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Introduction 
 

 

Solar energy outlook 

In the 21
st
 century, the energy access remains a major source of inequality around the world, 

leaving billions of people without electricity or without access to clean cooking facilities (Figure 

0.1) [13]. Among all the continents, Africa is the one that requires the most intensive energy 

deployment because contrary to Asia, its demographic transition just begun. African people were 

1.26 billion in 2015, representing only 17 % of the world population while in 2100 they will rise 

to 4.47 billion, representing 40 % of the world population and so a proportional energy demand 

[41]. The African continent is plenty of fossil resources that used to be extracted from their soil 

for centuries, but it also benefits from the largest solar power reaching the ground (Figure 0.1). It 

has to be reminded that the solar energy reaching earth can yearly cover more than 1000 times the 

world needs in energy [42].  

 

 

 

Figure 0.1: Number of people without access to electricity or to proper cooking facilities 

around the world [13]. Data are reported on the world solar resource map (Global 

Horizontal Irradiation) [36]. 
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2 Introduction 

 

 

The solar energy has been used for its heat for millennia, from the ignition of the Olympic 

flame in the 3
rd

 century B.C. to the vapour generation that powers electrical turbines 

nowadays [43]. However, the direct conversion of the sunlight into electricity, named the 

photovoltaic (PV) effect, has been reported only in 1839 by the French scientist Alexandre-

Edmond Becquerel [44]. It took another century to create reliable devices that can be 

commercialised, but at prices that were not competitive for the mass production of electricity at 

that time (Figure 0.2.a). The reduction of the $/W ratio made the PV deployment possible in the 

late ‘90s. Thanks to technology’s advances and mass production, the price per watt has been 

divided by ~320 in 40 years, allowing a world total installed capacity of about 388 GW by the 

end of 2017 (Figure 0.2.a). Despite this exceptional growth rate of the PV market, PV electricity 

represents only 1.5 % of the world electrical generation at the end of 2016 [45]. Further cost 

reduction and technological improvement are required to support the fast growth of PV. 

 

 
 

Many different types of photovoltaic solar cells have been developed over time, but these 

based on crystalline silicon (c-Si) have supplanted all the others, representing more than 93 % of 

the market at the end of 2016 [46]. Inside this market there is still a wide variety of technologies 

adopting different architectures. The ‘Aluminium-Back Surface Field’ (Al-BSF) is the 

mainstream one (Figure 0.2.b) because it is the simplest and the cheapest to manufacture. 

 
 

 

Figure 0.3: (a) Band structure of Al-BSF where VB stands for valence band and CB for 

conduction band (b) Schematic cross section of Al-BSF and PERC solar cells. 
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Figure 0.2: (a) Price of the c-Si photovoltaic cells (left axis) and World installed PV 

capacity (right axis) [32, 33]. (b) Market share forecasts for the main solar cells 

architectures and proportion of bifacial solar modules [38]. 
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The Al-BSF maximum conversion efficiency seems to be around 20 % while its upgraded 

architecture PERC (Passivated Emitter and Rear Cell) is already promising 24 % [47-49]. 

Naturally the Al-BSF should give way to the PERC architecture and its variants in the next 

decade. In addition, these architectures are also compatible with the second market trend which is 

the adoption of bifacial architectures. The light collection on the back surface of the solar cells 

takes advantage of the albedo, increasing the system relative efficiency up to 30 % [50, 51]. 

The Al-BSF architecture consists in a p-type absorber with a bipolar p-n
+
 junction on top and 

a unipolar p-p
+
 junction below. These junctions result in the band structure shown on Figure 0.3.a 

that allows carrier separation and diffusion to the electrical contacts located on the top for 

electrons and at the bottoms for holes. The unipolar junction at the bottom is formed by alloying 

aluminium to the lowly doped absorber and gives its name to the architecture: Aluminium Back-

Surface Field [52]. On the front surface there is an antireflection coating (ARC) on a textured 

surface to maximise photon collection. This layer also serves as surface passivation, which is a 

technological key element to master in order to continue the photovoltaic development. Its 

implementation on the back surface of solar cells such as in the PERC architecture (Figure 0.3.b) 

opened the route to higher conversion efficiency.  

