should be significant Sn left on the ZnO:Al sample also. The Sn might just have changed its
shape after the treatment. Indeed, SiNWs can be grown with the ZnO:Al sample which has
experienced the similar treatment.>*
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Figure 3.11. SEM images of 1 nm of Sn before and after a H, plasma treatment. a) 1 nm of Sn as
deposited on Si wafer. b) same sample as a), after H, plasma treatment. c¢) 1 nm of Sn on ZnO:Al
surface, as deposited. d) Same position of the same sample as c), after the H, plasma treatment.

3.3.1.4 Summary on droplets engineering

The droplets engineering experiments are summarized in table 3.1. The annealing both at 200°C and
400°C gives quite small changes of the Sn droplets size and density. With the presence of a thin a-Si:H
layer, the changement is enhanced but still limited. The H, plasma treatment both at 310°C and
400°C brings significant changes to the droplets size and density.

Table 3.1. Comparison of different treatment on Sn droplets

Treatment Temperature Detailed description of the changes Level of changes
. 200°C Majority of droplets stay at their initial position
annealing 400°C with similar diameter Small
Annealing . .
with a-Si-H 400°C Sn dr‘oplets increase diameter and decrease Moderate
density
layer
. Sn droplets increase diameter and decrease
310°C L
density significantly
H, plasma On ZnO:Al surface: Sn drops are not visible. On Strong
400°C Si wafer substrate: Sn droplets increase

diameter and decrease density significantly

3.3.2 NW growth process

In order to understand the NW growth process, we have carried out a series of experiment to
observe the growth process step by step. In this series of experiments, we have fixed all the plasma
parameters except the growth duration. The duration of NW growth was varied between 1 second
and 8 hours. The detailed experiment parameters and procedures can be found in part 3.2.3.
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The NW growth process from catalyst formation to the end of growth (up to 8 hours) has been
systematically analyzed by SEM. We roughly divide the whole growth process into four phases: i) the
evolution of catalyst droplets and initial formation of NWs, ii) the formation of straight NWs, iii) the
NW growth, and iv) the end of NW axial growth followed by a-Si:H coating.

3.3.2.1 Evolution of catalyst droplets and initial stages of NW growth

In order to precisely monitor the evolution of the catalyst droplets at the initial stages of SINW
formation, we have made a mark on the substrates (white stripe on the bottom left corner of the
images) allowing us to return to the same location on the sample after each process step in the
PECVD reactor. Figures 3.12 a) to d) show the sample with 1 nm of as-evaporated Sn, after 2 minutes
of annealing at 400°C, after 10 seconds growth, and after 40 seconds growth, respectively. It can be
seen that as-evaporated Sn forms droplets instead of a continuous layer. The droplets have a density
around 9000 droplets/um?” and their diameters range between 1 and 13 nm. The average diameter is
around 5.5 nm, and only around 20% of the droplets have a diameter larger than 8 nm. After
annealing at 400°C, two droplets can merge if they are close enough to each other, as the small
droplets inside the white circle figure 3.12 a) which become one single drop in figure 3.12 b). After
the annealing, the density of droplets decreases to 6600 droplets/um? and the average diameter
increases to 6.3 nm. For Si NW growth catalyzed by Au or Cu, there is an incubation time which can
be several tens of seconds >°. In contrast, when using Sn as a catalyst, NW growth can start within 10
seconds, presumably due to the low solubility of Si in Sn >>. Indeed, within 10 seconds of triggering
the SiH, and H, plasma, NWs start to grow, as shown in figure 3.12 c). The growth of NWs brings
dramatic changes to the droplets. Since the initial distance between droplets is only a few nm and
the NW length at this growth duration can be 10 to 20 nm, a significant amount of droplets merge, as
in the case of the NW indicated by the three dashed white lines in figure 3.12 c). The positions of the
three roots of this NW correspond to the positions of three droplets indicated by white dots in figure
3.12 a) and b). It is obvious that these three droplets grow separately and then merge together. In
order to illustrate the coalescence due to the NWs growth within the first 10 seconds, this process
has been illustrated with 3D software blender, as shown in figure 3.12 e). In this Figure we illustrate
how droplets are pushed together and merge during the initial stage of NW growth.

The droplets in figure 3.12 a) can also catalyze a NW without merging with other droplets, as the
droplet and NW indicated by the arrow in figure 3.12 a), 3.12 b) and 3.12 c). In figure 3.12 ¢), it is
difficult to find a NW or droplet with a diameter smaller than 5 nm. This can be due to the low
solubility of Si in Sn. When a droplet's diameter is 5 nm, the number of atoms inside is less than 2500.
The solubility of Si in Sn at 400°C is much less than 0.25% >3 thus the number of Si atoms that can be
dissolved inside such a Sn droplet is fewer than 6. In other words, most of the small drops seen in
figure 3.12 b) do not catalyze a NW because they do not have a single Si atom dissolved in them.
Therefore, the options for small droplets are to merge with other droplets or to get buried. After the
coalescence, the NW can continue its growth; this can be seen in figure 3.12 d) which shows the NWs
growing upwards after the coalescence (indicated by the white dashed lines). Droplets can continue
coalescing between 10 and 40 seconds of growth duration, as in the case of the two NWs indicated
by the two dashed lines at the bottom part in figures 3.12 c) and 3.12 d), which get merged due to
NW growth.

The above results are summarized in figure 3.12 f) where the black squares show the evolution of the
droplet density and the red circles show the evolution of the droplets mean diameter. The process
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time from 0 to 240 seconds corresponds to the annealing of Sn droplets, and from 240 to 250
seconds corresponds to the first 10 seconds of NW growth. With the increase of time, the droplet
density keeps on decreasing, while the droplet mean diameter keeps on increasing. Since the droplet
diameter and density display a much greater change during the 10 seconds of NW growth than
during the 2 minutes of annealing, it can be concluded that coalescence plays a much more
important role than Ostwald ripening.
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Figure 3.12. a)-d): SEM images acquired on the same spot of the sample at different growth
durations. a) 1 nm of Sn deposited on ZnO:Al; b) after 2 minutes of H, plasma treatment at 200°C and
2 minutes of annealing at 400°C; c) after 10 seconds of NW growth at 400°C; d) 40 seconds growth e)
3D illustration of coalescence of droplets during the first 10 seconds NW growth f) evolution of the
droplets density and mean diameter as a function of process time.
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3.3.2.2 Formation of straight NWs

Let us now look at the NW behavior for longer growth durations. At 2 minutes growth duration, long
and straight NWs are clearly observed, as shown in figures 3.13 a) and b). At this stage the NW
density is around 170 NWs/pum?, which is far less than the catalyst droplet density previously
mentioned. This is mainly because a large proportion of droplets produce irregularly shaped
nanostructures instead of a NW, as indicated by the circle in figure 3.13 a). The formation of these
irregularly shaped objects might be due to the anisotropic growth (along NW axial direction)
breakdown by continuous formation of crystalline defects. The side view SEM image for 2’ growth
duration is shown in figure 3.13 b). It can be seen that the NWs growth directions are quite random.
The NW tip diameter at this growth duration is usually around 10 nm; it is not easy to find a NW with
a tip diameter larger than 20 nm, even amongst thousands of NWs. Wetting of the NW sidewalls by
catalyst during NW growth has been suggested in the literature >*. If this phenomenon happens in
the present case, the maximum wetting layer length can be estimated by the following equation:

L =2r%/3cn

Where 1 is the radius of the NW at the base, c is the thickness of a monolayer catalyst (c3 is the
atomic volume of catalyst), and n is the number of layers of catalyst on the sidewall. In our case,
¢ = 0.30nm,r = 8nm, n = 1 (which means 1 monolayer of Sn coverage), then L is around 140 nm.
However, in the present case the NWs can grow till several um long. The existence of such a wetting
layer at a growth condition similar to the present condition is a matter of debate in the literature ****.
Our results suggest that the wetting layer should follow the tips of NW if it exists during the NW

growth.

3.3.2.3 NW growth

As we increase the growth duration, not all the NWs continue their growth along the axial direction.
A significant amount of kinking is observed at 5 minutes growth duration, as indicated by the circles
in figure 3.13 c). This is mainly caused by crystalline defects such as twinning and change of
crystalline phase, as shown in figures 3.13 e) and f). Indeed, in figure 3.13 f) the crystalline phase has

>>3¢ This is an exciting topic and will be explained in

changed from diamond cubic Si to hexagonal Si
the last section of this chapter. NWs can also change growth direction without introducing crystalline
defects; as shown in figure 3.13 g), the growth direction has changed from <111> to <211>. The new
directions may orient the NWs growth toward the substrate or other directions for which makes it
difficult for NWs to continue growth. NWs usually present irregular shapes after kinking, thus they
lose their wire-like geometry and cannot be considered as NWs. Thus, kinking decreases NW density
sharply. When the growth duration increases to 30 minutes, as shown in figure 3.13 d), the NW
"forest" becomes crowded because the NWs become long and their diameters increased. As a result,
more and more NWs at the bottom of the NW forest get shaded by the NWs on top of them. The
shadowing brings two effects. Firstly, it is difficult for the SiH, radicals to reach the hidden NWs.
Secondly, these NWs are no longer observable. At this growth duration, as indicated by the circles in
figure 3.13 d), parts of the NWs start to have a large tip diameter of several tens of nm. This is a
contrast to the situation at 2 minutes growth duration, when it was almost impossible to find a single
NW with a tip diameter bigger than 20 nm. The increase in the tip diameter can be explained by the
deposition of a-Si:H on the NW tip when there is no Sn catalyst on it (or no enough amount of Sn to
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continuously catalyze the growth). Therefore, the increase of NW tip diameter can be considered as a
sign of the end of the plasma assisted VLS growth.

2’, side view

Figure 3.13. SEM images of NWs at different growth durations: a) 2 minutes; b) 2 minutes, side view;
¢) 5 minutes; d) 30 minutes. High resolution TEM images which show e): twinning; f) change of
crystalline phase from cubic Si to hexagonal Si; g) change of growth direction from <111> to <211>.

3.3.2.4 End of NW axial growth followed by a-Si:H coating

When the NW growth duration reaches 90 minutes, almost all the NWs have a large tip diameter, as
shown in figures 3.14 a) and b). This indicates that all the NWs have eventually run out of catalyst
between 30 minutes and 90 minutes growth duration. As a consequence, there is only additional a-
Si:H coating if the growth duration is further increased. This is clearly illustrated in figure 3.14 c) for 8
hours growth duration, where the diameters of the NW tips exceed 1 um. The NW density as
determined from a top view SEM image is less than 1 NW/um®. From the side view SEM image, it can
be seen more clearly that NWs touch each other, and most of them merge. This corresponds to
standard a-Si:H deposition on a rough surface and the end of NW growth.



56 3.3 Experimental results

Figure 3.14. SEM images of NWs at long growth durations: a) 90 minutes; b) 90 minutes, side view; c)
8 hours; d) 8 hours, side view.

3.3.2.5 Evolution of the areal density of Si NWs

The evolution of catalyst droplet and NW density is displayed on a log-log plot in figure 3.15. In this
figure, the statistics correspond to observable droplets and NWs. The first data point corresponds to
the density of catalyst droplets after evaporation, the second data point corresponds to the droplet
density at 10 seconds growth duration, and the rest correspond to the NW density at different
growth durations. Overall, there is a decrease of density by 4 orders of magnitude. The decrease can
be divided into four stages. The first stage corresponds to the first few tens of seconds of growth,
when coalescence of droplets decreases the catalyst density. The second stage corresponds to the
first 2 minutes of growth; at this stage we have seen that only a small percentage of initial catalyst
droplets produce straight NWs. The third stage corresponds to the NW axial growth process, which
roughly takes place between 2 to 90 minutes under our growth conditions. During this stage the
decrease is mainly caused by the kinking and shading of NWs. The last stage (between 90 minutes
and 8 hours of growth) corresponds to a phase of standard a-Si:H deposition on the top of NWs; the
plasma-assisted VLS process is no longer effective due to the exhaustion of Sn. The increase of
diameter makes NWs touch and merge with each other.
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Figure 3.15. Evolution of the density of catalyst droplets and Si NWs during the 8 hours growth
process.

3.3.2.6 Evolution of crystallinity

We can obtain a clear view on the evolution of the NW crystallinity as a function of growth duration
through TEM observations. Samples with 2 minutes, 30 minutes and 90 minutes growth duration
have been studied by TEM. The observations show that NWs with short growth duration (~ 2 minutes)
are usually monocrystalline with an ultrathin (less than 1 nm) amorphous shell on their surface
(figure 3.16 a). The latter has been characterized as native oxide by electron energy loss spectroscopy
(EELS). This oxide is due to the fact that the NWs have been exposed to air before TEM
characterization. When the growth duration increases to 30 minutes, as shown in figure 3.16 b, the
core of the NW is monocrystalline while the shell has broken down to a-Si:H. Interestingly, it can be
clearly seen that the transition from the crystalline core to the amorphous phase shell deposition is
an epitaxial Si growth. This indicate the NW growth in radial direction does not change from

>7% \When the growth duration increases

crystalline to amorphous with an atomic layer abruptness
to 90 minutes, as shown in figure 3.16 c), the NW has a monocrystalline core, defective crystalline
shell, and a thick a-Si:H shell. The diffraction pattern in figure 3.16 c) demonstrates that the defects
are twins, the mirror plane of which is essentially the <111> plane that lies parallel to the growth axis.

In the literature, crystalline core with nanocrystalline shell structure *4%*°

and crystalline core with
amorphous shell structure *” have been reported. Here we suggest that with the increase of growth
duration, the crystalline structure of NWS along radial direction evolves from i) monocrystalline, to ii)
monocrystalline core/defective crystalline shell, then iii) to monocrystalline core/defective crystalline
shell/amorphous shell. The interface between crystalline part and amorphous part is not atomically

sharp.
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Figure 3.16. a) TEM image of a NW with 2 minutes of growth duration. b) TEM image of a NW with 30
minutes of growth duration. c¢) TEM image of a NW with 90 minutes of growth duration with
corresponding diffraction pattern in the inset. On the right of c) we show a zoom of the core double
shell structure.

The a-Si:H shell of the SiNW in figure 3.16 c¢) can be removed by H, plasma etching. Figure 3.17 shows
a sample which has undergone 90 minutes of standard of SINW growth and 60 minutes of H, plasma
etching. There is no break of vacuum between SiNW growth and H, plasma etching, otherwise the
etching will be difficult due to the formation of a-SiOx on the surface of the a-Si:H. During the H,
plasma etching, the H, flow rate, pressure, RF power density and substrate temperature are 100
sccm, 500 mTorr, 125 mW/cm? and 100°C, respectively. Figure 3.17 shows the SEM image of the
sample after the H, plasma etching. It can be seen that the majority of the NWs have changed the
morphology compared with the NWs shown in figure 3.14 a). The NWs become long and thin. As
highlighted by the red line, the NW is long, thin and has a uniform diameter along a long distance.
This indicates that the a-Si:H shell has been successfully removed.
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Figure 3.17. SEM image of a sample which has undergone a 90 minutes of SINW growth and 60
minutes of H, plasma etching. The red line highlights a NW with a-Si:H shell removed.

The NWs in figure 3.17 have also been studied by TEM. Figure 3.18 a) shows the bright field image of
a NW and figure 3.18 b) is a HRTEM image of the region indicated by the red block in a). It can be
seen that this NW has a rough surface after etching. The atomic planes can be seen on the major part
of the NW except for the surface. The diffraction pattern of the area in figure a) is shown in c). It also
shows strong crystalline signal. The particle like stuff on the surface looks like amorphous material.
The chemical map acquired by EDX study of the SiINW shown in d) shows the particles at the surface
are oxygen rich, as shown in e). Since there is presence of atomic hydrogen during the whole NW
growth process and the etching process, the oxide should be formed during the exposure to air after
the experiment. The rough surface can be explained by two possible reasons. The first one is that the
c-Si core of the NW is rough, as shown in figures 3.16 c) and d). The second one is that H, plasma
etching produces rough surface regardless the initial structure.
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Figure 3.18. TEM characterization of a SiINW after H, plasma etching. a) Bright field image of the NW.
b) HRTEM image of the region indicated by the red box in a). c) Diffraction pattern of the NW shown
in a). d) Bright field image of another NW. e) Si and O map of the NW shown in d).

The evolution of the crystallinity has also been studied systematically by Raman spectroscopy for
samples with 2 minutes, 30 minutes and 90 minutes of growth duration. The diameter of the laser
spot is around 1 pum. Thus, the Raman response is that of several tens or hundreds of NWs,
depending on the growth duration. The results are shown in figure 3.19. For the sample with 2
minutes of growth duration, a sharp peak can be observed at around 518 cm™. It indicates that the
NWs are almost fully crystalline. There is a 3 cm™ red shift compared with the bulk c-Si Raman peak,
which is around 521 cm™. This is mainly because the crystalline NWs have a diameter around 10 nm
which produces a red shift of Raman peak °®°'. For the sample with 30 minutes growth duration, the
intensity of the crystalline peak at 518 cm™ decreases and a broad a-Si:H peak centered at ~480 cm™
appears. This indicates an increasing fraction of amorphous material, which is mostly due to the a-
Si:H deposition on the sidewall of NWs and also on the substrate between the NWs. At 90 minutes of
growth duration, the broad peak at 480 cm™ indicates that the material is mostly amorphous. The
very weak shoulder around 520 cm™ shows that the fraction of crystalline material is very small.
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Figure 3.19. Raman spectra measured on SiNW samples with durations of 2, 30 and 90 minutes

3.3.2.7 Evolution of NW morphology

During the growth process, NWs undergo a strong evolution of morphology from quasi-cylindrical to
conical, then to bent conical, and lastly to bent inverted conical, as shown in figures 3.20 a-d). In
figure 3.20 e), the black squares, blue stars and red circles show the evolution of NW length, base
diameter and tip diameter as functions of the growth duration. During the first 30 minutes of growth,
the NW length increases at a rate around 1.5 nm/s, the base diameter increases at a rate of 0.03-0.05
nm/s, while the tip diameter remains almost constant. The invariance of the tip diameter can be
explained by two reasons. Firstly, the decrease of tip diameter is very small, and therefore within the
observational error bar. As described in section 3.3.2.3, Sn droplets might not be able to catalyze the
growth when their diameter is smaller than 5 nm. So the decrease of the droplets diameter under
our growth conditions can only be of a few nm since the starting value is around 10 nm. Secondly,
the decrease of tip diameter is hidden by another phenomenon: once the Sn is exhausted on the tip,
the tip diameter will start to increase due to the coating by a-Si:H. When the coated tip is less than
20 nm in diameter, it is not possible to tell whether the NW axial growth has stopped. This
phenomenon increases the average tip diameter and hides the decrease of the tip diameter during
NW axial growth.

The evolution from quasi-cylindrical to conical shapes can be explained by a-Si:H side wall deposition.
Since the radial growth rate is 30-40 times smaller than the axial growth rate, it is not easy to
recognize differences in diameter when the NWs are short. At 90 seconds growth duration, the
length of the NW is ~100 nm, and the diameter difference between tip and base is only ~3 nm. Thus
the NWs appear almost cylindrical, as shown in Fig 20 a). As the growth duration is increased to 10
minutes, the NW length ranges from several hundred nm to 1 um, and the base diameters are
usually around 40 nm. The base diameter is around 4 times larger than the tip diameter, and the
NWs therefore display a clear conical morphology (Fig 20 b).
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The NWs axial growth roughly stops between 30 minutes and 90 minutes due to the exhaustion of Sn.
In figure 3.20 e) we can see that above 30 minutes the NWs length does not increase as fast as in the
first 30 minutes. At the same time, the tip diameter increases at a rate higher than the base diameter.
As a consequence, the tip diameter can exceed the base diameter at 90 minutes growth duration.
NWs usually bend during this period, as shown in figure 3.14 b) and 3.20 c). These phenomena can be
explained by comparing the mean free path of SiHx radicals with NW size and inter distance of NWs.
The mean free path of the SiHx radicals at the pressures in these experiments can be expressed as **:

U
 \2md?P

Where k, Boltzman’s constant, P, the pressure, T, the temperature, d the molecular diameter. In the
present case P=143 Pa, T=673 K, d=0.296 nm. Thus A has a value around 200 micrometers. This value
is several orders of magnitude larger than the NW length, diameter and the distance between NWs.
When the SiHx radicals arrive at NWs from the top, they can be considered to have a very long and
straight trajectory, and arrive with a broad angular distribution. Therefore, due to shadowing effects,
the tip of the NW receives more SiHx radicals than the base due to the crowding of NWs, leading to a
faster tip diameter growth rate. As the NW diameter increases, the inter NW distance decreases. It
gets more and more difficult for the SiHx radicals to arrive the base of the NWs, and the base
diameter stays almost unchanged during 90 minutes to 8 hours growth.

The long SiHx radical mean free path also leads to an asymmetric a-Si:H deposition around the NWs.
When the NW is tilted, its upper, plasma-facing side receives more radicals than its lower, substrate-
facing side. The dark-field TEM image of figure 3.20 f) a shows that the a-Si:H shell deposition is not
symmetric; the side which has a smaller curvature has thicker a-Si:H deposition. Numerous SEM
observations show that the upper side of the bent NWs has a smaller curvature than the lower side,
as shown in figure 3.20 c), indicating that their upper side have a thicker a-Si:H layer. In figure 3.20 f),
the high resolution TEM image shows that the core of the NW is crystalline. The pattern of the fast
Fourier transforms (FFT) of the HRTEM image rotates clockwise as the zone of the FFT is moved from
left to right. This indicates that the crystalline core is bent with the same curvature as this segment of
the NW. The curvature of the core is around 2*10° m™, which roughly corresponds to a strain value
of 0.5%.
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Figure 3.20. a)-d) NW morphology at different growth durations: 90 seconds, 10 minutes, 90 minutes
and 8 h. e) Statistics of NW length, base diameter and tip diameter at different growth durations. f)
TEM dark field image of a segment of a bent NW. The image on the left is a high resolution TEM
image of the area indicated by the square. The three images at bottom are FFTs of HRTEM images.
The white lines are reference lines which have been set at the same position. Note that the
diffraction spots move from left to right of the line as the FFT rotates clockwise.
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The bending of the NW can be explained by assuming the a-Si:H shell of the NW is compressively
strained. This strain can be built during the deposition process or cooling down process (due to the
difference of thermal expansion coefficiency). The compressively strained a-Si:H shell has a tendency
to expend, thus it exerts a tensile shear force on the c-Si core at the core-shell interface. As
illustrated in figure 3.21, both the a-Si:H layer at the upper and lower part of the c-Si core exert
tensile shear force on the c-Si core with values F, and F,, respectively. Because the thickness of the a-
Si:H layer d; is bigger than that of the lower part d,, thus F; is bigger than F,. As a result, the
generatrix of the c-Si core at upper part L, will be stretched more than the generatrix at lower part L,.
Thus the bending direction of the c-Si core is toward the lower side.

d.>d Compressively strained a-Si:H
Eof Thick a-Si:H layer exert tensile shear force
2 od on the c-Si core L>L,

L i / —>
2 2 Elastic deformation ©— |~

d Thin a-Si:H ?

Figure 3.21. Schematic of the strain and the bending of the NW

3.3.2.8 Growth scenario

Based on the experimental observations presented above, we propose a detailed scenario for the
NW growth process. At the very beginning, a discontinuous Sn layer with nominal thickness of 1 nm
is evaporated on ZnO:Al substrate. However, instead of forming a continuous layer, Sn forms
droplets which have a mean diameter around 6 nm (Fig 22 a). The Sn droplets get oxidized due to
their exposure to air between the evaporation and loading into the PECVD reactor. A H, plasma is
applied to reduce the Sn oxide into Sn. After that, the Sn droplets are heated to 400°C and a H, and
SiH, plasma is ignited. SiH, radicals produced by the dissociation of silane in the plasma reach the Sn
droplets and Si atoms get dissolved into the Sn droplets. As more and more Si atoms get dissolved
into the Sn droplets, Si atoms start to precipitate at the interface between the ZnO:Al substrate and
the Sn droplet. The precipitated Si atoms form an initial nucleus. At the same time, SiH, radicals
continue to arrive at Sn droplet surface, diffuse to the nucleus and form the NW with random growth
direction. Since the Sn droplets are only a few nanometres apart, a large proportion of droplets
merge during the growth of NWs, as shown in figure 3.22 b). A significant proportion of droplets
catalyze Si objects with irregular shapes instead of straight NWs. However, a small percentage of
droplets catalyze straight, monocrystalline (or sometimes twinned crystalline) Si NWs, as shown in
figure 3.22 c).

These NWs grow rapidly in the axial direction with the help of the Sn catalyst. In the meantime, SiH,
radicals also reach the NW sidewalls. These radicals lead to radial epitaxial growth before breakdown
and the development of an amorphous Si coating on the sidewalls. The radial sidewall growth rate is
around 30-40 times smaller than the axial growth rate. The diameter of the NWs at their tip remains
almost constant during growth. Since the base of the NWs experiences a longer deposition duration,
its diameter is larger. This results in a slightly conical tapered geometry for the NWs. During the
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growth process, there are always NWs that stop growing due to kinking, as shown in figure 3.22 d).
After a certain growth duration, all the NWs stop axial growth because of the exhaustion of the Sn
catalyst. Then the top diameters of these NWs start to increase due to the deposition of a-Si:H on the
top part. Since the mean free path of SiH, radicals in the plasma is much longer than the NW length
and the distance between the NWs, it is difficult for the SiH, radicals to arrive at the bottom part of
the crowded NW forest. Therefore, the increase of NW diameter at the top part is bigger than that at
the bottom part.

When the NW axial direction is not perpendicular to the substrate, there is more a-Si:H deposition on
the upper, plasma-facing part of the NW sidewall than on the lower part. Therefore, the asymmetric
compressive stress in the a-Si:H bends the NWs toward the substrate (figure 3.22 e). The space
between NWs decreases as the diameter of their tops increases, and eventually the NWs merge. At
the end, the structure formed includes a dense bottom part with relatively small diameters, a
merged middle part, and a low-density top with relatively big diameters, as shown in figure 3.22 f).

10 minutes 90 minutes 8 h

Figure 3.22. 3D illustration of samples at different growth durations. a) as-deposited Sn catalyst; b)
10 seconds growth; c) 2 minutes growth; d) 10 minutes growth; e) 8 h growth.

3.3.2.9 Summary on NW growth process

We have carried out a detailed study of the plasma-assisted VLS silicon nanowire growth process by
repeating the same growth experiments many times and stopping at different growth durations. For
the initial growth stage, the evolution of the same droplet of a same sample has been traced from
catalyst droplets formation to 40 seconds of growth. We have studied the evolution of NW density,
morphology and crystallinity during the whole growth process. Our results show that there is a
decrease of density by four orders of magnitude. This can be attributed to i) the coalescence of the
catalyst droplets, ii) the small percentage of catalysts producing straight NWs, iii) kinking, shading
and iv) merging of NWs. We show that NWs undergo a strong evolution in morphology from quasi-
cylindrical to conical, then to bent-conical, and finally to bend inverted conical. This is because the
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radial growth rate is around 30-40 times smaller than axial growth rate. The NWs tip diameter and
base diameter are too small to be distinguished when the growth duration is short. After the Sn
catalyst gets exhausted, sidewall growth rate at the tip is higher than at the base, and the tip
diameter can catch up to and eventually exceed the base diameter. The asymmetric stress induced
by asymmetric a-Si:H deposition on the upper and lower face of the NW bends them. We show that
at the beginning of the growth, the NW is single crystalline. The sidewall growth firstly results in a
few nm to a few tens of nm of defective epitaxial growth before the development of an amorphous
Si coating. These observations allow us to propose a full picture of the plasma assisted VLS growth
process, as has never been done to our knowledge.

3.3.3 Hexagonal diamond crystalline SINW

In the periodic table, Si is the element ranks 14™ with an atomic number of 14. This means the Si
atom has 14 protons and 14 electrons, as shown in figure 3.23 a). The 14 electrons have a
1s%25*2p°3s5°3p? configuration. In order to form a solid phase with Si atoms, Si atoms need to have a
fixed relationship between each other. Here the relationship means the distance between atoms,
since the distance determines the force exerted on each other’s electrons and nuclei. The distance
between all the atoms determines the 3D configuration of the atoms array. Because all the Si atoms
are identical and have same way to interact with each other, they tend to form a periodic array
which is also called crystalline structure at equilibrium. Si atoms can form many types of crystalline
structures®°, such as Si ll, Si Ill, Si V, SilX®®. However, naturally Si tends to form a diamond cubic
crystalline structure. This is determined by the Si atom electron configuration. There are 4 available
states in the 3s® and 3p” orbitals of the Si atom. 4 covalent bonds have to be formed for a Si atom to
have a stable state. Then sp® hybridized orbitals will be formed. The sp* hybridized orbitals have a
tetrahedral geometry, thus 5 Si atoms will bonded together to form a tetrahedron, as shown in figure
3.23 b). This tetrahedral structure will be the basic building block of crystalline Si for the sp’
hybridized Si atoms. In order to maximize the distance between the atoms and minimize the system
energy, there is a 180° rotation between the two tetrahedrons when they are bonded together. As
shown in figure 3.23 c), the three B atoms and two A atoms form one tetrahedron, while the three C
atoms and two A atoms form another tetrahedron. It can be seen that the C atoms rotate 180° with
respect to B atoms. The diamond cubic crystalline structure can be formed when this rotation occurs
between all the tetrahedrons. However, there are other possibilities to form crystalline phase while
keeping the tetrahedron basic building block. For example, in figure 3.23 d), the tetrahedron does
not rotate along AA direction. This will end up with a 2-hexagonal (2H) crystalline Si structure.
Periodically mixing the rotation in AA direction will lead to some other diamond polytypes®.



Chapter 3 Silicon nanowire growth 67

b) <) \ , d)

\

To minimize

System energy,

C atoms rotate 180°
With respect to B atoms

@

Figure 3.23. a) Si atom with electron orbitals. b) A tetrahedron formed by 5 Si atoms. c) Two
tetrahedrons formed by 8 Si atoms, they share the two A atoms. The positions of the C atoms rotate
180° along AA axis with respect to B atoms. d) Similar structure with c), but there is no 180° rotation
along AA axis.

The difference of the atom arrangement between 2H Si and diamond cubic Si can be seen directly
from [11-20]4/[110]c zone axis. Figures 3.24 a) and b) show the atomic arrangement in this view
direction of the diamond cubic Si and 2H Si, respectively. This image is obtained with the
crystallography software Vesta®. In figure 3.24 a), the two atoms motif which has been highlighted
by red boxes has a translational symmetry. While in figure 3.24 b), the two atoms motif has a mirror
symmetry. In real material, such a difference between the two crystalline phase can be revealed by
TEM observation from [11-20],,/[110]c zone axis.

Figure 3.24. a) 110/11-20 direction view of diamond cubic crystalline Si. b) 11-20 direction view of 2-
hexagonal crystalline Si.

The existence of a 2H crystalline Si structure in bulk material has been reported since 1963 by
Wentorf et al®®. In their study, the 2H phase is formed by applying a series of high pressure (~15 to 16
GPa) and high temperature (200°C to 1000°C) treatments to diamond cubic crystalline Si. Hexagonal
Si possesses novel properties compared with diamond cubic silicon, such as a smaller band gap that

would become direct in nanowires®® or under strain®’. In the literature, theoretical studies can be

68-71

found on the hexagonal Si phase®’!, but only few experimental evidence on it’”>. For silicon

nanowires (SiNWs), it is reported that under some specific conditions hexagonal phase can be
formed. For example small segments of hexagonal phase can be formed by applying stress treatment

after the growth’®, and hexagonal phase Si shell can be achieved by epitaxially growing a c-Si shell on

74,75

a hexagonal gallium phosphide NW core’™ . There are also works reporting showing that hexagonal

56,76-79

phase SiNWs can be grown directly . However, the proofs in these reports are given by
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transmission electron microscopy (TEM) analysis carried out in zone axis where it is very difficult to
72,80

differentiate the hexagonal Si from diamond cubic Si multiple twinning
For example, the SiINW shown in figure 3.25 a) has been characterized by TEM both from 111
direction and 110 direction. In figure 3.25 b), the high resolution image shows that the atoms have an
inter plane distance of 3.3A. This is the value of the inter-plane distance of 10-10 planes in 2H
structure. The atoms also have a hexagon pattern. One might think that this high resolution TEM
image shows a 2H Si structure. However, the diffraction pattern obtained in this direction shows that
the 10-10 dots have a much lower intensity than the 222 dots. This will not happen for a real 2H Si.
The reason can be revealed from the 110 direction TEM characterization. As can be seen in the figure
3.25 d), the high resolution image obtained from 110 direction shows that the NW has a diamond
cubic structure with multi twinning. Figure 3.25 e) shows the diffraction pattern obtained from this
direction. The white line corresponds to the 111 reciprocal plane. It can be seen that the 10-10 dots
shown in figure 3.25 c) are the 1/3 of 4-22 twin reflection.

® 111 direction TEM
characterization

110 direction TEM

characterization 1/34-2257 4-22

twin reflections™. "/
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Figure 3.25. TEM characterization of a SINW both from 111 direction and 110 directions. a) TEM
bright field image of the NW. b) 111 direction high resolution image of the region indicated in a). c)
Diffraction image obtained from 111 direction; d) 110 direction high resolution image of the same
NW. e) Diffraction image obtained from 110 direction. The white line corresponds to the 111
reciprocal plane.

During the TEM observation of the crystallinity of SINWs with short growth duration, we have
observed the hexagonal phase in the as grown SiNWs. These NWs have undergone the same growth
experiment as the NWs described before. The specificity here is that the NWs were grown directly on
Cu TEM grid and with a short growth duration ( 2 minutes). Such a specific substrate is due to the fact
that the NWs with short growth duration have small length, thus it is difficult to transfer them to
TEM grid. So we have grown the SiNWs on a TEM grid directly. To prepare this sample, firstly, we
have fixed a Cu grid on ZnO:Al coated Corning glass by Silver paste. Then 1 nm of Sn catalyst is
deposited on it by thermal evaporation. After that, the substrate is loaded into a standard PECVD
reactor to perform the SiNWs growth. During the growth, the gas pressure, substrate temperature,
RF plasma power density and growth duration were 133 Pa, 400°C, 17 mW/cm? and 2 minutes,
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respectively. The schematic of the growth experiment is shown in figure 3.26 a). More detailed
information on the growth processes can be found in section 3.2.3. After the growth, the sample was
firstly analyzed by scanning electron microscopy (SEM). Then the Cu TEM grid was removed from the
substrate and loaded into a TEM setup for observations with atomic resolution.

Figure 3.26 b) shows the images of the substrate before the growth. In the center, it is a Cu TEM grid
which has been fixed on a ZnO:Al coated Corning glass substrate by silver paste. Figure 3.26 c) to g)
shows SEM images of different areas of the sample after the SiNWs growth. The SiNWs have been
grown both on the sidewall of the Cu TEM grid and on the ZnO:Al surface, as shown in figures 3.26 e)
to g). These SiINWs have a length around 100 to 200 nm, and a diameter around 5 to 15 nm. The NWs
grown on the Cu TEM grid have smaller diameter and smaller density than the NWs grown on the
ZnO:Al surface. All the observed hexagonal SINWs were grown on the Cu TEM grid.

Figure 3.26. SiINWs grown by Plasma-assisted VLS method. a) Schematic of the growth process. b)
Image of the substrate before the SINWs growth experiment. In the center is the Cu TEM grid fixed
by Silver paste. c) to g) SEM images of different areas after the growth: c) and d) TEM grid; e) and f)
top view and side view of SiNWs grown on ZnO:Al substrate, respectively; g) SiNWs grown on the
sidewall of the Cu TEM grid.

Since the NWs have been grown on the Cu TEM grid, there is a possibility that they are catalyzed by
Cu. In order to check the chemical nature of the tip of the NW, we have carried out an electron
energy loss spectroscopy (EELS) analysis on the NWs grown on TEM grids. Figure 3.27 a) shows a
bright field TEM image of a NW grown on TEM grid. The expected darkness contrast of metal tip and
SiNW cannot be seen. This might due to the fact that Sn droplets have been oxidized during the
exposure to air. In fact, there is still a small dark dot in the tip, as indicated by the arrow. This kind of
dots is frequently observed on the tip of these NWs, as shown in the inset the tip of another NW
from the same sample. This might be the Sn nanoparticles which have not got oxidized. Figure 3.27 b)
and c) are filtered images recorded using electrons before the Sn N4,5 edge and after that edge,
respectively. In figure 3.27 b), electrons that participate in image formation have lost energy
essentially on silicon plasmon. In figure 3.27 c), they have additionally lost energy on N4,5 (4d) Sn
core electrons. From figure 3.27 b) to c), there is a strong increase of signal intensity of Sn at the top
of nanowire. This indicates that the top of nanowire is Sn rich.
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Nano dot

Figure 3.27. TEM images of a nanowire at different acquisition modes: a) bright field image, the inset
shows the tip of another NW from the same sample; b) energy-filtered Sn map pre-edge; c) energy-
filtered Sn map post-edge.

A high resolution TEM image (HRTEM) of a hexagonal SiINW grown on the Cu TEM grid is shown in
figure 3.28 a). In order to strengthen this direct evidence, HRTEM simulations were carried out using
the JEMS package®'. The best fit between the experimental and simulated images was obtained with
a defocus of 60 nm (Scherzer defocus was 54 nm); the thickness was taken approximately equal to
the crystalline SINW core diameter: 4.6 nm. In this case, each dark dot corresponds to 2 columns of Si
atoms, as shown on the simulated images (figures 3.28 c) and 3.28 e)) where each red dot stands for
a column of Si atoms. The enlarged figure 3.28b shows the top part of this NW. It can be seen that
the dark dots have a translational symmetry with a periodicity of 6 along the vertical direction. This is
a 6H polytype, and it has a good agreement with the simulated 6H Si structure shown in figure 3.28 c).
The enlarged figure 3.28 d) shows the bottom part of this NW, it can be seen that the dark dots are
almost aligned in the vertical direction. In fact these dots have a translational symmetry with a
periodicity of 2 along the vertical direction, that is a 2H polytype (Lonsdaleite)®?, and it has a good
agreement with the simulated 2H structure shown in figure 3.28 e). The amorphous contrast at the
NW surface indicates the presence of an oxide shell. The Fast Fourier Transform (FFT) of the image in
figure 3.28 a) and the micro diffraction pattern of the NW are shown in figures 3.28 f) and 3.28 g),
respectively. Both of the patterns have a good match with the summation of the FFT of 6H pattern
and 2H pattern, which are shown in figures 3.28 h) and 3.28 i). Meanwhile, in figure 3.28 g) the 0002
spot may also be indexed in terms of diamond cubic silicon pattern. But the fact that no other cubic
spot is present indicates that the NW phase is essentially hexagonal.
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Figure 3.28. TEM characterization results of a hexagonal SiNW. a) High resolution TEM images of the
SiNWs in a [11-20],/[110]c zone axis. b) and d) are the zoom of the indicated area. c) and e) are
simulated 6H and 2H Si HRTEM image, respectively. f) FFT of the HRTEM image shown in a). g) Micro
diffraction pattern of the NW in a). h) FFT of the simulated 6H Si HRTEM image. i) FFT of the
simulated 2H Si HRTEM image.

Pure 2H SiNWSs have also been observed in the other SiINWs grown in the same batch. Figure 3.29
shows a NW (~5 nm in diameter) with 90° change in the growth direction. The HRTEM image of the
bottom part of this NW is shown in figure 3.29 a), with the corresponding FFT shown in the inset.
Both the HRTEM image and the FFT pattern show that NW has a 2H arrangement. The NW growth
direction has changed from [0001] to [10-10] without inducing crystalline defects. In figure 3.29 b),
the FFT of the middle and top part of the NW are shown in the insets. Even if these FFT patterns are
less clear than that of the bottom part of the NW, they all have a similar pattern. This indicates that
the whole NW has 2H Si phase.

Figure 3.29. HRTEM images of a pure phase 2H SiNW. a) The bottom part of this NW, with the FFT of
this image shown in the inset. b) Full view of the NW; the two insets are the FFT of the indicated

regions.
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The 2H phase can be formed by changing the crystalline phase during the growth. An example is
given in figure 3.30 where the NW has a diamond cubic phase at its bottom part and a 2H phase at
top part. In the cubic part, there is a twin plane, as shown in the schematic on the right. The first
layer of the 2H part also has a twin relation with the cubic part. Probably due to the presence of a
dislocation on the left-hand part of the bend, there is a small rotation of the 2H growth axis after the
twinning. The rotation is clockwise and has an angle around 3°. The switch from diamond cubic phase
to hexagonal phase would indicate that the 2H phase would be energetically favoured in the present
growth conditions.

2H ph

Twinned
Diamond
cubic phase

Figure 3.30. Switch from a twinned cubic phase to the 2H phase, associated with a change of growth
direction. The schematic shows that the relationship between the two phases is close to epitaxial.

In order to study the stability of the hexagonal SiNWs, we have kept the SiINW sample in standard
ambient temperature and pressure for 5 months before further TEM observation. Figure 3.31a shows
the TEM image of such a SINW. This NW has a diameter around 8 nm at base and a length around 90
nm. The enlarged figure 3.31b shows the crystallinity of the NW. It can be seen that there is thick (~2
nm) amorphous SiOx developed at the surface of this NW, and the core part has a 2H crystalline
phase. We suggest that the 2H phase in such thin nanowires is stable under standard atmosphere
condition.
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Figure 3.31. Hexagonal SINW which has been kept in ambient air for 3 months.

After acquiring the HRTEM image of the NW in figure 3.31, the temperature of the TEM grid holder
has been increased to anneal the NW and determine the temperature up to which the 2H phase is
stable. The temperature increasing profile is shown in figure 3.32 f). Figure 3.32 a) shows the NW
after 30 minutes of annealing at 230°C. This is the same NW as the one shown in figure 3.31. The NW
has started to bend; however, an FFT of the image shown in figure 3.32 b) still reveals the presence
of hexagonal spots, indicating that the phase is stable up to that temperature. Unfortunately, the [1-
210] zone axis is lost after further bending due to annealing, which stops further observation of the
phase. When the temperature is increased to 700 C, defocus is used so that the core of the NW is
darker than the shell (figure 3.32 d). 5 minutes later, as shown in figure 3.32 e), the long and
continuous NW core splits into two droplets which have a diameter around 4 nm inside the SiOx shell.