Thesis aim and outline 

This doctoral work is dedicated to the fundamental understanding and improvement of c-Si 

surface passivation by aluminium oxide (Al2O3) and its related derivative stacks. It is part of the 

‘advanced silicon technologies’ project conducted by the ‘Institut Photovoltaïque d’Île-de-

France’ (IPVF). This project aims to develop a c-Si solar cell architecture fully processed at low 

temperature, i.e. lower than 400 °C, and that has a conversion efficiency higher than 20 %.  

 

 The first chapter reminds the physics key points of passivation and its link with the 

solar cell efficiency. Then, a brief description of the mainstream characterisation 

techniques used in this work is done. 
 

 The second chapter deals with the deposition technique and the material properties of 

Al2O3 films. The atomic layer deposition is described and the impacts of process 

conditions on film properties are investigated. The sensitivity of the passivation 

properties to post-deposition illumination is addressed in this chapter.  
 

 The third chapter is dedicated to the passivation properties of Al2O3 films embedded in 

a stack with hydrogenated amorphous silicon nitride (a-SiNX:H). The 

plasma-enhanced chemical vapour deposition technique is described and the impact of 

process conditions on film properties is investigated. The passivation stability over 

time of Al2O3/a-SiNX:H stacks is studied in this chapter. 
 

 The fourth and the fifth chapters investigate passivation degradation mechanisms 

related to Al2O3/a-SiNX:H stacks. First, the fourth chapter address the degradation 

occurring at the c-Si/Al2O3 interface, i.e. blistering. Then, the fifth chapter explores 

the impact of a-SiNX:H capping on the electrostatic properties of the passivation stack. 

 

Finally, this work is summarised in a conclusion section, which summaries our achievements 

and provides further research perspectives. 
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1.1 Solar cells physics 

1.1.1 Device performance 

The solar cells power conversion efficiency (η) as defined by equation (1.1) cannot exceed 

29.4 % for a single bandgap material like silicon [53]. Indeed, photons having energy greater than 

the bandgap will lose the difference by thermalisation while photons with energy lower than the 

bandgap will not be absorbed. For a more complete description of the solar cells physics, the 

reader may refer to the book by Peter & Uli Würfel [54], while we focus here on parameters 

relevant to understand the surface passivation. 

 

η =
ISC ∙ VOC ∙ FF

Pin
 (1.1) 

With: 

• ISC : the short-circuit current 

• VOC : the open-circuit voltage 

• FF : the fill factor 

• Pin : the incoming solar power 

 

As previously mentioned, the conversion efficiency of 29.4 % has never been reached so far 

due to several losses among which photo-generated carrier recombination is one of the most 

important. Electrons and holes can recombine by different mechanisms (see next section) 

reducing the three numerator factors of the equation (1.1) numerator. In the case of a constant 

photon flux reaching the silicon surface, the electron-hole pair generation rate (G) in the silicon 

can be assumed constant over time. The carrier density (Δn) is then only proportional to the 

recombination rate (R) in the device. The VOC is the most impacted by the carrier recombination 

as its value is proportional to the photo-generated carrier density in silicon. For a p-type c-Si cell 

with a dopant density NA, the VOC can be expressed by equation (1.2). The passivation aims to 

reduce the recombination in a solar cell and its quality is often judged after the solar cell VOC. 

 

VOC =
kT

q
ln (

(NA + Δn)Δn

ni
2 ) (1.2) 

With: 

• k : the Boltzmann constant 

• T : the absolute temperature 

• q : the elementary charge 

• ni : the intrinsic carrier density 

• Δn : the injected carrier density 
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1.1.2 Recombination 

Recombination can be divided in two terms, the one that is intrinsically linked to the use of 

semiconductors and the one that is due to external factors. 

Regarding intrinsic recombination mechanisms, the first one is the radiative recombination 

process which is the exact opposite of the photo-generation (Figure 1.1.a). An electron-hole pair 

recombines, emitting a photon with an energy equal to the bandgap value. Due to the indirect 

bandgap nature of silicon, a phonon is required to assist the reaction, decreasing the 

recombination rate importance associated to this mechanism. The second mechanism is the Auger 

recombination which involves the interaction of three carriers. It consists in the recombination of 

an electron from conduction band and a hole from the valence band, but rather than a photon 

emission, the energy is transferred to a third free carrier. This one can be either an electron in 

conduction band (eeh process, Figure 1.1.b) or hole in the valence band (ehh process, 

Figure 1.1.c). The newly exited carrier then thermalises back to the band edge.  