884 of water, where a column of water

This phenomenon is similar to a Plateau-Rayleigh instability
breaks apart into droplets to lower its surface tension. So here we presume that shrinking of the core
indicates the melting. It is known that the melting point for bulk crystalline Si is 1414°C. Here the
crystalline core would melt at 700°C. As the core diameter is around 3 nm, the present decrease of
the melting temperature is consistent with that observed on Si nanoparticles of similar diameter®.
Another reasons might be the fact that the NW keeps its 2H phase upon annealing and that the latter
would have a melting point below that of the cubic phase, or the presence of Sn in the nanowires®® ,
and the presence of the electron beam, could further help to decrease the melting temperature.
After the melting of the NW core, the amorphous a-SiOx shell around the NW remains in solid phase.
It confines the liquid Si inside the tube and leads to the formation of a chain of Si dots inside the tube.
Since the a-SiOx has a much higher bandgap than c-Si, this will enhance the confinement effects in

the Si quantum dots.
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Figure 3.32. a)-c) TEM image of the NW at different temperatures: a) at 470°C; b), after 2 minutes of
annealing at 700°C; and c) after 5 minutes of annealing at 700°C. d) The temperature profile during
the annealing.

The most possible reason for the formation of 2H Si phase in our case is the size effect. Due to the
small diameter, the surface to volume ratio of the NWs has a large value. Thus, the surface tension
from the sidewalls becomes significant and will exert a strong anisotropic stress on the NW that
could somehow mimic the cases where anisotropic stress is at the origin of the formation of this
phase. Another reason might be the kinetic effects during growth. As the 2H polytype was shown to
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form kinetically in GaAs NWs®, it could form in the same way in in SiNWs. However, this mechanism
could deliver 2H structure in large IlI-V NWs but not in SINWs.

To summarize this section, we have presented TEM recordings in the [110]./[1-210], zone axis of VLS
grown silicon nanowires that cannot be interpreted in terms of cubic stacking. Those are the first
unambiguous TEM observations of the hexagonal Si phase in as grown SiNWs to our knowledge.
These nanowires differ from those usually studied essentially by their small diameter (~5 nm). The
hexagonal structure appears to be stable: over time in standard ambient temperature and pressure,
and upon annealing at 230 °C for at least 30 minutes.

3.4 Summary

In this chapter, we have focused on the experimental study of plasma-assisted VLS SiNW growth
process. Sn catalyst droplets engineering experiments have been conducted. We found that with
annealing, the droplets exhibit small changes in their size and density. However, when annealing is
conducted with the presence of a thin a-Si:H layer, there are moderate changes of droplet size and
density; with H, plasma treatment, the size and density of the droplets can be changed significantly.

A comprehensive observation and analysis of the plasma assisted VLS SiNW growth process has been
carried out. For the first time, the initial growth stage, which determines the NW density, growth
direction and crystalline core size, has been studied step by step. We give a direct evidence of a
strong coalescence of catalyst droplets due to the formation of SiINWs within the first 10 seconds of
growth. Moreover we have provided a systematic characterization and detailed explanation of the
strong evolution of catalyst density and NW density, NW morphology and crystallinity during SiNW
growth process.

We found that the small diameter SiNWs grown on Cu substrate have a hexagonal diamond
crystalline phase. TEM characterizations in the [11-20] zone axis provide a clear evidence of a
hexagonal atomic arrangement. The hexagonal structure appears to be stable: over time in standard
ambient temperature and pressure, and upon annealing at 230 °C.
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4.1 Introduction

4.1.1 Why we study SiGeNWs

In the periodic table, Germanium (Ge) is an element in the same column as Silicon (Si). This means
the Ge atom has the same outer shell electron number and configuration as Si. This makes Si and Ge
to have similar chemical and physical properties including that both of them are semiconductors, and
they have same crystalline structure at equilibrium state. The lattice constant of crystalline Si and
crystalline Ge differ by 4%, this makes it is easy to alloy Ge into Si while maintaining a pure crystalline
phase. Since Si is the fundamental material for the microelectronic industry, the possibility of alloying
Ge into Si brings great significance. By alloying with Ge, the properties of Si enjoy several significant
improvements such as higher carrier mobility’, higher absorption coefficient’ and better lattice
match with IlI-V materials. What’s more, SiGe is a material with good tunability. Its properties can be
easily tuned by changing the Ge concentration in the material. It also offers a big play ground for
solar cell applications. Multi-junction solar cells are the most successful way to achieve high energy
conversion efficiency. One of the biggest challenges for multi-junction solar cells is to optimize the
sub-cell band gap and to match the photo current generated by each sub-cell. SiGe has a tunable
bang gap between 0.67 eV to 1.1 eV. These values are suitable for the bottom cell of the multi-
junction solar cells with a sub-cell number ranging roughly from 2 to 6. Due to all these merits, the
SiGe material system attracts intense research attention during the past 4 decades.*”

Making SiGe into nanowire structures brings additional advantages. Firstly, the heterojunction
structure such as core-shell and axial multi-quantum well structures®’ can be realized with Si and Ge
system. Secondly, with the increase of Ge concentration from 0 to 100%, the Bohr exciton radius
increases from 4.9 nm to 24.3 nm. This makes the prominent quantum confinement effects easier to
be observed with SiGeNWs. Thirdly, with bottom up nanowire synthesis techniques, the crystalline
SiGe material can be synthesized without requiring expensive crystalline wafer substrates. Lastly, in
low dimension nanowire geometry, the strain induced by lattice mismatch can be easily released by
elastic deformation.?

In our lab, Si NWs have been successfully used to fabricate low cost high efficiency NW solar cells.**°

Because the absorption coefficiency of Si is low, the light absorption in the SiNW is negligible. So far,
SiNWs have been only used as the electrode and to make the nano-structure in the solar cells. Due to
the numerous advantages explained above, SiGe NW and Ge NW have high potential to enhance
solar cells performance. However, SiGeNWs have not been used in nanowire radial junction solar
cells in the literature yet, as explained in the review article."* The purpose of this study is to prepare
SiGeNWs with a low cost approach for solar cells applications.

4.1.2 The state of the art of the SiGeNW and GeNW synthesis

The synthesis of the single material SINW, GeNW can be dated to the very beginning of the NW
research in 1964." On the contrary, the synthesis of the SiGeNWs is quite recent. They have been
firstly synthesized by CVD VLS method in 2000." Since SiGe is a compound material, it is not common
to find crystalline SiGe wafers with desired composition, so the SiGeNWs are usually synthesized

using a bottom up method.™**

Due to the similar chemical properties, Si and Ge usually use similar
precursor for bottom up synthesis, such as SiH, and GeH,. Thus the synthesis method for SiNWs or
GeNWs can be also used to synthesis SiGeNWs. These include the chemical vapor deposition (CVD)™,

supercritical fluid-liquid-solid (SFLS)™, laser ablation'’, molecular beam epitaxy (MBE)™, and thermal
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evaporation™. CVD is the dominant synthesis method, and Au is usually used as catalyst. SiGeNWs
and GeNWs have been heavily studied, there is a large amount of papers related to SiGeNWs and
GeNWs. These papers are dedicated to study the growth?’, characterization?* and applications? of
SiGeNWs. However, to the best of our knowledge, very few papers report on the growth with Sn* or
In catalyst®. The merits of Sn and In is that they do not induce deep level electrical defects to the
SiGe”. This is essential for high performance electronics.’® Additionally, a sharp Si/Ge heterojunction
interface can be achieved due to the low solubility of Si in Sn and In. The disadvantage of Sn and In is
that they do not promote or only have a narrow parameter space with the normal synthesis method
such as CVD. Plasma-enhanced CVD is an effective way to broaden the parameter space of these two
catalysts. However, only one paper which uses plasma enhanced CVD method to grow SiGeNW or
GeNW can be found in the literature.?’” In this paper, highly kinked Ge nanorods are obtained with In
catalyst. Besides the crystalline defects, the morphology of these nanorods is not suited for solar cells
applications. Due to the very limited research been done on plasma-assisted VLS growth of SiGeNWs
and GeNWs, there is a vast field to be explored. In this chapter we explore the parameter space for
NW growth, to obtain SiGeNWs with Ge concentration varying from 0 to 100%, and optimize the
growth conditions to get SiGeNWs with good morphology and density for solar cells applications.
Finally we present preliminary studies on the properties of the NWs such as crystallinity and
absorption. Since Au and Cu are commonly used as catalyst to synthesize SiGeNWs and GeNWs in the
literature, we also use Au and Cu® besides In and Sn as catalysts for the purposes of comparison.

4.2 SiGeNW and GeNW growth

4.2.1 Growth of SiGeNWs at 400°C

Bottom up NW synthesis methods offer the opportunity to change the NW composition by easily
tuning the precursor composition. In our plasma-assisted VLS growth reactor, in principle we just
need to add the GeH, gas precursor to SiH, gas precursor to change the SiNWs into SiGeNWs.

The NW growth procedures have been kept the same as these described at the beginning of chapter
3. The only change is that for the NW growth step, GeH,; gas has been added to the SiH;,-H, gas
mixture used for SiINW growth. The GeH,; is 1% diluted in H,. We have fixed the substrate
temperature at 400°C and the H, flow rate to 100 sccm. We have varied the SiH, and GeH, flow rates
to change the gas flow rate ratio and the total pressure. Besides Sn, In, Cu and Au have also been
used as catalysts.

Figure 4.1 shows top view and the side view SEM images of SiGeNWs catalyzed by Au, Cu, Sn and In.
All the experimental parameters for these 4 sample are same, including the thickness of the catalyst
and the material of the Si wafer substrate. The partial pressure ratio of GeH,/(GeH,+SiH,) in this
experiment is 1.96%. It can be seen that the SiGeNWs catalyzed by different catalysts at low
GeH,/(GeH,+SiH,) ratio exhibit similar morphology. All the NWs are tapered and have a random
growth direction. A detailed statistics of the NW length, NW bottom diameter, NW growth angle and
NW tip diameter are shown in figure 4.2. The lines are normal fit of the distribution, and the values
of the expectation of the normal distributions are marked with corresponding color. It can be seen
that the Au catalyzed NWs have the smallest tip diameter, bottom diameter and length, which are 7
nm, 20 nm and 165 nm, respectively. The Cu and Sn catalyzed NWs have similar tip diameter, bottom
diameter and NW length. This indicates that the axial and radial growth rate of the NWs catalyzed by
the two metals are similar. Cu and Sn have very different surface energy”, but in this growth
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condition it seems that the surface energy of the catalyst does not influence the morphology of the
NWs. Since the sidewall incorporation and diffusion are the mean mechanism which influences the
radial growth, the sidewall incorporation and diffusion should be similar for the Cu and Sn. This
shows in this particular case (Cu and Sn) the surface energy of the catalyst does not influence the
morphology of the NWs in this experiment. In catalyzed NW have much bigger tip diameter, bottom
diameter and length than the rest of the NWs. More interestingly, In catalyst droplets usually have a
large diameter which can exceed 100 nm; this is much larger than the NW tip diameter. In the inset
of figure 4.1 d), the NW has a catalyst droplet with diameter of 128 nm, while the NW tip diameter is
only 30 nm. During the growth, the large droplet should have a large contact angle with the small
NW tip.

The length differences between these 4 samples are tightly linked with the NW tip diameter. Au
catalyzed NWs have smallest tip diameter, and also have the shortest NWs. Indeed, it is commonly
observed that larger Au droplets produce longer NWs. As shown in the inset of figure 4.1 e), the big
Au droplet catalyzed a much longer NW than the small droplets did. This NW has a tip diameter of 13
nm and length of 460 nm, which is very similar to that of the Cu and Sn catalyzed NWs. Sn and Cu
catalyzed NWs have similar tip diameters, and the length of these NWs turns out to be similar also.
This indicates that the catalyst droplets diameter plays a more important role on the growth velocity
than the chemical nature of the catalyst. This also suggests that the gas precursors are incorporated
through the effects of plasma, not the effects of the metal catalysts. At the same time the growth is
less likely due to the surface diffusion, otherwise the NWs with smaller diameter will grow longer.
For the case of In, the large droplets collect sufficient SiHx and GeHx radicals to feed the small NW tip.
This helps NWs to have a higher growth rate.
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Figure 4.1. Top view and side view of SiGeNWs catalyzed by Au, Cu, Sn and In. The GeH,/(GeH,+SiH,)
partial pressure ratio is 1.96%. All the figures, including the two insets in figure d) and figure e), share
the common scale bar which is shown in the bottom of the figures.
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Figure 4.2. Statistics of the NW length, NW bottom diameter, NW growth angle and NW tip diameter.
The lines are the normal fit of the data. The value of the expectation of each normal distribution is
marked with the corresponding color.

The growth parameters which lead to SiGeNWs growth are plotted in figure 4.3. In this figure, the
partial pressures of SiH, and GeH, of each experiment are plotted. For each catalyst, a line
connecting 0 and the data point which has the maximum GeH,/(GeH,+SiH,) partial pressure ratio is
plotted. The parameters between this line and the horizontal axis usually result in NW growth, while
above this area will end up with crystal or thin film growth. Thus this area is considered as the
parameter space of the catalyst. It can be seen that the parameter space increases from Sn, to Au,
and then to In and Cu. For Sn, NW can grow when the GeH, partial pressure is low. For the majority
of these experiments, the GeH,/(GeH,+SiH,) ratio is smaller than 14%.
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Figure 4.3. Parameter space of Sn, Au In and Cu. The substrate temperature is fixed at 400°C. The H,
flow rate is fixed at 100 sccm. The flow rates of SiH, and GeH, and the total gas pressure have been
changed. GeH, is 1% diluted in H,.

4.2.2 Increasing the Ge content of the SiGeNWs

For the metal catalyzed crystal growth, the super saturation level of the source atoms in the catalyst
is crucial to the growth. Depending on the super saturation level, there are island growth, NW
growth, and film growth modes.*® The GeH, gas used in our experiments is 1% diluted in H,. This is a
much lower concentration than the GeH, used in the literature, which is usually 5% or 10%. The low
GeH, concentration might lead to a low supersaturation level of Ge atom in the catalyst. In order to
study the effect of precursor gas partial pressure on the growth, we have carried a SiGeNWs growth
experiment with a SiH, partial pressure of 9 mTorr and the GeH, partial pressure of 0.9 mTorr. As a
contrast, SiGeNWs can be grown when the GeH, plus SiH, total partial pressure is around 90 mTorr.

In order to observe the initial growth process. A special treatment to the substrate has been done. In
this experiment, as shown in figure 4.4, a small piece of p-type doped Si wafer is positioned on a
standard substrate. The resistivity of this wafer is < 0.005 Q cm and its thickness is around 500 pm.
Standard NW growth processes using Sn as catalyst have been carried out. Due to the effect of the
mask, there is a distribution of SiH, and GeH, flux at the sample surface. Under the mask, there is no
radical flux. As the distance to the edge of the mask increases, the radical flux increases from 0 to
normal value. As a consequence, the growth rate increases continuously when the distance to the
edge of the mask increases. SEM top view images of the sample after growth are shown in figure 4.5.
In this figure, a) shows the area under the mask, while images form b) to f) are taken at increasing
distance with respect to the edge of the mask. The image in f) is far enough from the mask that there
is no change in the growth rate with further increase of distance.

In figure 4.5, it can be seen that under the mask, there are only Sn droplets which have a diameter
between 10 to 20 nm. With increasing distance to the mask in b), small NWs with a diameter around
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10 nm and length around 10 nm appear. More interestingly, the smaller NWs push the Sn droplets
together and merge. In c), it can be seen that more and more merging events occur. In chapter 3, we
have also observed that at the initial growth stage of SINWs, there the merge of Sn droplets are also
due to the SiNW growth. In that case, the NWs did grow vertically. However, in the present case the
Sn droplets are not pushed upwards. In d) and e), it can be seen that the material behind the Sn
droplets keep on growing bigger and merging. In f) it can be seen that a continuous film is formed.
This observation shows when the SiH, and GeH, gas partial pressure is too low, the islands are
formed firstly, then the growth and coarsening of these islands cause the continuous film formation.
The formation of the initial island starts with Sn droplets, and they are high probably catalyzed by Sn.
This experiment suggests that SiGeNWs might grow at high supersaturation level.

SiH, + GeH, + H, Plasma

SiHx + GeHx flux

11"""

Sn catalyst
droplet

Si wafer
substrate

Figure 4.4. Configuration of the experiment dedicated to observe the initial stage of the film
formation. A 500 um thick p-type doped Si wafer mask is positioned on a normal substrate. Due to
the effects of the mask, the SiHx and GeHx flux increase as the distance to the mask increases.

100 nm

Figure 4.5. SEM images taken on different areas of the sample described in figure 4.4 after deposition.
a) area under the mask; b) to f), areas at increasing distances from the mask.
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To achieve a higher super saturation level, there are two options: to increase the partial pressure and
to decrease the substrate temperature. Experiments with both high precursor gas partial pressure
and low substrate temperature have been carried out. We found that compared with the substrate
temperature, the precursor gas partial pressure plays a much less important role. Once the
SiH,+GeH, partial pressure is above 13 mTorr or the GeH, partial pressure is above 6 mTorr, the NWs
growth or not is determined by substrate temperature. With partial pressure higher than these
critical value and reduced substrate temperature, we have achieved SiGeNWs with different
GeH,/(GeH,+SiH,) partial pressure ratio and different catalysts.

Top view SEM images of SiGeNWs grown with different values of the GeH,/(GeH,+SiH,) partial
pressure ratio (R), different temperatures (T) and different catalysts are shown in figure 4.6. For
these experiments, the value of R has been increased from 11% to 100%. We found that the
experiments with a higher R usually lead to NWs growth at lower temperature. With the decrease of
substrate temperature and increase of R, there is no degradation of the NW morphology. Straight
SiGeNWs have been obtained over a wide parameter space. For Cu, the NWs grow over a wide range
and a wide GeH,/(GeH,+SiH,) ratio. More importantly, the substrate temperature here is well below
the eutectic point of Si-Cu and Ge-Cu, both of them are 644°C. In the literature, Cu has been used as
a catalyst to growth GeNWs by VLS method at a temperature down to 200°C, and the growth process

28,31

has been proved to be VSS. In a plasma-assisted VLS growth process, the main function of the
plasma is to enhance the gas precursor decomposition. It is not likely that the plasma will change the
phase of the catalyst. So we suggest that Cu catalyzed growth here is also VSS. When the
temperature is lower than 325°C, no NW growth has been observed with Au. This might be due to
fact that both of the eutectic temperature of Au-Si and Au-Ge are 361°C.>> Due to the nano-size
effect, the eutectic temperature of Au-Si-Ge might decrease to a value around 325°C. When the
substrate temperature decreases even lower, the VSS growth process with Au catalyst does not
occur. Pure GeNWs have been obtained with Cu, Sn and In. These NWs have a conical morphology.
With Sn catalyst, the GeNWs have a quite small size and density. Since Sn can be incorporated in Ge
with a ratio higher than the solubility limit, these NWs catalyzed by Sn might be GeSn alloy which is a

direct bandgap material**?*.



Chapter 4 SiGeNW and GeNW growth 89

d R=11%
T=400°C

| R=33,3%
T=350°C

R=55,6%
T=325°C

R=100%
T=235°C

50 nm
|

Figure 4.6. Top view of SiGeNWs catalyzed by Au, Cu, Sn and In. From 11 to 14, the GeH,/(GeH,+SiH,)
partial pressure ratio is 11%, and the substrate temperature is 400°C. From 21 to 24, the
GeH,/(GeH,+SiH,) partial pressure ratio is 33.3%, and the substrate temperature is 350°C. From 31 to
34, the GeH,/(GeH,+SiH,) partial pressure ratio is 55.6%, and the substrate temperature is 325°C.
From 41 to 44, the GeH,/(GeH,+SiH,) partial pressure ratio is 100%, and the substrate temperature is
235°C.

As mentioned before, the SiH, and GeH, partial pressure plays a less important role when the
SiH,+GeH, partial pressure is above 13 mTorr or the GeH, partial pressure is above 6 mTorr. So we
have summarized all the experiments which lead to SiGeNWs growth in figure 4.7 by taking the
substrate temperature and parameter R as variables. In this figure, the black squares, red circles,
green stars and blue tringles represent the Sn, In, Cu and Au, respectively. The experiments which do
not lead to NW growth with Sn have also been plotted with black circles. It can be seen that In, Au
and Cu have a larger parameter space than Sn. With the increase of R, the substrate temperature has
to be decreased for Sn catalyst to produce SiGeNWs. The black line is a guide to the eyes. Above this
line, the growth experiments usually lead to thin film deposition with Sn catalyst. This might be
because compared to Si, Ge has a much high solubility in Sn*’. The Ge/Si atomic percentage ratio in
the metal droplets might increase with the increase of GeH,/SiH, partial pressure ratio, and this
might decrease the supersaturation level. In order to maintain the supersaturation level, the
substrate temperature needs to be decreased.
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Figure 4.7. Substrate temperature as a function of GeH./(GeH,+SiH,) partial pressure ratio of the
SiGeNWs growth experiments. The dashed line is a guide to the eyes.