 

 
 

Regarding extrinsic recombination, the one occurring through defects, named Shockley-Read-

Hall (SRH) recombination [55], is directly linked to the crystalline quality of the silicon. The 

SRH process occurs via discrete energy levels (Et) present in the bandgap that provide 

intermediate states available for electrons and holes recombination in a two, or more steps 

(Figure 1.1.d). These intermediate levels, designated as traps, are introduced by point defects 

(vacancy, interstitial atoms, substitutional atoms), 2D defects (dislocations), 3D defects 

(complexes, precipitates) and by the interaction between these defects. By controlling the crystal 

purity and quality, SRH recombination in the bulk of silicon can be strongly limited while there is 

another similar recombination mechanism that will remain even for a perfect silicon crystal. 

Silicon wafer surfaces are a brutal interruption of the crystalline lattice periodicity and are thus 

two dimensions defects. Indeed, silicon surface atoms do not have their 4 neighbours, so they 

present one or more electronic orbitals that are not participating in bonding and are named 

dangling bonds. Surface dangling bonds generate a high quantity of trap levels continuously 

distributed over the bandgap, providing a very efficient non-radiative recombination pathway 

(Figure 1.1.e).   

 

Figure 1.1: Schematic representation of (a) radiative recombination; (b) Auger 

recombination involving eeh (c) ehh; (d) SRH recombination and (e) surface 

recombination 
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The surface recombination rate (Usurf) can be expressed by equation (1.3). Depending on their 

energy levels in the bandgap, traps catch more or less efficiently one type of carriers. A capture 

cross-section for holes (σp) and electrons (σn) is defined for each type of traps. Traps with 

energies close to the centre of the bandgap are the most effective recombination centres, 

designated as deep defects in opposition to the shallow defects with energy levels near band 

edges. 

 

Usurf = ∫
νth(nSpS − ni

2)

nS + n1(Et)
σp (Et)

+
pS + p1(Et)
σn(Et)

∙ Dit(Et) ∙ dEt

EC

EV

 (1.3) 

n1 = ni exp
Et − Ei

k𝐵T
 (1.4) 

p1 = ni exp
Et − Ei

k𝐵T
 (1.5) 

With: 

• νth : the thermal velocity of charge carriers, assumed identical for electrons and holes  

• ns : the electron concentration at the surface 

• ps : the hole concentration at the surface 

• ni : the intrinsic carrier density 

• n1 : statistical factor as defined by equation (1.4) 

• p1 : statistical factor as defined by equation (1.5) 

• Et : the energy level of the trap 

• Dit : the interfacial trap density  

• T : the temperature 

• k𝐵 : the Boltzmann constant 

• E𝑖 : the intrinsic energy level of the trap 

 

1.1.3 Passivation 

As commonly used in metallurgy, surface passivation aims to prevent degradation mechanism 

of the material properties. Concerning silicon, passivation designates more the inhibition of 

recombination mechanisms in order to preserve its electronic properties, rather than preventing its 

corrosion. As intrinsic recombination processes are unavoidable, silicon passivation aims at 

reducing extrinsic recombination. While SRH recombination occurring in the volume of silicon 

can be greatly reduced by enhancing the quality of the metallurgical processes, the presence of 

surfaces and so surface recombination cannot be avoided. In fact, the large surface to volume 

ratio of silicon solar cells makes surface recombination a limiting factor to conversion efficiency. 

From equation (1.3), it can be seen that there are two approaches to reduce surface 

recombination.  
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The first approach consists in the reduction of the Dit and is named the chemical passivation. 

To remove energy states introduced in the bandgap by dangling bonds, one just has to satisfy this 

bonding requirement, as oxygen is doing when native oxide is growing at the silicon surface. The 

bandgap difference between silicon (1.12 eV @ 300 K) and its oxide (8.9 eV @ 300 K) is high 

enough to keep carriers within the silicon. However, the uncontrolled growth of native oxide on 

silicon surface generates a defective layer that has trap levels in its bandgap (Figure 1.2). The 

native oxide does not provide an efficient surface passivation and has to be replaced by another 

material. 