Figure 4.7 shows that GeNWs can be grown at both 235°C and 325°C with Cu. A detailed comparison
of the morphology of these GeNWs has been carried out. Figure 4.8 a) and b) show SEM images of
GeNWs catalyzed by Cu at 235°C and 325°C, respectively. These two GeNWs growth experiments
have the same parameters except the substrate temperature. It can be seen that the NWs of the two
samples have similar conical morphology, and the main difference of the two samples is the NW
density. The sample grown at 325°C has a higher NW density than the sample grown at 235°C. The
statistics of the NW length and NW bottom diameter have been done with the top view SEM images
and the results are shown in figures 4.8 c and d. The lines show the normal fit of the statistical data.
It can be seen that there is no significant difference of the NW length. The 90°C of temperature
difference does not influence the growth rate. This could be due to the fact that with plasma-assisted
VLS NW growth, the precursor gases are dissociated by plasma, and the temperature plays less
important role on the incorporation rate. However, there is big difference of the NW bottom
diameter. This is firstly because that the GeNWs grown at 325°C have a higher density; therefore
there is a bigger chance for the bottom of these NWs to be hidden (Thus the NW length and NW
bottom diameter measured through top view SEM image might be slightly under estimated). The
second reason is that the second sample has a larger amount of NWs per area, so the radical flux
reaching in each NW is reduced and there is less side wall deposition.
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Figure 4.8 GeNWs catalyzed by Cu at different temperatures. a) 235°C; b) 325°C. c) Statistics of the
NW length of the two samples; d) Statistics of the NW bottom diameter of the two samples. The
statistics are done with the top view SEM images. The lines are the normal fit of the statistical data.
The value of the expectation of the normal distribution has been marked with the corresponding
colors.

4.2.3 GeNW growth at high temperature

The GeNW growth experiments described in the previous part shows high supersaturation level of Ge
in the catalyst is essential for the GeNW growth. Increasing the GeH, precursor gas partial pressure is
another way to increase the Ge supersaturation level. With such an approach, it might allow GeNW
growth at high temperature. Thus, we have carried out GeNW growth experiments at 400°C with
increased GeH, partial pressure. In these experiments, the GeH, flow rate is fixed at 50 sccm, the
precursor gas pressure varies in the range of 2.6 Torr to 9 Torr, the RF power density varies in the
range of 110mW/cm? to 165mW/cm?, and the growth duration is 10 minutes.

Figure 4.9 shows the GeNW growth experiments which have been carried out at 400°C with different
catalysts. It shows that the NW growth is different with In, Sn, Au and Cu catalysts. In figures 4.9 a)
and b), long, thin and cylindrical GeNWs are grown with In and Sn catalysts. In figures 4.9 c), thick
NWs with a rough surface are obtained With Au catalyst. In figures 4.9 d), no NW can be grown with
Cu catalyst.
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Figure 4.9 SEM images of GeNWs grown with catalysts In, Sn, Au and Cu at 400°C.

Due to the high reactivity of the plasma, there is always sidewall deposition for plasma-assisted VLS
NW growth. Thus the standard NW morphology is a conical shape. There are no reports which show
long cylindrical NWs grown by plasma-assisted VLS. In order to find out which growth parameter
determines the morphology of the GeNWs, we have grown GeNWs at different temperatures and
GeH, partial pressures with In catalyst. In these experiments, the catalyst are 3 to 5 nm of In
deposited on ZnO:Al surface or SiO, surface. The SEM images of the GeNWs grown in these
experiments are shown in figure 4.10. It can be seen that when the substrate temperature is lower
than 350°C, the GeNWs have a standard conical shape. However, when the substrate temperature is
above 350°C, they change to a cylindrical shape. The GeH,; partial pressure and substrate
temperature of these experiments have been plotted in a two dimensional map, as shown in figure
4.11. Sample b and d have a similar GeH, pressure, the only difference is the substrate temperature.
This suggests that the main factor determining the NW shape is the substrate temperature. Similar
experiments have also been done with Sn, and the parameters are also show in figure 4.11 with red
dots. The GeNWs catalyzed by Sn have similar transition as the GeNWs catalyzed by In. The SEM
images are shown in figures 4.6 and 4.9.
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Figure 4.10. GeNWs grown by plasma-assisted VLS method at different temperatures and GeH,
partial pressures. a) 235°C, 6.4 mTorr; b) 235°C, 27 mTorr; c) 350°C, 90 mTorr; d) 400°C, 26mTorr;
and e) 400°C, 85 mTorr. The catalyst is In.

§ 100t €4 In ]
IE @ Sn " X ‘ o
° 80 High T, cylindrical — i
S

§ 60 Low T, Conical ’ |
s [/ '
3 40+ -
E. 20 — &b od
% 0 _| 0. al N 1 L |N°. N‘llv g.rolu’tl." |
O 225 250 275 300 325 350 375 400

Temperature (°C)

Figure 4.11. GeH, partial pressure and the substrate temperature of the GeNW growth experiments.
Note the changing in shape from conical to cylindrical with the increase of substrate temperature.
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With CVD VLS NW growth, cylindrical GeNWs can be obtained at certain condition
check the CVD contribution to the growth, we have carried out the same experiment without plasma
assistance. Figure 4.12 a) shows the SEM image of the sample after the growth. It can be seen that
there are only In droplets on the surface of the Si wafer. In the literature, GeNW growth with CVD
method using In as catalyst has been reported at a temperature below 400°C**. But in our case, it is
clear that there is neither GeNW growth, nor Ge material deposition. The reason could be that the
gas precursor used here is 1% of GeH, diluted in H,. During the experiments, we have also put a
Corning glass substrate in the chamber to check the deposition rate. The imaginary part of the
pseudo-dielectric function of the Corning glass substrate measured by spectroscopic ellipsometry is
shown in figure 4.12 b). In this figure, black dots are the data before the CVD deposition experiments,
while the red dots are the data after the experiments. It can be seen that the values of the two
sample have difference below 0.05 when the photon energy varies from 1 eV to 4.5 eV. This suggests
that there is no deposition on the Corning glass substrate. The inset in figure 4.13 b) shows the

optical image of the Corning glass substrate. It can be seen that it has a good transparency.

s Before CVD deposition
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Figure 4.12. a) GeNW growth experiments without plasma-assistance, the substrate is a c-Si wafer. b)
Imaginary part of the pseudo-dielectric function of the Corning glass substrate. The black dots are
measured before the experiment and the red dots are measured after the experiment. The inset
shows the optical image of the Corning glass simple after deposition.

In the literature, it is reported that catalyst-free nanowires can be synthesized®’*

. For example,
there are few reports showing that nucleation of nano-crystalline seeds can be obtained on a
reactive oxide surface without metal catalyst, and subsequently achieve anisotropic growth using
low-pressure chemical vapor deposition (LPCVD) process.®® In order to check if GeNWs are In
catalyzed or not, we have carried out the GeNWs growth experiment without catalysts. In this
experiment, the GeH, flow rate is 50 sccm, the pressure is 8 Torr, the temperature is 400°C, the RF
power density is 165mW/cm?, and the growth duration is 10 minutes. Three substrates loaded are a
Si wafer, a ZnO:Al coated Corning glass and a bare Corning glass. The SEM images of the three
substrates after growth are shown in figure 4.13; it can be seen that there is no GeNW growth on any
of the substrates. However, there is Ge deposition on all of them. In figure 4.13 a) it can be seen
clearly that the Ge film deposition has a Volmer-Weber growth mode. It means that the island is
formed firstly, then the growth of these islands along with coarsening cause the continuous film
formation. Raman measurements have been done with the Corning glass substrate, and the result is
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shown in figure 4.13 d). There is a strong crystalline peak at 300 cm™. This shows that with PECVD
deposition, Ge can be crystalized on Corning substrate at 400°C.

a), Si wafer substrate b), ZnO:Al substrate
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Figure 4.13. a)-c) GeNW growth experiments without catalysts done on different substrates: a) Si
wafer; b) ZnO:Al coated Corning glass; c) Corning glass. d) Raman spectrum of sample c).

In order to understand the formation of the long cylindrical GeNWs shown in figure 4.9 a), we have
carried out an experiment to observe the initial formation processes. As the experiment illustrated in
figure 4.4, we have put a piece of Si wafer on the substrate. The substrate is Si wafer with 1 nm thick
evaporated In layer. Due to the presence of the mask, there is a distribution of GeHx flux near the
border of the mask. Thus the growth of GeNWs will have a continuous variation in this region. The
optical image of this sample is shown in figure 4.14 a). In this image the mask has been removed. The
square region with light color in the center corresponds to the region that was covered by the mask
during growth. Figure 4.14 b) illustrates the configuration of this experiment. The red arrows in a)
and b) show the direction in which the variation of the GeHx flux occurs. As illustrated in b), when
the region is under the mask, there is no GeHx radical flux due to the coverage. At the region near
the mask, the GeHx flux is reduced due to the presence of the mask. It continuously varies from 0 to
the normal value, far away from the mask where the influence of the mask is negligible. The SEM
scan has been done along the red arrow indicated in figure 4.14 a). The scan started from the region
under the mask till the region far from the mask. The SEM observation results are also shown in
figure 4.14. These images have been arranged according to the distance to the mask. From c) to k)
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are side view SEM images, and from I) to v) are top view SEM images. In figure 4.14 c), it can be seen
that at the region under the mask no NW growth occurs. As going on leftward, short and sparse NWs
appear. Both the length and the density of the NWs increases with the distance to the mask. In the
enlarged side view image d) and top view images I) and m), it can be seen that there are spherical In
droplets with similar diameters (around 200 nm) under the mask. The distance between them is
several hundred nm. The initial In catalyst has been prepared with standard procedure and standard
parameters, and they usually have a diameter below 20 nm. This suggest that the big droplets here
are formed by Ostwald ripening of small In droplets. Between the big droplets, there are small
particles with diameters smaller than 10 nm, as seen in figure 4.14 n). These small particles are
usually accompanied with material which has a lower brightness. From the image contrast, we
presume the part with high brightness is In metal, and the part with low brightness is Ge. Since the Si
wafer mask is naturally positioned on the substrate, no special seal process at the edge has been
made. So there can be a small amount of GeHx entering the space between the mask and the
substrate. This results in the tiny Ge crystal growth induced by In. As the distance to the mask
increases, as shown in figure 4.14 p), it can be seen that there are three kind of growth. The first one
is the big In droplets catalyzed Ge crystal growth. These Ge crystals have a size above 100 nm but
smaller than the size of the droplets. The second one is the small crystal growth. These small crystals
do not have a regular shape. They have a length of few tens of nm. As described before, Ge crystals
can be grown on Corning substrate without catalyst at a similar condition, so here it is not clear that
these small Ge crystals are catalyzed by In or not. The third one is the NW growth, as show in the
enlarged figure 4.14 o). The wire form can be seen more clearly in the side view image in figure 4.14
e) and f). These wires have a very narrow diameter distribution, which is between 10 to 20 nm.

With even larger distance to the mask, the GeNWs grow longer, as shown in figure f), g), q) and r). It
can be seen the GeNWs start the wire form from the very beginning of the growth. The NWs stand
directly on the substrate, instead of on a crystal. More interestingly, the bottom diameter of these
NWs does not increase during the NW growth, and it has the same diameter as the tip. In figure 4.14
s) and t), it can be seen that the small crystals increasing size. Their size is comparable with that of
the big droplets. Comparing the side view image 4.14 g) and j), it can be seen that the small crystals
in figure g) grow as big as the big In droplets in figure 4.14 j). The continuous increase of the size of
these droplets might eventually lead to continuous film formation. In figure 4.14 u), the bottom of
the NW is buried by a big crystal. This big crystal might be formed by the merging of the small crystals.
Figure 4.14 k), u) and v) are taken at a distance of more than 1000 um from the border of the mask.
In these images, both the NW density and the NW length become much bigger than near the mask.

The cylindrical GeNW morphology might be related to the high H, dilution level of the GeH, gas. In
our experiments, H, represents 99% mol volume of the precursor gas. Such a high H, ratio can lead to
a high concentration of atomic hydrogen. These hydrogen atoms can form bonds with the surface Ge
atoms. Hydrogen termination on curved surfaces is energetically more stable than on flat surface.*
Since the NW diameters are usually below 20 nm, the large curvature of the sidewall might have a
stable hydrogen atom passivation. The hydrogen atoms passivation could prevent the sidewall
deposition. A similar phenomenon has been reported with CVD VLS NW growth.”>*! Another
possibility is that Ge atoms have a high diffusion length on the sidewall at 400°C, thus the Ge atoms
diffuse to the In catalyst at the tip of the NWs. In such a way, there is growth only at the interface of
the In catalyst and the NW.
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Figure 4.14. Experiment dedicated to observe the growth process of cylindrical GeNWs. a) Optical
image of the sample after the growth (The c-Si mask has been removed). The square region with light
color in the center is the region under the mask during the growth. b) Schematic of the experiment. c)
to k) Side view SEM images of the sample along the red arrow indicated in a). I) to v) Top view SEM
images of the sample along the red arrow indicated in a). The catalyst is In.

It is widely reported that CVD VLS GeNW growth can occur with Au catalyst at temperatures lower
than 400°C*****. In order to check the CVD VLS growth contribution of our GeNWs, we have carried
two GeNW growth experiments with and without plasma-assistance. For these two experiments, 1 to
5 nm thick Au is evaporated on Si wafer substrate and 10 minutes of CVD growth have been carried
out. During growth, the GeH, flow rate is 50 sccm, the pressure is around 4 Torr, and the substrate
temperature is 400°C. An additional 10 minutes of plasma-assisted CVD growth have been followed
for the second sample without changing the GeH, flow rate, pressure and substrate temperature,
and the RF power density is 165 mw/cm?. The SEM images of the two samples after the growth are
shown in figure 4.15 a) and b); c) shows a side view SEM image of the second sample.
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In figure 4.15 a), it can be seen that there is only bulk crystal growth. With In catalyst, there is no
deposition under similar experiment condition, as shown in figure 4.11. This suggests that Au is a
catalyst which can dissociate the GeH, gas. Compared with the GeNWs growth with similar growth
conditions in the literature®®, the main difference of the present experiment is the low GeH,
concentration in the precursor gas. In figure 4.15 b) and c), it can be seen that the bottom of the
sample has similar bulk crystal as shown in figure 4.15 a). This corresponds to the bulk Ge crystal
growth during the CVD step. However at the top of the sample, there is NWs growth due to the
plasma-assisted step. The plasma has changed the growth mode from bulk crystal growth to NW
growth. The main function of the plasma is to enhance the dissociation of the GeH, gas. This might
lead to more GeHx flow to Au catalyst and thus a higher supersaturation level. This suggests that the
GeNW growth might require a high supersaturation level.

CvD 10’ CVD 10’ + PECVD 10’

Figure 4.15. GeNW catalyzed by Au at 400°C with different processes. a) 10 minutes of CVD growth; b)
10 minutes of CVD growth followed with 10 minutes of plasma-assisted CVD growth. c) Side view
SEM image of the sample shown in b).

A major advantage of using Sn and In catalysts for SiGeNW growth is that sharp Si/Ge axial
heterojunction can be obtained. In this study, we have also tried to achieve a sharp axial Si/Ge
interface in the NWs. For that purpose, we have first grown a segment of SiNWs with the standard
condition described at the beginning of chapter 3. Then we have stopped the SiH, gas and introduced
the GeH, gas. For the GeNW growth step, the substrate temperature is 400°C, the GeH, flow rate is
50 sccm, the pressure is 7 Torr and the RF power density is 165 mw/cm?. However, the NW growth
stopped after changing the precursor gas. There is only non-continuous Ge crystal growth on the
sidewall of the SiINWSs, as shown in figure 4.16. This is known as plateau-Rayleigh crystal growth in
the literature.*®*® The surface reduction drives the Ge to form non-continuous crystals on the SiNWs

sidewall instead of conformal shell.
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Figure 4.16. Plateau-Rayleigh Ge crystal growth on SiNW substrate. a) SiINWs are catalyzed by Sn; b)
SiNWs are catalyzed by In.

4.3 Properties of SiGeNWs and GeNWs

4.3.1 Ge content studied by Raman and EDX

The concentration of Ge in the SiGe alloy is a key parameter for the properties of this material. It
determines its fundamental properties such as the lattice constant and energy band diagram. It is
essential to characterize the Ge concentration in the synthesized SiGeNWs.

Raman spectroscopy is a fast way to study the concentration of Ge in the SiGe alloys. In the Raman

spectra of the SiGe alloy, there are three peaks correspond to the optical phonons caused by the

motions of adjacent Si-Si, Si-Ge, and Ge-Ge pairs, respectively.***°

peaks is a function as the Ge content and strain. In the literature, Raman spectra have been widely
50-54

The position of the three Raman

used to study the Ge atomic concentration in SiGeNWs.
SiGeNWs with different Ge concentration. It can be seen that with the increase of Ge concentration,
the intensity of the Si-Si peak decreases, while that of the Ge-Ge peak increases. At the same time,
the position of the Si-Si peak shifts to a lower wavenumber. In the low dimension NW geometry, the

strain can be released easily through elastic deformation. The relation between the Raman peak
49,50

Figure 4.18 shows the Raman spectra of

positions and the Ge concentration (under the strain-free conditions) can be written as:
wSSi(x) = 520.2 — 68x
wS=6e(x) = 400.5 + 14.2x

wbeGe(x) =282.5+ 16x 4.1)

In these 3 equations, there is only one unknown, the Ge concentration. Thus only one equation is
enough to determine the Ge concentration. In our experiments, the majority of samples have an
intense and clear Si-Si peak, so we use the first equation to determine the Ge concentration in the
SiGeNWs.
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Figure 4.17, Raman spectra of SiGeNWs with different Ge concentration.

In our measurements, the Raman spectrometer was an ARAMIS system from Horiba Jobin-Yvon. A
473 nm excitation wavelength laser was used for the measurements. The objective lens has a
maghnification of 100 times, thus the lateral resolution is around 1 pm. We found that the SiGeNWs
are very sensitive to the laser power. As shown in figure 4.18, when the laser power is bigger than 2.5
pw, the Si-Si peak position shifts to the left.
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Figure 4.18. Raman spectra measured on SiGeNWs at different values of the laser power in a pRaman
system with a blue laser and an objective lens of X100.

The statistics of the peak position are shown in table 4.2. It can be seen that the shift of the peak
position is small when the laser power is 0.025 pw and 0.25 pw. It is possible to use a power smaller
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than 0.025 puw, however, it is difficult to get a high signal/noise ratio. So in our experiments, we have
mainly used 0.025 pw and 0.25 pw laser power.

Table 4.2. Raman Si-Si peak position measured with different laser powers and positions on the same

sample.
Power mW spotl Spot 2 Spot 3 Spot 4 Spot 5 average
0,025 511,9 513 511,9 513 511,9 512,34
0,25 513 513 513 513 511,9 512,78
2,5 510,8 510,8 510,8 511,9 510,8 511,02
6,25 508,5 508,5 509,6 508,5 509,6 508,94
25 495,9 498,1 502,7 500,5 501,6 499,76

Energy-dispersive X-ray spectroscopy (EDX or EDS) is another way to carry out the elemental analysis
of the SiGeNWs. With this technique, a high-energy beam of particles such as electrons or photons is
focused on the sample being studied. The incident beam may knock out electrons from the inner
shell and generate holes where the electrons are. Then electrons from outer shell fill these holes. The
energy difference between the higher-energy and the lower energy shell may be released in the form
of X-rays. The number and the energy of the X-rays can be detected by an energy-dispersive
spectrometer.55 Due to the unique atomic structure and the electromagnetic emission spectrum of
each element, the energy of the emitted X-ray can be used to determine the type of the element,
and the amount of the X-rays can be used to determine its concentration.

We have used the EDX setup in both TEM and SEM electron microscopes to determine the Ge
concentration in the SiGeNWs. For the EDX measurements in TEM, we scratched the SiGeNWs by a
diamond pen and deposited them on a TEM carbon membrane. A 300KeV electron beam is focused
on a single SiGeNW, Si K lines around 1.8 Kev and Ge K lines around 9.8 Kev are used to determine
the Ge concentration. For the EDX measurements in the SEM setup, as grown SiGeNWs samples are
loaded into SEM setup. The measured areas have a surface in the range of 1 pm? to 100 um? The
incident electron beam has an energy in the range of 5 Kev to 30 Kev. The substrate of the SiGeNWs
are ZnO:Al/ITO double layers coated Corning glass. We have carefully chosen the incident electron
beam energy to make sure there is no Si signal contribution from the Corning glass.

The atomic concentration of Ge in SiGeNW samples measured by Raman spectroscopy and EDX set
up in both SEM and TEM steups are shown in figure 4.19 a). They are plotted as a function of the
GeH,/(GeH,+SiH,) gas flow rate ratio (R). The solid symbols are the results of Raman measurements,
while different symbols represent SiGeNWs catalyzed by different catalysts. The red circles represent
the results of the EDX study with SEM setup, while the blue square frames represent the results of
the EDX study in the TEM setup. The results deduced from Raman measurements and EDX
measurements are in good agreement, this indicates that Raman spectroscopy is an accurate way to
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estimate the Ge concentration of the SiGeNWs. The Ge atomic concentration increases with the
increase of the R. This suggests that as the standard thin SiGe films deposition, the Ge concentration
can be controlled by the R. This indicates that nucleation process of Si and Ge from the
supersaturated alloy is not under equilibrium, thus the Ge concentration in the SiGeNWs is not pined
at the value of eutectic point of the Si-Ge and catalyst metal. All the data points are above the y=x
line. This means that the Ge atomic concentration is always bigger than R. It indicates that Ge is
easier to be incorporated into SiGeNWs than Si. The most possible reason is that GeH, decompose
easier than SiH,. Based on pyrolysis studies of SiH,>® and GeH,,”’ the reaction rate for unimolecular
decomposition of GeH, (GeH,—>GeH, + H,) at 800 K is 8.5 x 1025, this is 56 times faster than that of
SiH, (1.5x10°s™) under similar conditions. This big difference of decomposition rate might not change
a lot under plasma-assisted condition at 400°C. The data points at R=11% and R=33% have significant
difference in the Ge concentration. This is mainly due to the difference of the substrate temperature.
The Ge concentration as a function of substrate temperature is plotted in figure 4.19 b). It can be
seen that the substrate temperature plays an important role on the Ge concentration. With the
increase of the substrate temperature, the Ge concentration decreases.