 

 
 

The second passivation approach consists in the reduction of either majority or minority 

carrier density at the surface and is named the field effect passivation. In order to repel one type 

of carrier from the surface, energy band bending can be set-up using a doping profile below the 

surface, as it is done on the Al-BSF back-surface. Another way is to use electrostatic charges 

deposited on the surface, e.g. corona charges [56], or embedded within an insulator material 

deposited on the surface. This second way is the most popular as it allows combining chemical 

and field effect passivation. Many dielectrics present an electrostatic charge density referred as 

“fixed charge density” (Qf). The silicon surface can then be modified from an accumulation mode 

to an inversion mode, depending on the charge polarity, their areal density and the doping level of 

silicon. Although both modes effectively reduce the surface density of one type of carrier, the 

inversion mode causes a parasitic shunting in the transition volume where the minority and 

majority carrier density become equal, promoting recombination (Figure 1.3) [57]. It is why 

materials with negative Qf are preferred on p-type while materials presenting positive Qf are 

generally used on n-type. 

 

 

Figure 1.2: Band alignment between c-Si and SiO2. The yellow area corresponds to the 

bandgap between the valence band maximum (VBM) and the conduction band 

minimum (CBM). The zero of energy is chosen at the VBM of SiO2. Calculated levels for 

various point defects in a-SiO2 are reported on the graph. The exponent number is the 

net charge of the defect. From the left to the right of the horizontal axis defects are: Si-

Si bonds; Si dangling bonds (SiDB); Si-H; O dangling bonds (ODB); peroxyl bridges (O-O); 

and the planar O3
+ (index means triply coordinated). Adapted from [34] 
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Historically, silicon oxide of a very good quality has been grown on the surface of wafers by 

dry oxidation. This thermal oxide has proven its effectiveness, reducing Dit to values as low as 

10
10

 eV
-1

.cm
-2

 at mid-gap [58]. However, the high temperature required to grow it (~1000 °C) is 

not cost effective and can even degrade the bulk quality of silicon. Nowadays, several deposition 

techniques, such as ALD (presented in chapter II) or PECVD (presented in chapter III), allow 

depositing passivation materials at lower temperature (<450 °C). Amorphous hydrogenated 

silicon nitride (a-SiNX:H) is the most widely used to passivate n-type surfaces as it presents 

positive Qf while the negative Qf of Aluminium oxide (Al2O3) predestines it to p-type surfaces, 

like the back-surface of PERC cells. Albeit the passivation properties of a-SiNX:H are well 

understood, several questions about Al2O3 passivation properties need and will be addressed in 

this thesis. 

1.1.4 The effective lifetime of minority carriers 

Practically, the recombination rate is rarely considered by itself to evaluate the passivation. 

The effective lifetime (τeff) of minority carriers as defined by equation (1.6) is generally easier to 

handle. It represents the average time that a photo-generated carrier can stay as a free carrier in 

silicon before it recombines. A higher lifetime is the equivalent of a lower recombination rate. 

Exactly like the recombination rate (U), the effective lifetime can be split in intrinsic (τint) and 

extrinsic lifetimes (τext), linked to each recombination mechanism (equation (1.7)). 

 

Δn

U
= τeff (1.6) 

1

τeff
=

1

τint
+

1

τext
= [

1

τRadiative
+

1

τAuger
] + [

1

τSRH
+

1

τsurface
] (1.7) 

  

 

Figure 1.3: Electron and hole density below the Si surface for (a) p-type and (b) n-type 

Si under influence of a negative fixed surface charge of Qf =2·1012 cm-2; (c) band 

bending under influence of Qf. Data simulated by PC1D for 2 Ω.cm wafers under 

illumination. Taken from [37]. 
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For high-quality silicon monocrystals grown by the Czochralski (Cz) or the float-zone (FZ) 

process, the SRH component can be neglected. Thus, the effective lifetime can be split in two 

components: a bulk lifetime (τbulk) related to intrinsic recombination, and two surface 

recombination velocities (SRV) related to recombination occurring at the front (Sfront) and at the 

back (Sback) surfaces of the silicon wafer which has a thickness of W (Equation 1.8) [59]. 

Experimentally, to estimate SRV, samples fabricated for lifetime measurements, hereafter 

referred as lifetime samples, should have equivalent surfaces. Thus, both surfaces of the silicon 

wafer are passivated with the same material. Sfront and Sback are assumed to be equal and the 

effective lifetime can be expressed as a function of the effective SRV (Seff), τbulk value being 

tabulated. 

 

1

τeff
=

1

τbulk
+ [

W

2 ∙ Seff
+

W2

D ∙ π2
]

−1

 (1.8) 

where D is the diffusion constant of the excess carriers.  