At the same GeH,/(GeH,+SiH,) gas flow rate ratio and same substrate temperature, there is no
significant difference on the Ge concentration in the NWs produced by different catalysts. This
suggest that the difference of reactivity between the metal and the GeHx radical and SiHx radicals,
the difference of alloy binary diagram are not the key factors to determine the Ge concentration,
instead, it is mainly determined by the GeHx and SiHx fluxes.
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Figure 4.19. a) Ge atomic concentration in SiGeNWs as a function of GeH,/(GeH4+SiH,) gas flow rate
ratio measured by Raman spectroscopy and EDX in SEM and TEM steups. The solid symbols are the
results of Raman measurements, while different symbols represent SiGeNWs catalyzed by different
catalysts. The red circles represent the results of the EDX study with SEM, while blue square frames
represent the results of the EDX study in the TEM. The black line is y=x. b) Ge atomic concentration in
SiGeNWs as a function of substrate temperature, the GeH,/(GeH,+SiH,) gas flow rate ratio is 11%

4.3.2 Crystallinity and chemical composition studied by TEM

The crystallinity of the SiGeNWs and GeNWs has been studied by TEM. Figure 4.20 shows the results
of SiGeNWs catalyzed by different catalysts. These NWs are grown in same experiments and have a
Ge concentration of 6%. The detailed growth condition and SEM images can be found in part 4.2.1
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and figure 4.1, respectively. In figure 4.20 a), the Au catalyzed NW has a mono-crystalline structure,
the crystalline part extends almost till the surface of the NW. The crystallinity of the Sn catalyzed
NWs has been observed mainly have two types. The first type is shown in figures 4.20 b) and 4.20 f).
This NW is almost fully crystalized but has multiple twin planes in the radial direction. The twinning
also occurs in the axial direction and leads to the change of the growth direction, as shown in figure
4.20 b). The second type is near mono-crystalline, as the NW shown in figure 4.20 c). The FFT of this
figure is shown in figure 4.20 e). It gives a set of <111> dot. This indicates that the NW is crystalline
and has a growth direction of <211>. Figure 4.20 d) shows the enlarged HRTEM image at the surface
of this NW. It can be seen that the crystalline part almost extends to the surface of the NW, and
there in only 1 to 2 nm of amorphous material at the surface. Figure 4.20 g) and h) show a NW
catalyzed by In. The HRTEM image is taken in <110> direction. In the enlarged image in h), it can be
seen clearly that the NW has multiple twins in the radial direction.
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SiGeNWs, Ge%=6%

Figure 4.20. TEM characterization of SiGeNWs catalyzed by different metals: a) Au; b) Sn; c) Sn; d) In.
b) is a zoom of the area indicated in f). d) is enlarged area indicated in c). e) is FFT of c). h) is the
enlarged area of g).

With increased Ge concentration, the crystallinity of the SiGeNWs still shows a large variation. Figure
4.21 shows the HRTEM images of two SiGeNWs catalyzed by Sn. These two NWs are from same
growth experiment and have a Ge concentration around 25%. The NW in figure 4.21 a) has a
monocrystalline structures. The atomic arrangement shows a Si <111> plane, and the growth
direction is <211>. The second NW in figure 4.21 b) has a core-shell structure. The core part has a
defective crystalline structure and the shell has an amorphous structure. The FFT of the figure 4.21 c)
is shown in the inset. The pattern shows Si <111> atomic planes with multiple twins. This structure is
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very similar with the one which has been observed in the SiNWs, which has been explained in
chapter 3.

SiGeNW, Ge%=25%

Figure 4.21. High resolution TEM image of SiGeNWs catalyzed by Sn. a) HRTEM image of a SiGeNW. b)
HRTEM image of another SiGeNW. c) Zoom of the area indicated in b), with the FFT shown in the
inset.

Figure 4.22 shows a high resolution TEM image of GeNWSs grown at 400°C. The catalyst is In. The SEM
characterization of the same sample can be found in figure 4.10 d). It can be seen that the GeNWs
are fully crystallized. The NW has a <111> growth direction. Almost no amorphous layer can be
observed at the surface of the NW. Interestingly, nanodots can be seen on the surface of the NWs
shown in figure 4.21 a). From the contrast of the image, it can be infered that the nanodots are not
metal. In figure 4.21 c), it can be seen that same crystalline structure is observed at the area where
the dot stays. There are two possible ways to explain the HRTEM image. The first one is that the dots
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are amorphous Ge, it is transparent to the e-beam during the formation of HRTEM image. The
second is that due to the high energy e-beam, the nanodots recrystallized on the GeNW surface.

Figure 4.22. High resolution TEM images of In catalyzed GeNW grown at 400°C. a) Bright filed TEM
image of the GeNW; b) zoom of the area indicated by the orange frame in a); c) zoom the area
indicated by the red frame in the bottom of a).

The STEM-EDX measurements have been done for the cylindrical GeNWs which are grown at 400°C
and catalyzed by In. Figure 4.23 a) shows the High Angle Annular Dark Field (HAADF) image of such
GeNW. The NW has a uniform diameter along the axial direction which is in the range of 10 to 20 nm.
The atomic mapping in figure 4.23 b) shows that this NW is composed of Ge. At the same time, In
signal is also detected along the whole NW length with a low intensity, as shown in figure 4.23 c).
Figures 4.23 d) to g) show the Ge, Si, In and O map of the area indicated by the red frame in a). It
shows that the main component of the NW is Ge. Si, In, and O distribute uniformly in the NW. Since
there is Si material on the sidewall of the PECVD which has been used to synthesis the GeNWs, it is
no surprising that some Si is incorporated in the GeNWs. The presence of In proves that this GeNW is
catalyzed by In. There is In incorporation into the GeNW during the growth®. The distribution of the
In signal is quite uniform along the radial and axial direction.
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Figure 4.23. STEM-EDX study of a In catalyzed GeNW grown at 400°C. a) High Angle Annular Dark
Field (HAADF) image of a GeNW. b) Ge map of the GeNW shown in a). c) In map of the GeNW shown
in a). d)-e) Ge, Si, In and O maps of the area indicated by the red frame in a).

4.3.3 Electrical and Optical properties studied by photoluminescence and absorptance
measurements

The bandgap is an important parameter for semiconductor materials. In order to check the effect of
the alloying of Ge on the bandgap, we have conducted photoluminescence (PL) measurements on a
SiGeNW sample. The NW growth is carried out on Si wafer substrate with Sn catalyst. Raman
characterization of this sample gives a Ge concentration around 14%. Figure 4.24 shows the photon
emission spectrum of this sample at different temperatures. The measurements started at room
temperature 300K, and then the temperature was decreased to 9 K directly. After the PL
measurement at 9 K, the temperature was increased step by step till room temperature and
measurements have been done at each step. The signals obtained at the beginning and at the end of
the experiment are quite similar, indicating that cooling down to 9 K did not modify the sample and
that the system has a good stability. At 9 K, the main peak is around 1183 nm. This corresponds to an
electron energy of 1.05 eV. At same temperature, the crystalline Si peak is at 1127 nm. The 56 nm
shift is a clear proof of the bandgap narrowing. The small value of the shift is Due to the low Ge
concentration in the SiGeNWs. With the increase of temperature, the PL signal decrease rapidly. This
indicates that the NW has a high defect density and that a surface passivation should be applied.
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Figure 4.24. Photoluminescence signal of a SiGeNW (Ge content ~ 14%) sample measured at different
temperatures.

With the increase of Ge concentration, the absorption of the SiGe material can be increased
significantly. In order to check the enhancement of the absorptance of SiGeNWs with increased Ge
concentration, we have carried out reflectance and transmittance measurements on SiGeNWs with
different Ge concentrations. All the measured SiGeNW samples are grown on Al doped ZnO
deposited on Corning glass substrates. They are Cu catalyzed and have Ge concentration of 35%, 75%
and 100%. The absorptance and the reflectance of the three SiGe samples as well as that of the
substrate are shown in figure 4.25. The absorptance is calculated as:

absorptance = 1 — reflectance — transmittance

In figure 4.25 a), the absorptance of the four samples has been plotted as a function of wavelength.
Between 300 and 600 nm, all the SiGeNW samples have an absorptance above 90%. This is due to
the fact that high energy can be absorbed by the SiGe material easily, even with low Ge
concentration. When the wavelength is above 600 nm, it is apparent that the increase the Ge
concentration can enhance the absorptance significantly. Such an enhancement demonstrates that
the SiGeNWs and GeNWs are suited to be used as bottom cell absorber in multi-junction solar cells.
The reflectance of the samples is shown in figure 4.25 b). There is a sharp decrease when the
wavelength is in the range of 1100 to 1400 nm. This is due to the presence of the ZnO:Al layer, since
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the thickness of this layer is in the range of 300 to 400 nm (around one fourth of the wavelength).
When the wavelength is above 1500 nm, the reflectance of the SiGeNW samples is higher than that
of the planar substrate. This can be explained by two main reasons. Firstly, SiGe material has low
absorption to photons with such a big wavelength. Secondly, as shown in figure 4.6, the SiGeNWs
have a small diameter and small inter distance compared with the wavelength. Thus the anti-
reflection effect of the NW array doesn’t occur.

100 100 — ‘ ‘ T T T
a) 90 b) 90 [ e% =100% B
A Ge% =75%

_ &y B0 Ge%=35% :

L 70 B_"g" 70+ ZnO:Al .

';' 60 L -;- 60 L coated glass substrate b

o r 1

£ 50 2 s0f ]
s g

3 401 Ge% =100% ~ §  “Of E

¢ 300 Ge%=75%1 & 30f ]

< 200 Ge%=35%] @ 20f ]

100 Zn0O coated 10°L N

0 : 1 | 1 1 IglaSS‘ SUbS\trate 1 ] 0 1 1 | 1 1 1 | | ]

400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm) Wavelength (nm)

Figure 4.25. Absorptance and reflectance of SiGeNWs with different Ge concentration: a)
absorptance; b) reflectance. The data of the ZnO:Al coated substrate shown by the blue curves are
used as reference.

4.4 Summary

In this chapter, we have successfully grown SiGeNW with Sn, In, Au and Cu by plasma assisted VLS.
We found at 400°C, Cu and In can catalyze SiGeNWs with larger GeH,/(SiH,+GeH,) ratio than Sn and
Au. The morphology of the SiGeNWs catalyzed by these catalysts does not have significant difference.
The length of the NW is mainly determined by the flux of the SiHx and GeHx, and also the catalyst
droplets size. To our knowledge, this is the first report of SiGeNWs growth by plasma assisted VLS
method.

By decreasing the substrate temperature, we have successfully grown high Ge concentration
SiGeNWs. We found that there is no degradation of the SiGeNW morphology with the increase of Ge
concentration and the decrease of substrate temperature. At 235°C, pure GeNW have also been
grown with Sn, In and Cu.

By increasing the substrate temperature and GeH, partial pressure, we have found that straight
GeNWs with constant diameter can be grown with Sn and In. We have divided the GeNW growth into
two regimes. When the temperature is below 350°C and GeH, partial pressure is below 20 mTorr, the
traditional plasma assisted VLS NW morphology (tapered NW morphology) is obtained. When the
temperature is above 350°C and GeH, partial pressure is above 20 mTorr, non-tapered NWs can be
obtained. We have shown that plasma and catalyst are essential for these non-tapered GeNW
growth. By observing the growth process of these GeNWs, we found that three kinds of crystal
growth occur simultaneously: small diameter GeNW growth, non-catalyzed Ge crystal growth, large
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In droplets catalyzed crystal growth. To our knowledge, this is the first report which clearly shows
NWs with constant diameter obtained by plasma-assisted VLS growth.

By Raman spectroscopy and EDX study, we show the relationship of Ge atomic concentration in the
SiGeNWS and the GeH./(GeH,+SiH,) gas flow rate ratio. The results deduced from Raman
spectroscopy have a good agreement with the results deduced from EDX measurements.

We have studied the crystallinity of SiGe and Ge nanowires. We found that the NWs mainly have two
types of crystallinities: monocrystalline and crystalline core-amorphous shell structure. The most
common defects that we have found in these NWs are twins.

STEM-EDX has been carried to study cylindrical GeNWs. We found that the catalyst In is uniformly
distributed in the GeNWs. This proves that In is involved during the cylindrical GeNW growth.

Photoluminescence measurements at 9 K show that the emission peak of the SiGeNWs is shifted to a
longer wavelength value. This shows the decrease of the bandgap. The absorptance measurement of
the SiGeNWs show that with the increase of Ge concentration, the absorption of the SiGeNWs in the
infrared range increases significantly, which is highly desirable for solar cells applications.
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5.1 Introduction

NWs have many fundamental advantages for solar cell applications, such as an excellent optical
absorption®, low consumption of the material, low requirements on the quality of the material, and a
tunable bandgap®. Within the past two decades, the research on NWs and NW solar cells has
witnessed fast developments and substantial achievements. Since 2002, NWs are used to fabricate
photovoltaic devices®. In the first report, CdSe NWs (or nanorods) were used to fabricate hybrid solar
cells with polymers. A power conversion efficiency of 1.7% was obtained. Since then, numerous
studies have been done on NW solar cells, both with bottom up approach®® and top down
approach”®. However, making high efficiency and low cost solar cells with NW arrays has great
challenges. Firstly, the large surface to volume ratio of the nanowire structure might lead to large
surface or interface recombination. Secondly, it is difficult to fabricate NW arrays with well controlled
morphology and good uniformity on low cost substrates with low cost approach. Thirdly, with certain
bottom up NW synthesis methods, the incorporation of the metal catalyst into the NWs might be a
limitation for the solar cells performance. Lastly, it is challenging to deposit conformal, low defect
density layers on the high aspect ratio NW arrays. As a matter of fact, the large majority of the NW
solar cells reported in the literature have efficiency below 10%°**. There are few group reports on

%15 However, these solar cells have a high

NW solar cells with efficiencies bigger than 10%
fabrication cost. Meanwhile, their efficiencies are still far lower than the record efficiency of the first

generation Si solar cells, which has reached 26.3%.

Whether NW solar cells can exceed the efficiency of planar counterparts or not is still an open
guestion. The significance of using NW geometry for solar cells applications is that they reduce the
guantity and quality of material requirements. They provide the possibility to fabricate relatively high
efficiency solar cells at a relatively low cost with respect to planar counterparts. To achieve low cost
NW solar cells, it requires low cost fabrication processes on low cost substrates. At LPICM, we have
worked on low cost SINW based radial p-i-n junction solar cells since 2009. Progress has been made
and reported annually: 2010, 0.25%'%; 2011 4.9%""; 2012, 5.6%'%; 2013, 8.7%"; 2015, 9.2%°, and
2016 9.7%"". Since the efficiency is approaching the record of planar a-Si:H solar cells (10.2 +0.3%%),
it becomes more difficult to further improve the efficiency. A novel approach is needed to reach
higher values. Multi junction solar cells are promising designs to this end. In a multi junction solar cell,
there are materials with different bandgaps to absorb photons from different ranges of the solar
spectrum. In our research, we use a low cost PECVD system to deposit the absorber material. With
such a system, a high bandgap material pm-Si:H, middle bandgap material a-SiGe:H** or uc-Si, and
low bandgap material crystalline SiGe (deposit with catalyst) can be deposited easily. During the past
5 years we have heavily invested the NW radial junction solar cells based on high bandgap materials
(a-Si:H and pm-Si:H). However, the middle bandgap material and low bandgap materials have not
been invested intensively, despite their successful application in solar cells leading to efficiencies up
to 16.3°*?°. Thus the potential for low cost NW radial junction solar cells has not been fully explored.
Here, we will focus on the use of middle and low bandgap materials for single and tandem NW solar
cells. These materials include a-SiGe:H, pc-Si:H and crystalline SiGe.

5.2 Fabrication and characterization of NW radial junction solar cells

A solar cell is a device which absorbs light and generates electricity. In order to realize these
functions, the device needs to have the following main components: an absorber which absorbs the
light and generates free carriers, a junction which separates the free carriers, and contacts which
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collect the free carriers and conduct them to the outer circuit. Depending on the type of solar cells,
there might be additional components such as a substrate for thin film solar cells.

The main components of our NW based radial junction solar cells are shown in figure 5.1. The
absorber and the junction are in the wire form, and their structure can be seen in the enlarged
picture on the right. In the center of the wire, there is a p-type doped NW core. The core is
surrounded by a thick intrinsic absorber shell, and then a n-type doped second shell. Due to the
different doping, an electric field is built across the intrinsic layer. The electric field direction starts
from the n shell and points to the p core. The light will be absorbed mainly in the intrinsic absorber
layer and electron-hole pairs will be generated there. Due to the built-in electric field, electrons will
move to the n layer and get collected by the ITO, while holes will move to the p core and get
collected by the ZnO:Al layer beneath. Because the solar cells have a wire form and the junction is
along the radial direction, these solar cells are called NW radial junction solar cells. In order to have a
better electrical contact between the solar cell and the outer circuit, Ag electrodes are deposited on
both ITO and ZnO:Al layers. Since the thickness of our solar cell is only around 1 um, which is around
50 times smaller than the thickness of the paper, we need a substrate to protect the solar cell
mechanically. We use corning glass substrate.

ITO

ZnO:Al
Glass

Figure 5.1. 3D illustration of the NW based solar cells. The materials of the planar multi-layers from
bottom to top are: Corning glass, ZnO:Al, p-type material for junction formation, i-type (undoped)
absorbing material, n-type material for junction formation, and ITO layer. The wires have a core shell
structure. As for the planar part, the materials from core to outer shells are: p-type material for
junction formation, i-type absorbing material, n-type material for junction formation, and ITO layer.
The two strips on ZnO:Al layer and ITO layer are Ag electrodes.

The detailed fabrication processes of the solar cells are shown in figure 5.2. We start with a
commercial Corning glass as substrate. On it, we deposit a transparent and conducting ZnO:Al layer
for bottom contact. This layer is deposited by sputtering at 200°C. After that, Sn catalyst for NW
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growth is deposited on ZnO:Al surface by thermal evaporation. The Sn forms droplets instead of a
continuous layer. Then NWs are grown with plasma assisted VLS method. The detailed information
on the NW growth can be found in chapters 3 and 4. The NWs are p-type doped. The doping gas is
Trimethylboron (TMB). After the NW growth, the intrinsic absorber material is deposited on the NWs.
On the absorber sidewall, a n-type material is deposited to form the p-i-n junction. We use PH;
doped pc-SiOx:H for the n layer because this material has good optical transmittance.?**"
shell of the solar cell is another transparent and conducting ITO layer. This layer is deposited by
sputtering at 200°C. Finally, silver contacts are deposited on the ZnO:Al layer and ITO layer manually.

The outer

As shown in figure 5.1, there is also a planar p-i-n junction deposited between the NWs array.
However, because the fraction of the planar part is small and light cannot easily reach this part due
to shadowing by the NWs, the planar part has a limited contribution to the solar cell efficiency. Since
both the front and the back sides of the solar cell are transparent, our solar cells are bifacial.
Compared with standard solar cells, bifacial ones provide the possibility for additional light to reach
the absorber layers and can increase the energy output of the solar cells.”’

These NW solar cells have many layers. However, the majority of the materials have wide bandgaps.
For example the bandgap of ZnO:Al is around 3.3 eV, and that of ITO is around 4 eV>°. The absorption
in these layers is negligible. To tune the absorption of the solar cells, the NW material and the
absorber material can be varied. These materials are deposited by PECVD, so their properties can be
tuned by changing the deposition parameters and precursor gases. The NW material can be
crystalline Si;.,Ge, with x varying from 0 to 100%, and the absorber can be Si,.,Ge, with crystallinity
varying from microcrystalline to amorphous and x varying from 0 to 100%.
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4. p type NW growth
PECVD VLS

1. Cg glass 2. ZnO:Al layer coating
Commercial product Sputtering

23 30 0kv 7 y J - &) & 8
5. absorber layer deposition 6. n type layer deposition 7. 1TO layer deposition 8. metal contact formation
PECVD PECVD Sputtering Manual

Figure 5.2. SINW p-i-n radial junction solar cells fabrication processes.

The intrinsic layer and n-type doped layer are deposited in a PECVD reactor called ARCAM.*! The
picture of ARCAM is shown in figure 5.3 a). This is a multiplasma-monochamber system composed of
3 separated chambers located inside a isothermal vacuum vessel. The 3 chamber configuration
provides the possibility of depositing different materials without breaking the vacuum. All the three
chambers have a similar structure, as shown in figure 5.3 b). There is a radio frequency electrode at
the bottom of the chamber to which a 13.56 MHz electromagnetic field is applied to trigger and
maintain the plasma. The plasma is confined in the desired volume by a plasma box. The plasma box
is closed by a rotating plate which contains the substrates. This reactor usually works in the
temperature range between 100°C to 300°C. The absorber materials for NW solar cells are usually
deposited at 150°C.
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Figure 5.3. a) Picture of the ARCAM PECVD reactor. b) Schematic of the of the structure of the plasma
box.

Once the solar cells fabrication processes are completed, the quality of the solar cells can be
characterized. Generally, the energy conversion efficiency is the most interesting parameter of the
solar cells. Current-voltage measurements are usually used to determine this efficiency. In this
measurement, a lamp which emits similar light spectrum as the sun is used as the light source. A
supply source is connected to the two electrodes of the solar cell. Then the light is shined on the
solar cell and a voltage sweep is applied on the solar cell. The current generated from the solar cell at
different applied voltages is measured. A set of data points which shows the output current as a
function of applied voltage can be obtained from the measurement. The output power can be
calculated as the product of the current and voltage. So we get the power output of the solar cell at
different applied voltages. The maximum output power divided by the power of the incident light is
the energy conversion efficiency of the solar cell. An example of the result of such measurement is
shown in figure 5.4. In this figure, the vertical axis is the current density, which means the total
current divided by the area of the solar cell. The horizontal axis is the applied voltage. When the
applied voltage is 0, the solar cell is in short circuit condition. The current at this condition is called
short circuit current (Jsc). When the applied voltage is increased to a certain value that the output
current is 0, the solar cell is working at the open circuit condition. The voltage at this condition is
called open circuit voltage (Voc). The fill factor (FF) is defined as the maximum output power divided
by the product of Jsc and Voc.
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Figure 5.4. Current-Voltage characterization of a NW solar cell measured under AM 1.5

The sun light is composed of photons with different wavelengths. Because the solar cells have
different absorption profile for these photons, so the energy conversion efficiency of the solar cell for
different photons is different. The performance of the solar cell at each wavelength photon is a
critical information to optimize the devices. This information can be obtained from external quantum
efficiency measurements. External quantum efficiency (EQE) is defined as the collected electron
number divided by the number of photons in the incident light. During the measurements, photons
with a single wavelength are incident on the solar cell. Then the generated current is measured. The
number of photons can be calculated through the wavelength of the photon and the incident light
power, and the number of electrons can be calculated from the current density. An example of EQE
measurement is shown in figure 5.5. In this figure, the horizontal axis shows the wavelength of the
photons, and the vertical axis shows the EQE. The short circuit current can be calculated with EQE
through integration:

Wares s )
. = | EQE) 22 45
Joe = | EOED TS

Where 1 is wave length, W,y,4.5(4) is the solar energy spectrum, and E; is the photon energy.
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Figure 5.5. EQE measurement of a NW radial junction solar cell.

Due to the multiple reasons such as the dust on the surface, the uniformity of the substrate
temperature of the substrate holder, the plasma, and manual operation, sometimes the solar cells do
not have a good uniformity along the whole area of the substrate. So we defined 26 sub-cells on each
1”7 X 1”7 substrate by using a mask during ITO layer deposition. To find the best sub-cell on one
substrate, firstly, all these sub-cells are measured with a voltmeter to estimate the open circuit
voltage. Then the J(V) characterization of 3 to 10 sub-cells are measured. The performance of the
best efficiency sub-cell is considered as the performance of the initial solar cell.

5.3 The performance of NW radial junction solar cells

5.3.1 SiNW based NW radial junction solar cells

During the past years, we have constantly investigated the NW radial junction solar cells. The best
efficiency solar cells we have obtained have a hydrogenated polymorphous Si (pm-Si:H) as absorber
material.” pm-Si:H is a heterogeneous material which is produced under plasma conditions close to
powder formation. It is an excellent alternative to a-Si:H due to its better electron and hole transport

3233 However, this material has a relatively large optical bandgap (~ 1.7 eV) which makes

properties.
pm-Si:H a poor absorber for A> 700 nm. However, there are two straight forward ways to enhance
the absorption of this material at red and infrared range. The first one to change the deposition
conditions to achieve a-SiGe:H. During the PECVD deposition process, by adding GeH, to the SiH, and
H, gas mixture, a-SiGe:H material can be obtained. a-SiGe:H is a material with a bandgap between 1.0
to 1.7 ev®*. Its bandgap and absorption can be tuned easily by changing the Ge concentration.”?***®
The second one to change the deposition conditions to achieve uc-Si:H. Starting from the pm-Si:H
deposition conditions, by decreasing the SiH, partial pressure and increasing the plasma power, pc-
Si:H material can be obtained. pc-Si:H is a form of silicon which has small crystalline grains within the
amorphous phase. Because pic-Si:H has a low absorption coefficient in the infrared range, thick layers
are usually required to achieve a high absorption. However, as demonstrated in the second chapter,

the NW array structure can strongly enhance the absorption of the pc-Si:H solar cells. This makes pc-
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Si:H a desirable material for low cost NW radial junction solar cells. With a-SiGe:H and pc-Si:H, NW
radial junction solar cells have been fabricated. Since solar cells with pm-Si:H have been well studied
in our lab, we have also fabricated solar cells with pm-Si:H absorber as reference solar cells.

Figure 5.6 a) shows SEM images of the solar cells after p, i and n layer deposition, and figure 5.6 b)
shows the solar cells after ITO coating. In figure 5.6 a), it can be seen that the wires have a relatively
uniform dimeter along the axial direction. The diameters of these wires are in the range between 70
to 120 nm. After ITO coating, dense wires can be seen. The SEM images of the pm-Si:H reference cell
are shown in figures 5.6 c) and d), c) shows the cell after p-i-n layer deposition and d) shows the cell
after ITO coating, respectively.

0]
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layer deposition

Rdial p-i-n junction cells After IT
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-
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Solar cells
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pm-Si:H
Solar cells

Figure 5.6. SEM images of NW radial junction solar cells. a) Top view of a solar cell with a-SiGe:H
absorber. The cell has completed p-i-n junction. b) Same solar cells with ITO coating. c) Side view of
pm-Si:H solar cells. The cell has completed p-i-n junction. d) Same as c) with ITO coating.

The EQE of both the a-SiGe:H solar cell and the pm-Si:H reference solar cell have been measured and
plotted in figure 5.7 a). Compared with pm-Si:H solar cell, the EQE of the a-SiGe:H cell has a clear
increase in the wavelength range from 610 to 800 nm. The increase of the absolute EQE percentage
in this wavelength range is plotted in figure 5.7 b). Its value can be up to 10 percent at around 700
nm. In figure 5.6 a) and c), it can be seen that the diameter of the cell before the ITO coating is in the
range between 70 nm to 120 nm for a-SiGe:H cells, and between 190 to 320 nm for pm-Si:H cells. The
a-SiGe:H solar cells have stronger absorption with less material. This clearly shows that the
enhancement in the red and infrared region is due to a lower Eg. According to the ellipsometry study
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on the a-SiGe:H thin layers deposited under the similar conditions on planar substrate, the estimated
Ge content in these films is between 20% to 30%. Further increasment of the absorption can be
achieved by increasing the Ge content in the a-SiGe:H layers.

The absorption of the a-SiGe:H solar cells at wavelengths between 300 and 610 nm is smaller than
that of the pm-Si:H solar cells. In this wavelength range both materials have strong light absorption.
The carriers generated by absorbing the short wavelength photons are mainly located near the i-n
layer interface. This indicates that the i-n interface of the a-SiGe:H solar cell has to be optimized.
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Figure 5.7. a) EQE of a-SiGe:H and pm-Si NW solar cell. b) The increase of EQE in the wavelength
between 610 nm and 800 nm.

For the deposition of pc-Si:H absorber layer of the NW radial junction solar cells, the H, flow rate,
SiH, flow rate, pressure, power density, and temperature are 200 sccm, 20 sccm, 2.6 Torr, 90
mW/cm? and 150°C, respecively. In a previous study, we have demonstrated the crystallinity of the
uc-Si:H layer deposited on SiNWs by TEM characterization.” In this study, we used spectroscopic
ellipsometry measurements to determine the material crystallinity. The same condition has been
used to deposit pc-Si:H layer on Corning glass substrate as for the pc-Si:H solar cells. Then
spectroscopic ellipsometry measurements are done on the pc-Si:H layers deposited on the planar
glass substrates. The complex refractive index of the material is fitted from the measured data to
determine the crystallinity of the material and shown in figure 2.10 of chapter 2. It can be seen that
the material has a k value above 0.001 even the wavelength is 900 nm. It is a strong enhancement

compared with a-Si:H.

The quality of the puc-Si:H films deposited by PECVD is closely linked with the plasma conditions, such
as the effects of hydrogen dilution®” and ion bombardment®. A main difference between the NW
array substrate and the planar substrate is that there is shading in the NW arrays. This shading effect
might influence the local plasma condition such as the ion bombardment energy. For the randomly
orientated NW arrays, the NW length is an effective way to tune the space between wires. So the
NW length should be an important parameter for the quality of the pc-Si:H deposited on the side
wall of the NW. The quality of the uc-Si:H layer is also linked with the layer thickness, because the
composition and the crystallinity changes with the layer thickness.*® In this study we have fixed the
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plasma conditions and changed the NW length and pc-Si:H thickness to study their influence on the
pc-Si:H solar cells performance.

Figure 5.8 shows the performances of pc-Si:H solar cells with the same pc-Si:H layer deposition time
but on different NW lengths. The NW lengths have been varied from 200 nm to 1000 nm, and the pic-
Si:H layer thickness is around 200 nm (this is the nominal thickness on a planar substrate). It can be
seen that with the increase of the NW length, the efficiency, open circuit voltage, short circuit
current and fill factor decrease. This shows that the lower aspect ratio NWs gives better puc-Si:H solar
cell performance.
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Figure 5.8. Effect of SINW core length on the performances of pc-Si:H NW solar cells

We have also studied the effect of increasing the absorber layer thickness of the pc-Si:H NW solar
cells. The variations of the performance are shown in figures 5.9. In these figures, the different
symbols represent the solar cells with different NW core length. For 200 nm and 500 nm long SiNWs
cores, the efficiency, short circuit current and fill factor increase with the increase of pc-Si:H layer
thickness. This is due to the fact that the absorption increases with the increase of the volume of the
absorber. However, it becomes more difficult to achieve conformal shell deposition when the pc-Si:H
layer is too thick. The non-conformal shell deposition can increase the series resistance and decrease
the open circuit voltage, as shown in the second figure. For 1000 nm long SINWs cores, there is no
clear change of efficiency, short circuit current and fill factor when the pc-Si:H layer thickness is
changed. This should be due to the fact that it is difficult to deposite good quality and conformal pc-
Si:H layers on long SiNWs. Thus it leads to a poor solar cell performance.
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Figure 5.9. Effects of the thickness of the pc-Si:H layers on the performances of the solar cells.

For the purpose of comparison, we have plotted the performance of all the a-SiGe:H solar cells, pc-
Si:H solar cells and pm-Si:H solar cells fabricated in this study in figure 5.10. In these figures, a) to c)
show the Voc, Jsc and fill factor as a function of efficiency, respectively. It can be seen the efficiency
has a large variation, which is mainly due to the difference of solar cell fabrication parameters and
the reproducibility of the fabrication processes. The reproducibility is influenced by many parameters
and can be clarified into two categories. The first one is human factors. For the solar cell fabrication,
there are many operations which do not have standard procedures. Such as the waiting time, the
sequence of the operations, the pressure applied to the sample by the hand tools. The second one is
the equipment factor. The majority of the equipment for solar cells fabrication are shared with other
users. This might bring the foreign elements contamination. There is also parameter shift due to the
equipment upgrading and reparation.

From the comparison, it can be seen that the best performance pm-Si:H and a-SiGe:H solar cells have
similar efficiencies. pm-Si:H cells have the highest Voc, while a-SiGe:H solar cells have highest Jsc. For
pc-Si:H solar cells, a Jsc of 18 mA/cm?® has been achieved with a absorber layer thickness of only 145
nm. With planar configuration, 2500 nm thick pc-Si:H is required to achieve such a Jsc (one light pass).
This shows the strong enhancement of the absorption of the NW solar cells. The limiting factor for
pc-Si:H solar cell is the low Voc. In the literature, the open circuit voltage for the best performance
pc-Si:H solar cell is 0.548 V*. In our case, we have obtained 0.388 V. There is still 160 mV for
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improvement. However, it already has a 128 mV improvement compared with the previous study in
the group™.

Figure 5.10 d) shows the J-V curves of the best performance a-SiGe:H, pc-Si:H and pm-Si:H NW RJ
solar cells. The values of the efficiency, Voc, Jsc and fill factor are shown in table 5.1. It can be seen
that the a-SiGe:H has a higher Jsc and smaller Voc compared with pm-Si:H solar cells. This is because
a-SiGe:H has enhanced absorption in the red and infrared range but a smaller band gap. The pc-Si:H
solar cell has a relatively low efficiency of 3.6 %. However, compared with the previous study in the
group, there is 0.7% improvement of efficiency. This efficiency is also the highest efficiency for NW
based pc-Si:H solar cells in the literature 2"
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Figure 5.10. SiNW based solar cells performances. a) Open circuit voltage as a function of efficiency. b)
Short circuit current as a function of efficiency. c) Fill factor as a function of efficiency. d) J-V curves of
the best a-SiGe:H solar cell, pm-Si:H solar cell and pc-Si:H solar cells.

Table 5.1. Parameters of the best a-SiGe:H solar cell, pm-Si:H solar cell and pc-Si:H solar cells.

Absorber Voc [V] Jsc [mA/cm’] FF [%] n [%]
pc-Si:H 0.36 18 56 3.6
a-SiGe:H 0.73 14.6 55 5.8

pm-Si:H 0.85 12.9 54 5.9
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p-Si:H and a-SiGe:H materials have also been used in the bottom cells of tandem radial junction
tandem solar cells. The detailed structure of the solar cells is shown in figure 5.11. It can be seen that
the solar cell has a multi-shell structure in the radial direction. For such a structure, it is very
important to achieve conformal deposition. The NW length is the most important factor which
influences the shading effects during the multilayer stack deposition. We have varied the NW length
from 500 nm to 1500 nm to study the influence of NW length on the solar cell performance.

p c-Si
pc-Si:H or a-SiGe:H

n-uSiOx:H

p-uSiOx:H
i pm-Si:H

n-uSiOx:H
ITO

Figure 5.11. Schematic of the tandem solar cells multilayer structure

Figure 5.12 shows the solar cell parameters as functions of the NW length. The red circles represent
the a-SiGe:H/pm-Si:H tandem solar cells, and the black triangles represent the pc-Si:H/pm-Si:H cells.
For the a-SiGe:H solar cells, the efficiency, Jsc and FF almost keep constant when the NW length
increased from 500 to 1000 nm. However, all the parameters decrease sharply when the NW length
is increased to 1500 nm. The decrease could be due to the shading effect. For the pc-Si:H/pm-Si:H
solar cells, the optimized NW length is around 1000 nm. This is because the optimized NW length for
single junction pm-Si:H NW solar cells is around 1000 nm, and the pm-Si:H top cell has a dominant
contribution to the tandem cell efficiency.
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Figure 5.12. Efficiency, Voc, Jsc and FF of the tandem solar cells as a function of NW core length. The
red circles represent the a-SiGe:H/pm-Si:H tandem solar cells and the black triangles represent the
pc-Si:H/pm-Si:H cells.

The J-V curves of the best performance tandem solar cells are shown in figure 5.13. The efficiency,
Voc, Jsc and fill factor are shown in table 5.2. The Voc of the best a-SiGe:H/pm-Si:H solar cell has a
relative high value (1.41 V), but there is still room for improvement since it is only 89% of the
summation of the Voc of best single junction a-SiGe:H and pm-Si:H solar cells shown in the previous
part. The Jsc of this solar cell is smaller than the half of the average of the of best single junction a-
SiGe:H and pm-Si:H solar cells. This is because the Ge content in the a-SiGe:H layer is around 30%.
This makes the absorption spectrum of the a-SiGe:H bottom absorber has a large overlap with the
top pm-Si:H absorber. The Ge content of the a-SiGe:H layer should be further increased to increase
the bottom cell current. The Voc of the uc-Si:H/pm-Si:H solar cell is 1.16 V, this is 96% of the
summation of the best Voc of the puc-Si:H solar cell and the pm-Si:H solar cell have been achieved
previously. It also has a relative high FF of 53%. Thus the low efficiency should be limited by the poor
current matching, which only gives a Jsc of 4.1 mA/cm”.
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Figure 5.13. J-V curves of the best performance tandem solar cells. The red line represents the a-
SiGe:H/pm-Si:H tandem solar cell and the black line represents the pc-Si:H/pm-Si:H solar cell.

Table 5.2. Parameters extracted for the J-V curves in figure 5.14.

Absorber Voc [V] Jsc [mA/cm’] FF [%] n [%]
a-SiGe:H/pm-Si:H 1.41 6.6 55 4.93
pc-Si:H/pm-Si:H 1.16 41 53 2.55

5.3.2 SiGeNW based NW radial junction solar cells

Compared with c-Si, c-SiGe is a low bandgap material with enhanced carrier mobility and optical
absorption. Due to the compatibility with Si and the possibility to improve the Si based device, this

43441t is also a desirable material to be

material has been heavily studied during the past 4 decades.
used as the bottom cell in the multi junction solar cells.*>*® However, c-SiGe is usually obtained by
epitaxial growth on Si wafer substrates.”” This makes the c-SiGe high cost due to the c-Si wafer
substrate. Metal catalyzed NW growth provides a new possibility to this end. It opens the door to

fabricate low cost multi junction solar cells with c-SiGe.

Previously, pc-Si:H/pm-Si:H and a-SiGe:H/pm-Si:H tandem solar cells have been demonstrated. Since
c-SiGe has a lower bandgap than pc-Si:H and a-SiGe, it can be used as a bottom absorber for triple
junction solar cells. c-SiGe has high carrier mobility and absorption, so pn junction can be used
instead of p-i-n junction. Thus this triple junction cell only requires two more layers than the tandem
cell, a p doped layer (c-SiGeNW) and a thin n doped layer (uc-SiOx:H). Such a configuration will not
increase the solar cell diameter significantly.

In the literature, SiGeNWs have not been used in the solar cells yet. In order to prove the possibility
of using SiGeNWs for radial junction solar cells, we have replaced the SiNWs core in the standard p-i-
n pm-Si:H solar cells with SiGeNWs core. In this experiment, the SiGeNWs are grown in ARCAM
reactor. The SiGeNWs are in-situ doped with TMB gas. The Ge atomic concentration in these NWs is
around 30%. Then an intrinsic pm-Si:H layer and a n-type pc-SiOx:H layer are deposited above the
SiGeNW core. The SiGeNWs growth, intrinsic pm-Si:H layer deposition and uc-SiOx:H layer deposition
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have been done without breaking the vacuum. Finally ITO and Ag contact layers are deposited. As a
reference, SINW based pm-Si:H solar cells have also been fabricated with same processes except for
the NW growth step. The two solar cells have experienced the same fabrication processes except the
NW growth.

The EQE of the SiGeNW and SiNW based pm-Si:H solar cell is shown in figure 5.14. It can be seen that
there is no significant difference between the two solar cells. This demonstrates that the SiGeNWs
based solar cells can function as SiNWs based solar cells. In the infrared range, the EQE of the
SiGeNWs based solar cells is lower. The difference should mainly come from the difference of NW
length and density of the NW core. Since the SiNWs and GeNWs are grown at different plasma
composition and substrate temperature, it is not easy to obtain same NW density and length. The
absorption for SiGeNWs based solar cell ends around 780 nm. The enhancement of absorption in the
infrared range cannot be seen in the SiGeNW based solar cells. This is mainly because the SiGeNWs
have small diameter and Ge concentration. The diameter at bottom of the SiGeNWs is around 40 nm
and at top is around 10 nm. The volume of SiGeNW is too small compared with the volume of solar
cells. The Ge concentration is around 30%. With such a concentration, the absorption is not
significantly enhanced. The detailed explanations of absorption in the core can be found in chapter 2.
This also suggests that in order to use SiGeNWs as absorber, the diameter and Ge concentration
should be increased.
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Figure 5.14. EQE of pm-Si:H NW radial junction solar cells. Red line is the solar cell based on
Sip.7Geg3sNW core, and black line is the cell based on SiINW core.

The J-V measurements results of the two solar cells are shown in figure 5.15. It can be seen that the
two solar cells have very similar J-V curves. The Voc, Jsc, fill factor and efficiency are shown in table
5.3. The Voc and Jsc of SiGeNWs based solar cells are 10 mV and 0.5 mA/cm? smaller than the SiNWs
based solar cells, respectively. However, SiGeNWs solar cells exhibit a higher FF and efficiency. As
explained before, the p, i and n layer of the SiGeNWs based solar cells have been deposited without
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breaking the vacuum. This can avoid the oxidation and contamination of the interface and give a
higher FF.
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Figure 5.15. J-V curves of pm-Si:H NW radial junction solar cells. Red line is the solar cell based on
Sig.7Geg3sNW core, and black line is the cell based on SiINW core.

Table 5.3. Parameters of SiGeNWs and SiNWs based solar cells.

NW core Voc [V] Jsc [mA/cm’] FF [%] n [%]
SiGeNWs 0.825 13.4 54 5.9
SiNWs 0.835 13.9 49 5.7

5.4 Summary

This chapter starts with the advantages and challenges of using NWs for solar cell applications. By
briefly reviewing the NW solar cells in the literature, we show that the significance of using NW solar
cells is to achieve a relatively high efficiency through low cost approach. Then we introduce the
fabrication and characterization of our NW RJ solar cells. In this study, we have focused on
developing low bandgap materials for single junction and multi junction solar cells. Single junction
NW RJ solar cells based on a-SiGe:H and uc-Si:H absorbers have been fabricated. The light absorption
enhancement of these solar cells in the red and infrared range has been demonstrated. By
decreasing the NW core length and increasing the uc-Si:H layer thickness, we have improved the pc-
Si:H solar cells performance significantly. After that, we have optimized the NW core length for a-
Si:H/pm-Si:H and pc-Si:H/pm-Si:H tandem NW RJ solar cells. For the first of time, we have
demonstrated that SiGeNWs can be used for NW radial junction solar cells application. A 6% energy
conversion efficiency SiGeNW based radial junction solar cells has been achieved.
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Summary

This thesis is dedicated to develop new solar cell architectures based on nanowires. Both theoretical
and experimental works have been carried out during this study.

Optical modeling

The light absorption in the NW solar cells has been studied theoretically by optical modeling. The
detailed field and absorption profile in the solar cells have been calculated. The enhanced light
absorption of NW solar cells compared with the planar counterpart has been demonstrated. By
varying the absorber layers thickness, 14.1 mA/cm” matched photon current has been achieved for a-
Si:H/uc-Si:H tandem solar cells. This has been achieved with a ~¥290 nm of pc-Si:H layer and ~60 nm
of a-Si:H layer. A preliminary electrical model for radial PN junction NW solar cells has been
developed from first principle rules (see Annex 1). Simulation with this model shows that the NW
radial junction solar cells have higher short circuit current and fill factor due to the small quasi-
neutral region width. Detailed understanding of the carrier transport in the PN radial junctions has
achieved.

Silicon nanowire growth

Since our solar cells are deposited on a SiNW array, understanding the growth of SiNWs is
fundamental for the solar cells performance. In this thesis, a deep understanding the SiNWs growth
process has been achieved. We have studied SiNWs growth using Sn as a catalyst in a plasma-
enhanced CVD system step by step. This allowed us to propose a detailed explanation to the strong
evolution of NW density, morphology and crystallinity during the growth process.

By applying a H, plasma with high plasma power at 200°C, we show that the a-Si:H shell on the
SiNWs can be removed. Thus crystalline SiNWs without any amorphous phase can be obtained by
PECVD.

In the case of very small nanowires ( diameter < 10 nm), we have observed the rare hexagonal phase
of Si. For the first of time, we provide the TEM characterizations from [11-20] direction to give a clear
proof of the hexagonal Si phase in as grown SiNWs.

Silicon-Germanium nanowire growth

To further increase the solar cells efficiency, low bandgap high quality material has to be developed
for bottom cells. For the first of time, crystalline SiGeNWs and crystalline GeNWs growth has been
achieved through plasma-assisted VLS growth. We have optimized the process pressure, plasma
power and temperature range for the SiGeNWs and GeNWs growth. SiGeNWs with Ge content
ranging from 0 to 100% has been achieved with In, Sn, and Cu catalysts. For Sn and In catalyzed NW
growth, we have also found that above a critical temperature, micrometer long and straight Ge NWs
with a constant diameter (10-20 nm) from bottom to top can be obtained. To our knowledge, this is
the first report which shows NWs with constant diameter obtained by plasma-assisted VLS growth.
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Nanowire radial junction solar cells

Thanks to years of research on low cost SINW based solar cells, a efficiency (9.7%) close to the record
efficiency of the planar a-Si:H solar cells (10.2%) has been achieved. In order to further improve the
efficiency, multi junction solar cells have to be developed. We have focused on the development of
low bandgap materials for bottom solar cells. This include a-SiGe:H solar cell and pc-Si:H solar cells.
The enhanced absorption in the red and infrared range of the solar spectrum have been
demonstrated with a-SiGe:H solar cells. With pc-Si:H solar cells, an efficiency of 3.6% and an open
circuit voltage of 0.36 V have been achieved. This is the highest efficiency for NW based pc-Si:H solar
cells achieved in the literature.

SiGeNWs have been used in solar cells. With p-i-n configuration, ~6% energy conversion efficiency
has been achieved. To our knowledge, this is the first demonstration of SiGeNW based photovoltaic
device.

Perspectives
Optical and electrical modeling

In order to link the solar cell structure, material properties and solar cell performances, coupled
optical and electrical model has to be built. COMSOL Multiphysics can be a platform for coupled
optical and electrical modeling of NW solar cells.

The solar cells fabricated with our low cost approach have a random structure. In order to have a
more realistic model, random NW array solar cell can be simulated with COMSOL Multiphysics.

Silicon nanowire growth

For the NW synthesis methods presented in this thesis, the NW growth direction is mainly
determined by the initial crystallization process. Substrate temperature is a key parameter to
influence this process. However, due to the limitation of the PECVD reactor, NWs have not been
grown at substrate temperatures above 450°C. At higher growth temperature, there might be a
preferential growth direction. This might lead to ordered NWs growth on low cost substrates.

With high H, dilution (99%) and high substrate temperature (400°C), non-tapered GeNWs have been
obtained. This might be also true for SiNWs. SiNWs growth experiments with increased H, dilution
level, pressure, plasma power and temperature can be tried to grow non tapered SiNWs.

Hexagonal SiNWs have been grown during my thesis. However, the formation process of this
metastable phase is not clear. Theoretical simulation and in situ TEM observation can be carried out
to get more insight.

The behavior of low surface tension metals, such as Sn and In, during the SiNWs growth are a topic of
discussion. From 2017, it will be possible to grow SiNWSs in a new TEM microscope (NanoMax). The
in-situ observation can give a direct evidence of the behavior of the metal during the growth.
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Silicon-Germanium nanowire growth

To use SiGeNWs as a solar cell absorber, they have to have a sufficiently large diameter. Controlling
the catalyst droplet diameter is an efficient way to control the NWs diameter. Thus larger catalyst
droplets can be prepared to grow thick SiGeNWs. Higher GeH, concentration gas line can be added
to study the H, dilution on the GeNW morphology. Gas line with TMB diluted in H, can be added to
study the doping of non-tapered GeNWs.

Quantum dots embed in NWs are promising building blocks for the developments of future
spintronic and photonic devices. In this research, straight GeNWs with a diameter smaller than the
Bohr exciton radius for Ge ( 24.3 nm) have been synthesized by plasma-assisted VLS method with Sn
and In catalysts. We have also demonstrated that it is possible to achieve epitaxial radial growth for
SiNWSs. By starting with SINW growth, then continue with a segment of GeNW growth, and finally
end with SiNWs growth, it is possible to achieve Ge quantum dots embed in SiINWs structure.

Nanowire radial junction solar cells

As demonstrated in the optical modeling part, the matched photo-current for pc-Si:H/a-Si:H tandem
nanowire radial junction solar cells can be as large as 14.2 mA/cm? with 295 nm thick pc-Si:H layer
and 55 nm a-Si:H layer. By assuming the Voc=1.4 V, FF=0.75, 15% energy conversion efficiency can be
achieved. The dominant challenge for achieving such a efficiency is that it is difficult to achieve a
good quality pc-Si:H with thickness close to 300 nm on the SiNWs substrate. Thus the main task
shoud be optimize the uc-Si:H layer deposition on SiNW substrate.

SiGeNW and GeNW based tandem and triple junction solar cells are promising designs. For this
design, SiGeNW or GeNW based pn junction can be used as bottom cell, pc-Si:H or a-SiGe:H based
pin junction can be the middle cell, and a-Si:H or pm-Si:H based pin junction can be the top cell.
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Annex I: Electrical modeling of nanowire radial
junction solar cells
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142 Annex I: Electrical modeling of nanowire radial junction solar cells

1 Introduction

Besides the strong absorption of the light, another advantage of using NW radial junction solar cells
is the efficient carrier collection. For planar solar cells, in order to have enough absorption, a thick
layer is needed in the light propagation direction. However, the thick layer requires the generated
carriers to travel a long distance to get collected. On the contrary, for radial junction NW structure,
the light absorption direction and the carrier separation direction can be decoupled. As shown in
figure 1, the light is absorbed in the vertical direction while the generated free carriers are separated
in the radial direction. Since the carriers only need to travel a short distance, a small diffusion length
is sufficient to ensure the carriers to be collected. A short diffusion length means lower material
quality requirements. Thus a less expensive material can be used to fabricate relatively high
efficiency solar cells. This is an effective way to reduce the cost of solar cells.

Among the theoretical studies of radial junction solar cells, very few of them were carried out with
analytical models>. An analytical model built from first principles helps us to achieve a good
understanding of the detailed physics of the device. With this purpose, we have developed an
electrical model to simulate the solar cells.

Figure 1. Schematic of the radial junction. (image credit: M. D. Kelzenberg)
2 Theoretical analysis of radial PN junction devices

2.1 PN junction at equilibrium

A PN junction is often the basis of solar cells and many other electrical devices. For the majority of
the devices, the geometry of the PN junction is usually planar. Thus the planar PN junction has been
well studied. From planar to radial structure, the mathematical expressions have to changed. In a
planar structure the Cartesian coordinate system is used, while in the NW radial structure the
cylindrical coordinate is used.

Since NW radial junction solar cells have rotational symmetry, the carrier transport along all the
radial directions is the same. Thus only a cut plane along the axis is needed to model. In figure 2 a), a
segment of radial PN junction is shown. The red core is P type doped Si, and the yellow shell is N type
doped Si. Figure 2 b) shows the cut plane indicated in figure 2 a), and figure 2 c) is the top view of the
radial junction. In order to simplify the carrier transport problem and to get an analytical expression,
we consider that electrons flow along the radial direction, as indicated by the two black lines in figure
2 b) and 2 c). Thus, the electron flow in the cut plane shown in figure 2 b) is uniform along the
vertical direction. Then we can simplify the problem to a the one dimensional line shown in figure 2 b)
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and 2 c). In this line, 0 corresponds to the center of the wire, R, is the radius of p part, and R, is to the
radius of the wire.

Figure 2 d) shows the charge distribution along the radial direction. Since there is a high density of
holes in the p-doped region and a high density of electrons in the n-doped region, the electrons will
diffuse to-p doped region and recombine with the holes there to achieve equilibrium state. As a
result, there will be positively charged ions left in the n-doped region and negatively charged ions in
the p-doped region. Generally, it is considered that the space charge region is localized concentrated
in a region near the interface of the pn junction which is also called depletion region. In this region
there are no free electrons and free holes. The rest parts of the NW are called quasi-neutral region.
The charge distribution, together with electric field distribution and built-in potential at equilibrium
state are shown in figure 2 d), e) and f), respectively.

d)
E  Electricfield Ry-w, R, Ritw,
e) I
0
P Voltage j
f) I l — [ | I .
0 R;-w, R, R, +w, R

Figure 2. a) Geometry of the NW solar cell used for the electrical model, red color represents p type
doped region, and yellow color represents n type doped region. b) Enlarged cut plane shown in a). c)
Enlarged cut line shown in b), the depletion region at p part and n part are marked as w, and w,,
respectively. d)-f) Charge distribution, Electric field and built-in potential of PN junction at
equilibrium: d) Charge distribution; e) Electric field; f) Built-in potential.
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At equilibrium, the charge distribution p in the solar cell can be described below:

p=J 0, o0<x<R -w, (1)
D, Ry —w, <x<Ry (2)
n, Ri<x<R;y+w, (3)
0, Ri+w,<x<R, (4)

Where, w, and w, are the width of the depletion region at p part and n part, respectively. p is the
concentration of holes in the p-doped region, and n is electron concentration in the n-doped region.
We consider all the dopants are ionized and they have much larger concentration than the intrinsic
free carrier concentration, so p and n also equal to the doping level.

From Gauss’s law, the integration of the electric field along the volume equals the integration of the
charges enclosed in the surface divided by the permittivity:

$F,0 E - dS = < [[[, pav (5)

Thus we can get the electrical field distribution from the charge distribution:

E= | 0, 0<x<R—w, (6)
P (Ry-wp)?]
2x€

: Ry —w, <x<Ry (7)

_ P[R12—(R1—Wp)2]—n(x2_R12)

2x€

, Ri<x<R{+w, (8)

L 0, Ri+w, <x <R, (9)

By integrating the electric field, we can get the built-in potential distribution along the radial
direction from the electrical field distribution:

W= (_ 0, 0<x<Ry—w, (10)
2_ R,— 2 — 2
p[x ( 1 Wp) ] _ p(R1—wp) In X : R1 — Wy <x < R1 (11)
4g 2& Ri—-wp
R,2—(Ri—wy)? —w)? Ry2—(Ry-wp)” [+nR,2
p[ 12=(R1—wp) ]_p(Rl wp) In R, +P[ 1°=(R1—wp) ] nRy lni_i(xZ —R12): (12)
4 2¢ Ri—wp 2¢e Ry e

Ri<x<R;+w,

p[R12—(R1—Wp)2] _ p(Rl—wp)z In Ry N p[Rlz—(Rl—Wp)2]+nR12 n %[Rlz—(Rl—Wp)2]+R12 _
4¢ 2¢ Ry—wyp 4e R,2

e [Rlz — (Ry — WP)Z]), Ri+w, <x <R, (13)

4e ™n

In the equations described above, we have two unknowns: w, and w,. From charge conservation, we
know that the total extra electron number at p-side equals to the total extra holes number at n side.
So we get:
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n[(Ry + wy)? — R12] =p [R12 — (R, - wp)z] (14)

Then w, can be described by w, :

Wy = Ry~ [Ry = 2[Ry + wi)? — Ry (15)
The built-in potential reaches a maximum at the quasi neutral region of n side, as described by

equation 13. It can also be calculated from the doping level and the neutral free carrier
concentration by equation:

Vyi = kgTln (Z—’Z’) (16)

Combining equation 13 and equation 16, we can get the equation to calculate w,:

kBTln (g) = p[Rlz_(Rl_wp)Z] — p(Rl_WP)Z In Ry + p[Riz_(Rl_Wp)z]"'nRiz In %[R12_(R1—Wp)2]+R12 _

? 4g 2¢ Ri-wp 4e R,?

ZE[R2 - (R -w)°) (17)

4e™n

However, if the theoretical depletion region width is larger than the real p or n regions size, then the
built-in potential is not equal to the value calculated from the doping level.

When R; < Wy, the electrical field can be calculated as:

_ J px
E= - X <R, (18)
a2 2 2
2x€
0, R, +w, < x <R, (20)

And the built-in potential can be calculated as:

[ px?
V= 7 o X <Ry (21)
R.24nR.2 R.24nR:2—nx2
%ln%+?1+’;—;”x, R, <x <Ry +w, (22)
PR{%24+nR{%2 ;| Ri+w, . PR{2+nRi*>-n(Ri+wy)?
L In + , Ri+w,<x<R (23)
2¢ R, 4 1 n 2

When the theoretical depletion at n side is bigger than the n region size, R, — Ry < wy, then the real
depletion region is the same size as the n type region.

Wn =Ry, — Ry (24)

Then w, and built-in potential can be calculated by equation 15 and 13, respectively.
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2.2 Radial PN junction at steady state

In a semiconductor, there are two mechanisms which can contribute to the current flow: the drift
and diffusion. This can be described by the following equation:
j= jdiffusion +jdrift (25)

Where j is the total current, ju;r rusion is the diffusion current, and jg,;5; is the drift current.

In silicon PN junction solar cells, the photo-current can be calculated by summing the electron
current at quasi-neutral region at p-side, the hole current at quasi-neutral region at p-side and all the
current generated at depletion region. Since the electron flow and hole flow have similar
mathematical expressions, we only show the expression for the electron flow. At p-side, the electron
current can be described as:

Jn(x) = qDyV, + quunE, (26)

Where J,,(x) is the electron current density at position x, q is electron charge, which is 1.602 x 10™°
coulombs, D,, is electron diffusion coefficient in Si, V,, is electron density gradient at position x, p,, is
the electron mobility in Si, n is free electron density, E is electric field at position x.

However, outside the depletion region, the drift current can be neglected, thus the current density at
the quasi-neutral region of p-side can be described as:

Jn(x) = qDpV, (27)

Inside solar cells, there are three phenomena which change the carrier density: change of current
density, carrier generation and carrier recombination. From conservation of electron number, we can
get:

d 1
a_rtl=_av.]n+6n_Un (28)

Where V J, is the change rate of the current density. Here we consider J,, is the flow rate of electrons,
it has a positive value. G,, is the electron generation rate, and U, is the electron recombination rate.

The recombination rate can be described by the electron diffusion length:
U, = ";—%“’Dn (29)

Where L, is the electron diffusion length, ny is the electron concentration at equilibrium, D,, is the
electron diffusion coefficient.

At steady state, electron density does not change with time, so we get:

on

i 0 (30)
Combine equation 27, 28, 29 and 30 we can get:

°n  19n n-ny, | G

ox2 ' xox L% ' D,
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Note in cylindrical coordinate, the form of second order derivate is:

2_10n( 0ny _10n 0°n
n 7 xox (x 6x) T xox @ ox? (32)
Reform the equation 32, we can get:
29 o2 Gy g (33)
Yo T X L?l(n o Dn)_
In order to get the form of modified Bessel function, we do the following substitution:
GL?
N=n—-ny—— (34)
Dn
X
X = o (35)
Thus:
GL%
n=N+n, + — (36)
x=L,X (37)
We get the following expressions from equation 36 and 37:
an _ON _ 19N
9x  0x L, 0x (38)
a°n 1 92N
o - Zox? (39)
Combination equation 33, 36, 37, 38 and 39, we get:
2 9°N ON _ yonr _
X ax2+X X*N=0 (40)
Compared with standard modified Bessel’s equation :
2 4%y Ay 2 2Na, —
22 Stz — (22 —v)y =0 (41)

We can know that equation 40 is a modified zero order Bessel’s equation, with v = 0.

Sincev = 0is a integer, we can use the modified Bessel functions of the first kind I,,(z) and the
modified Bessel functions of the second kind K, (z) to form a fundamental set of solutions of the
modified Bessel's equation where

()

L,(2) =(5) Z(e=0) k(v areD) (42)
And:
K, (z) = ( )I_V(Z) L(2) “3)

sin(vm)
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Where I'(v + k + 1) is the gamma function. So the solution to equation 40 is:

N(X) = Aly(X) + BKy(X) (44)
Where A and B are coefficients.

We can use the recurrence relation for I,,(2) to calculate the derivative of I,,(z):

L1 () + I41(x) = 21, (x) (45)

From equation 43 and 45, we can get the derivative of K,,(2) :

K I(Z) — (E) I_V’(Z)—IV(Z)' — lz(I—v—l(x)+1—v+1(x))_(1v—1(x)+1v+1(x)) — lzl—(v—l)(x)_lv—l(x)
v 2 sin(vm) 22 sin(vrm) 22 sin(vm)
1) () —ly41 () _

P = 2 (-1 (0 + Ky () (46)
Then the derivative of N(X) can be got:
N'(X) = ALy (X) + BKy' (X) = 2 (1.1 (X) + L,(0) + 2 (K1 (X) + Ky (X)) (47)

The two coefficients A and B can be calculated by applying boundary conditions, which are surface
recombination and the carrier density at the edge of depletion region. Figure 3 shows the electron
density along the quasi-neutral region with and without the two boundary conditions. Without
boundaries, the electron density is uniform along the quasi-neutral region, as shown in figure 3 a). In
this case, the electron density only depends on the generation rate and the recombination rate.
When there are boundary conditions, the electron density at the surface and interface will decrease
because electrons recombine at the surface and get separated at the edge of depletion region.

[
~—

b)s  surface

Z £| ,recombination
E 2 /
I’} under illumination, no 2 Carrier separation
§] surface recombination H

- - £
il & carrier separation s
Qo Q@
w w

Figure 3. Boundary conditions for electron density distribution along the quasi-neutral region at p
doped side. a) Electron density distribution when there is no surface recombination at the surface of
the quasi-neutral region, no carrier separation at the interface of quasi-neutral region and depletion
region. b) Electron density distribution when there is surface recombination at the surface of the
quasi-neutral region and carrier separation at the interface of quasi-neutral region and depletion
region.

The carrier separation at the interface of the quasi-neutral region and depletion region is determined
by the voltage across the PN junction determined by the outer circuit. This boundary can be
described as the relation between the applied voltage and the carrier density at x = R; — wy,:

n2 v
n—ngy= N—‘ (e*BT — 1) (48)
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Where N, is doping level at p side, n; is free carrier concentration in the intrinsic Si, kg is Boltzmann
constant, and T is temperature.

Unlike planar PN junction, the radial PN junction only has one surface which is the surface of the wire.
In this case the quasi neutral region of the p side does not have surface along radial direction. Thus
the surface recombination can be considered as 0. Then the boundary at x = O is:

dan
hge =0 (49)

Combine equation 36, 37, 44, 47, 48 and 49, we can get

2 0 4V 2 -
A= G (el — 1) = Sy, (22), (50)
And
B=0 (51)

Thus electron current density at quasi neutral region of p side is:

1

Ja(®) = qDVn= qDn = N'(X) = qDy - <§ (1_1 (%) +n (ﬁ))) (52)

In the quasi neutral region of n side, the hole concentration has a similar expression as the electrons
described in equation 33:

92 9 1 GL2
2—p+x—p—x2L—z(P—Po—D—p)=0 (53)
14 14

X
d0x2 0x

Where p is the hole concentration, Lyis the hole diffusion length in Si, Dy is hole diffusion coefficient.
With the following substitution:

GL3
P=p-po—73° (54)

X =1 (55)

We can also get a modified Bessel’s equation for holes

x2 224 x2 _x2p=0 (56)
The solution to this equation has the same form with equation 44:

P(X) = Aly(X) + BKy(X) (57)
Then the derivative of P(X) has the similar form with equation 47:

P'(X) = Aly'(X) + BK,'(X) = %’(1_1()() + LX) + g (K_1(X) + K;,(0) (58)

The first boundary condition is the hole concentration at the interface of depletion region and the
quasi neutral region, at x = R, — w,,. The value is a function of applied bias across the PN junction:
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qv_

p—Po= ni (e"BT -1 (59)

Where N, is doping level at n side.

The second boundary condition is that the current at the surface is the surface recombination
current. At x = R,:

d
—DpE =] = =5, —po) (60)
Where §,, is the surface recombination velocity for holes.

Combine equation 54, 55, 57, 58 and 60, we can get

GL2
(1106 + 1)) = Sylo ()| 4+ [ (K106 + Ky 000) = Spkot)| B = 5,52 (61)
Where X; = }L?—Z. And combine equation 54, 55, 57 and 59, we can get:
14
n? [ L= GL;
Io(X)A + Ko(X)B = 5k (e — 1) - Z2 (62)
a 14
Where X, ZL “n \With 61 and 62, the follow equation can be obtained:
14
(1 1(Xy) + Il(Xl)) Snlo(X1) p (K 1(X) + Kl(Xl)) SnKo(X1) |A| _
Io(X3) Ko(X3)
GL3
< quT 1) GL%, (63)
eksT — 1) ——
Po D,
Substitute the elements of matrix in 63 with letters, we get:
a b| |A] _|¢€
o al[5l=1fl (64)
Then A and B can be obtained easily:
ed—bf
_ lad-b
|5 = arzee (65)
ad—bc

Finally, the hole current at quasi neutral region of n side is:

Jp(®) = qDVn= qDp - N'(X) = gD ;( <I {(F)+n (S )) +§(1<_1 &)+ (ﬁ))) (66)

The total current generated by the solar cell is the sum of electron current at x = R; — w,, hole
current at x = R, — wy,, and the current generated in the depletion region.

]total = ]n(Rl - Wp) +]p (RZ - Wn) +]depletion region (67)
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Since there is a strong electrical field in the depletion region, all the carrier generated in this region
can be collected easily. So the Jgepietion region €an be considered as all the photo-current generated
in the depletion region.

The electrical modeling describes the carriers transport in the solar cells. So there need to have free
carriers generation. We have used the light absorption data calculated in the optical modeling part
2.2.1 to calculate photo generation. To simplify the photo generation profile, we have considered
that the carriers are generated uniformly in the solar cell.

3 Simulation results

Based on the theoretical analysis presented above, a Matlab code package has been developed to
perform the simulation. This code package simulates a NW radial junction solar cell with a thick p-
layer and a thin n-layer. It calculates the electron transport in p-type region to estimate the current
in the whole solar cells.

The user interface of this code package is shown in figure 4. The main inputs are geometrical
parameters such as NW diameter, pitch and length; and electrical parameters such as electron
mobility and lift time. The main outputs are the width of depletion region and the performance of
the solar cell. There is single NW Jsc and solar cell Jsc, The difference between the two is that the
single NW Jsc is the generated current divided by the area of the top surface of the NW, while the
solar cell current is the total generated current divided by the total area of the solar cell. Similarly,
the single NW efficiency is the output power divided by the power incident on the top surface of the
NW, while the solar cell efficiency is the output power divided by the power incident on the whole
solar cell. The IV curve, band diagram, electric field along the radial direction of the NW, and the EQE
are also plotted in the user interface.

Radical PN junction solar cell electrical model
Calculate
NW core diameter 260 (nm)  electron mobility 270 cm2/(vs) L Single nanowire
NW diameter 300 (nm) hole mobility % cm2/(vs) Jsc 91.1938 (mA/cm2)
wp 450605 (nm)
Efficiency 246457 %
NW pitch 600 (nm) wn 17.45439 (nm)
Life time 106 s solar cell
NW length 1000 (nm) Vbi 0915318 v)
P 303 mA/cm2
o diffusion length 23 S ( )
: i = diffusion length / . %
P dopping level se17 (cm-3) VD 9 05 e — v Fill factor 548547 %
N dopping level To18 (cm-3) Efficiency 426245 %
IV curve Band diagram Electric field EQE, IQE
15 <107
..... 1
-4 ’
o 038 |
! 10 1 Phi 4.5 E Efficiency [
sl ) (V/m) (%) I
m2) 4 06}
5 -5 ‘
04|
55 2
0 ]
02}
6 3
5 0
0 01 02 03 04 05 0 50 100 150 0 50 100 150 400 600 800 1000 1200
Voltage (V) Dystance form center (nm) Distance form center (nm) Wave length (nm)

Figure 4. User interface of the code package for radial junction NW solar cell simulation.
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One of the most important parameters for solar cell is the diffusion length of the carriers. We have
calculated the IV curve by changing the diffusion length/quasi neutral region ratio, as shown in figure
5. The main parameters for this calculation are listed in table 2.

Table 2. Parameters have been used for NW radial PN junction solar cell electrical simulation.

Parameter name value unit
NW core diameter 260 nm
NW diameter 300 nm
NW pitch 600 nm
NW length 1000 nm
P doping level 5el7 Jem?
N doping level 1e18 /em?
Electron mobility 270 cm?/(v*s)
Hole mobility 95 cm?/(v*s)
Intrinsic carrier concentration at 1.45e10 /em?
300 K
T T T T T T T
20 + - -

=
o
T

Current (mAfcm?)
=)

(5]
T

o0 o1 02 03 04 05 06 07 08
Voltage (V)

Figure 5. IV curves as a function of diffusion length/quasi-neutral region width ratio.

The Jsc, Voc, fill factor and efficiency have also extracted from the IV curves, as shown in figure 6.
When the diffusion length is more than 3 times bigger than the width of the quasi neutral region, the
Jsc approaches the saturation level. However, further increase of the ratio will increase the Voc.
When the ratio is smaller than 3, both Jsc and Voc decrease with the ratio sharply. The Jsc, Voc, fill
factor and efficiency have also extracted from the IV curves. As shown in figure 6, the fill factor has a
similar trend with the Jsc. When the ratio is smaller than 3, Jsc and fill factor increase quickly with the
increase of ratio. The efficiency has a similar trend with the Voc. From electrical point of view, the
advantage of using NW radial junction is to reduce the length of the quasi-neutral region. This gives a
high diffusion lenth/quasi-neutral region ratio, and consequently, a high solar cell performance.
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NW parameters
Length: 1 um, diameter 300 nm, pitch: 600 nm
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Figure 6. Jsc, Vo, fill factor and efficiency as a function of the diffusion length/quasi neutral region
width ratio.

4 Summary of electrical modeling

In this part, the carrier transport in the radial junction solar cells has been analyzed from first
principles. The theoretical analyses have been implemented into a matlab code package. With this
code package, we have calculated the solar cell performance as a function of the carrier diffusion
length/quasi-neutral region width ratio. We found that when the ratio is smaller than 3, the Jsc and
fill factor increase rapidly with the ratio. When the ratio is bigger than 3, the Jsc and fill factor reach
saturation level rapidly, but the Voc and efficiency keep on increasing till the limited value. This
shows that by decreasing the quasi- neutral region length, the NW radial junction solar cell increase
the carrier diffusion length/quasi-neutral region width ratio, and thus increase the solar cell
efficiency.
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Résumé

La lumiere du soleil, qui est abondante et propre, est une source d’énergie qui peut répondre aux
besoins énergétiques croissants de la société. Avec les cellules solaires, I'énergie du soleil est
transformée directement en électricité de maniere propre. Pour une application a grande échelle des
cellules solaires, réduire leur colt de production est un enjeu majeur. En raison de leur forte
absorption de la lumiére et leur collecte efficace des porteurs photogénérés, les cellules solaires a
base de nanofils ont le potentiel de réduire le colt de I'énergie solaire photovoltaique. Cette thése a
pour objectif de développer des nouvelles architectures de cellules solaires a base de nanofils. Des
travaux expérimentaux appuyés par la modélisation ont été effectués.

Cette thése commence par la modélisation de I'absorption de la lumiére dans les cellules solaires a
base de nanofils. Le champ électrique et le profil d’absorption dans les cellules solaires ont été
calculés. L'amélioration de I'absorption de la lumiere dans les cellules solaires a base de nanofils par
rapport aux cellules ayant une architecture planaire a été démontrée. En faisant varier |'épaisseur
des couches d’absorbeur, on a obtenu un photocourant de 14.1 mA/cm? pour des cellules solaires
tandem a-Si:H/uc-Si:H. Ceci a été obtenu avec une couche de 60 nm de a-Si:H et 290 nm de pc-Si:H.
Un modéle électrique préliminaire pour les cellules solaires a jonction PN a été développé sur matlab.
La simulation avec ce modéle montre que les cellules solaires a jonction radiale a base de nanofils de
silicum ont un courant de court-circuit et un facteur de forme plus élevé en raison de la petite largeur
de la région quasi neutre. Une compréhension détaillée du transport des charges dans les jonctions
PN radiales a été obtenu.

a) b) <)
Wavelength =800 nm
x 1010 (w/m?) 1,0 T T T T T
—s— a-Si:H layer
:’ 08} .L. —a—Lc-Si:H layer |
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5 02| 14, 1 |
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Figure 1. a) Schéma d’une cellule solaire tandem a-Si:H/pc-Si:H utilisé pour la modélisation optique. b)
Exemple de distribution d’intensité du champ électrique dans la cellule exposée a une lumiére
monochromatique a 800 nm. c) Absorption dans les deux couches absorbantes de la cellule solaire
tandem. On note que le méme courant est photogénéré dans les deux cellules.

Pour la partie expérimentale, nous nous sommes d’abord concentrés sur I'étude des processus de
croissance de nanofils par un procédé VLS assisté par plasma. Nous avons réalisé des expériences
d’ingénierie des gouttelettes de Sn utilisées comme catalyseur pour la croissance des nanofils. Nous
avons trouvé qu’avec un recuit, les gouttelettes présentent de petits changements dans leur taille et
leur densité. Cependant, quand le recuit est effectué avec la présence d’une couche mince d’a-Si:H, il
y des changements modérés de la taille et de la densité des gouttelettes; avec un traitement par
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plasma de H,, la taille et la densité des gouttelettes peuvent étre considérablement modifiées. Une
observation et une analyse détaillées du processus de croissance de nanofils silicium ont été
réalisées étape par étape. La phase de croissance initiale détermine la densité, la direction de
croissance et la taille des nanofils. Nous montrons qu’il y a une forte coalescence des gouttelettes de
catalyseur en raison de la formation de nanofils pendant les dix premiéres secondes de croissance.
En plus, nous fournissons une caractérisation systématique et une explication détaillée de la forte
évolution de la densité de gouttes de catalyseur et de nanofils, la morphologie de nanofils et leur
cristallinité pendant le processus de croissance, comme illustré schématiquement sur la figure ci-

dessous.

2 minutes

v

,V(\\\Mﬂ\}\'n\ﬁ/ MR
8 h

90 minutes

Figure 2. lllustration 3D de I'état de croissance de nanofils silicium avec des durées de croissances
différentes.

Nous avons fait croitre de nanofils silicium directement sur une grille de microscope en cuivre afin
de faciliter leur observation au microscope électronique en transmission. Nous avons observé que
ceux de petit diamétre (2 — 5 nm) ont une phase cristalline hexagonale. Les caractérisations par
microscopie électronique en transmission dans I'axe de la zone [11-20] fournissent une preuve
évidente d’'un arrangement atomique hexagonal. La structure hexagonale est stable a température et
pression ambiantes, et aprés un recuit a 230°C.
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Figure 3. Phase cristalline hexagonale dans les nanofils silicium.

Une fois la croissance de nanofils de silicium optimisée, nous avons abordé la croissance de nanofils
de Ge et d’alliages SiGe dans le but de réduire le gap et élargir le domaine spectral de nos cellules.
Nous avons produit des nanofils de silicium-germanium avec des catalyseurs Sn, In, Au et Cu par un
procédé VLS assisté par plasma. Nous avons observé qu’a 400°C, le Cu et I'In peuvent catalyser la
croissance de nanofils de SiGe avec un ratio de GeH, / (SiH, + GeH,) plus grand que pour Sn et Au. La
morphologie des nanofils de silicium-germanium obtenus avec ces catalyseurs ne présente pas de
différences significatives. La longueur des nanofils est principalement déterminée par le flux de
radicaux SiHx et GeHx, ainsi que par la taille des gouttelettes de catalyseur. A notre connaissance,
c’est le premier rapport sur la croissance de nanofils de silicium-germanium par un procédé VLS
assisté par plasma. En diminuant la température du substrat, nous avons obtenu avec succes des
nanofils de silicium-germanium avec une forte teneur en germanium. Nous avons trouvé qu'il n'y a
pas de dégradation de la morphologie des nanofils de SiGe avec I'augmentation de la concentration
de germanium et la diminution de la température du substrat. A 235°C, des nanofils de germanium
ont été aussi obtenus avec Sn, In et Cu comme catalyseurs. En augmentant la température du
substrat et la pression partielle de GeH,, nous avons pu produire des nanofils germanium droits avec
un diametre constant (~20 nm) et cela pour les catalyseurs Sn et In. Nous avons divisé la croissance
de GeNW en deux régimes. Lorsque la température est inférieure a 350°C et que la pression partielle
de GeH, est inférieure a 20 mTorr, on obtient la morphologie traditionnelle par un procédé VLS
assisté par plasma (morphologie conique). Lorsque la température est supérieure a 350°C et que la
pression partielle de GeH, est supérieure a 20 mTorr, on peut obtenir des nanofils cylindriques. A
notre connaissance, c'est le premier rapport qui montre clairement des nanofils avec un diametre
constant obtenu par un procédé VLS assisté par plasma.



160

235°C 235°C 350°C 400°C 400°C
6,4 mTorr 27 mTorr 90 mTorr 26 mTorr 85 mTorr

A 6.7mmm5'(U)
100 nm 100 nm 50nm 500nm 500 nm

I—

Figure 4. Nanofils de germanium produits par un procédé VLS assisté par plasma, pour des
températures et pressions partielles de GeH, différents. Le catalyseur est In.

Enfin, nous nous sommes intéressés au le développement de cellules solaires a jonction radiale a
base de nanofils. Des cellules solaires avec I'absorbeur a-SiGe:H ou pc-Si:H ont été fabriquées.
L'amélioration de l'absorption de lumiére dans la gamme spectrale rouge et infrarouge a été
démontrée. En diminuant la longueur des nanofils et en augmentant I'épaisseur de la couche de uc-
Si:H, nous avons amélioré significativement la performance des cellules solaires a base de pc-Si:H.
Aprés cela, nous avons optimisé la longueur des nanofils pour les cellules solaires tandem a-Si:H /
pm-Si:H et pc-Si:H / pm-Si:H. Pour la premiére fois, nous avons démontré que les nanofils de silicium-
germanium peuvent étre utilisés dans des cellules solaires a jonction radiale. Un rendement de
conversion énergétique de 6% a été obtenu avec des cellules solaires a jonction radiale a base de
nanofils de silicium-germanium.
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Figure 5. a) Schéma de cellules solaires a jonction radiale a base de nanofils. b). Image au microscope
électronique a balayage de cellules solaires a jonction radiale a base de nanofils. c) Courbes de
densité de courant-tension des cellules solaires tandem a-Si:H/pc-Si:H et de pc-Si:H/pm-Si:H.
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List of acronyms

Acronym Unit
AC

a-Si:H

a-SiGe:H

c-Si

Cg

c-Ge

CVD

DC

EDX

EQE %

EELS

FF %
FFT

GeNW

HRTEM

ITO

Jsc mA.cm™
J-V

LPCVD

MBE

NW

PECVD

PL

pm-Si:H

RJ

SEM

scem cm®min®
SFLS

SiNW

SiGe

STEM

TEM

pe-Si:H

pnc-SiOx:H

UHV

Voc \Y
VLS

VSS

ZnO:Al

Definition

Alternating Current

Hydrogenated amorphous silicon
Hydrogenated amorphous silicon germanium alloy
Crystalline Silicon

Corning Glass

Crystalline Germanium

Chemical vapor Deposition

Direct Current

Energy dispersive X-ray spectroscopy
External quantum efficiency

Optical bandgap

Electron energy loss spectroscopy

Fill factor

Fast Fourier Transform

Germanium nanowires

High Resolution Transmission Electron Microscopy
Indium Tin Oxide

Short-circuit current

Current density-Voltage

Low-temperature chemical vapor deposition
Molecular beam epitaxy

nanowire

Plasma Enhanced Chemical Vapor Deposition
Photoluminescence

Hydrogenated polymorphous silicon

Radial junction

Scanning electron microscopy

Standard cubic centimeter per minute
Supercritical fluid-liquid-solid

Silicon nanowire

Silicon Germanium alloy

Scanning transmission electron microscopy
Transmission Electron Microscopy
Hydrogenated microcrystalline silicon
Hydrogenated microcrystalline silicon oxide
Untra-High-Voltage

Open-circuit voltage

Vapor Liquid Solid

Vapor Solid Solid

Aluminum doped Zinc oxide
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Titre : Processus de croissance de nanofils de Si et Ge: application a des cellules solaires

Mots clés : Energie solaire, nano fils, VLS assisté par plasma, Silicium-germanium, modélisation

Résumé : Cette these a pour objectif de
développer des nouvelles architectures de
cellules solaires a base de nanofils produites par
un procédé VLS assisté par plasma. La
modélisation  optique est utilisée  pour
déterminer le champ et le profil dabsorption
dans les cellules solaires. Un courant de 14
mA/cm? a été obtenu pour des cellules tandem
a-Si:H/pc-Si:H. Un modéle électrique a aussi
été développé, permettant une compréhension
approfondie du transport dans ces dispositifs.
En étudiant la croissance de SiNWs étape par
étape, une bonne compréhension du processus
de croissance a été obtenue, permettant
d’expliquer la forte évolution de la densité de
nanofils, de leur morphologie et de leur
cristallinité. La phase hexagonale de Si a été
observée dans les nanofils de silicium de petit
diametre (< 10 nm).

Nous avons fait des caractérisations TEM dans
la direction [11-20] qui apportent une preuve
claire de la phase hexagonale de Si dans les
SiNWSs. Une fois la croissance de nanofils de
silicium optimisée, nous avons aborde la
croissance de nanofils de Ge et d’alliages SiGe
dans le but de réduire le gap et élargir le
domaine spectral de nos cellules. Le contenu en
Ge a été varié entre 0 et 100% avec des
catalyseurs Sn, In et Cu. Nous avons constaté
qu’au-dessus d'une température critique (~350
°C), on peut obtenir des nanofils de Ge
cylindriques, longs de plusieurs microns. Des
cellules solaires PIN a jonction radiale avec une
couche intrinséque a base d’a-Si:H, de pc-Si:H
ou d’-SiGe:H ont été fabriquées. A notre
connaissance, c'est la premiere démonstration
d’un tel dispositif a base de nano fils SiGe.

Title : From Silicon to Germanium Nanowires: growth processes and solar cell structures

Keywords : Solar energy, nanowires, plasma-assisted VLS, Silicon-Germanium, modeling

Abstract : This thesis is dedicated to develop
new solar cell architectures based on nanowires
produced by a plasma-assisted Vapor Liquid
Solid process. By optical modeling, detailed
field and absorption profiles in the NW solar
cells have been obtained and a 14 mA/cm?
matched photocurrent has been achieved for a-
Si:H/uc-Si:H tandem solar cells. An electrical
model for radial PN junction NW solar cells
has also been developed from first principle
rules, allowing a good understanding of the
carrier transport. By analyzing step by step the
SiNWs growth in a PECVD system we could
propose a detailed explanation for the strong
evolution of the NW density, morphology and
crystallinity during growth. The rare hexagonal
phase of Si has been observed in the as grown
SiNWs with diameters smaller than 10 nm. For
the first of time, we have provided TEM

characterizations from [11-20] direction to give
a clear proof of the hexagonal Si phase in as
grown SiNWSs. To develop low band bap, high
mobility material for multi junction NW solar
cells, we added germane to silane during the
plasma-assisted VLS growth process. Ge
contents from 0 to 100% have been achieved
with Sn, In and Cu catalysts. We have found
that above a critical temperature (~ 350 °C),
micrometer long cylindrical Ge NWs can be
obtained. NW based PIN radial junction solar
cells having a-Si:H, a-SiGe:H and pc-Si:H as
intrinsic absorber layers have been fabricated.
For the SiGeNWs based solar cells, a 6%
energy conversion efficiency has been achieved
with p-i-n configuration. To our knowledge,
this is the first demonstration of SiGeNWs
based photovoltaic device.