 

Using the works of Altermatt et al. for the radiative recombination and the one of Richter et 

al. for the Auger recombination, the intrinsic silicon recombination rate and equivalent bulk 

lifetime can be modelled [60-62]. As plotted on figure Figure 1.4, the intrinsic lifetime is mainly 

ruled by the Auger mechanism as the carrier density increases above 10
15

cm
-3

. Quantitatively, 

SRV < 10 cm.s
-1

 is the typical value required to produce solar cells with η>20 % [63]. This SRV 

value will be our target. 

 

 
  

 

Figure 1.4: (a) Recombination rate and (b) equivalent bulk lifetime for a c-Si wafer with 

a dopant density NA of 4.68·1015 cm-3 at 300 K. 
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1.2 Characterisation techniques 

1.2.1 Electrical properties 

1.2.1.1 Photoconductance decay 

The photoconductance decay (PCD) is the most widely used technique in the PV industry to 

measure the effective lifetime of minority carriers in silicon [64]. The technique is completely 

non-destructive. The sample is placed on top of an inductive coil that records the conductance 

decreasing rate in silicon due to carrier density variation. The signal is then interpreted in terms 

of effective lifetime as a function of the minority carrier density by the characterisation tools 

(Figure 1.5). The change in the carrier density is produced on purpose by external illumination, 

either with a flash lamp like on the “WCT-120 Sinton lifetime tester” from Sinton Instruments or 

a laser (λ=808 nm) like on the “LIS-R2” from BT Imaging. Both of these characterisation tools 

have been used in this work, each one having its own advantages, extremely quick measurement 

for the former and the possibility to obtain photoluminescence maps for the latter. Both tools 

provide similar results for minority carrier density exceeding 5·10
14

 cm
-3

 (Figure 1.5). In this 

manuscript, the effective lifetime is always reported for minority carrier density of 10
15

 cm
-3

 if 

not stated otherwise. 

 

 
  

 

Figure 1.5: Effective lifetime of two samples (p-type) passivated by Al2O3/a-SiNX:H 

stacks. Sample #1 has a 60 ALD cycle thick Al2O3 layer and is a quarter of 100 mm 

wafer while sample #2 has a 100 ALD cycles thick Al2O3 layer and is a full 100 mm 

wafer. 
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1.2.1.2 PCD calibrated photoluminescence mapping 

The photoluminescence (PL) consists of the emission of photons following absorption of 

photons. As discussed in section 1.2.1, photo-generated carriers can recombine by non-radiative 

ways (Auger, SRH) or by the radiative one, emitting a photon that can be detected by a CCD 

camera of 1024x1024 pixels like in the “LIS-R2” from BT Imaging. For a given carrier density, 

the higher the radiative recombination rate the better the passivation. Thus, the contrast in 

photoluminescence maps is directly proportional to the lifetime variations. The raw picture 

allows evaluating the spatial uniformity of the surface passivation, but the calibration of the PL 

intensity by PCD is more useful to directly obtain a lifetime mapping and assess defects impact 

on lifetime. For example, on Figure 1.6, the oblong spot in the middle of the sample that presents 

a lifetime three times lower than the rest of the surface corresponds to passivation damages 

caused by X-ray reflectometry measurement. 

 

 
 

1.2.1.3 Corona Oxide Characterisation Of Semiconductor 

The corona oxide characterisation of semiconductors (COCOS) is a widely used technique to 

assess the Dit and the Qf of a passivation layer deposited on silicon. The method can be 

summarised as follows: electric charges are deposited on top of the passivation layer with a 

corona gun thus changing the electric field in the dielectric and in the semiconductor. The 

modified surface potential is then quantified by a Kelvin probe. This procedure is repeated 

several times in order to switch from the accumulation to the inversion mode at the c-Si surface. 

Then recorded potential values allow to estimate Dit and Qf values [65, 66]. 

 

Figure 1.6: PCD-calibrated photoluminescence mapping of an intrinsic wafer of 

100 mm diameter, passivated by 1000 ALD cycles deposited at 300 °C. The picture is 

taken for a minority carrier density of 2·1015cm-3. 
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Some authors even proposed to use corona charges as permanent field effect enhancer of 

surface passivation [56]. Theoretically the technique is non-destructive as the corona charges 

should be removable with isopropanol alcohol. Practically, we never manage to recover the initial 

passivation properties after charges removal. We then considered this technique as destructive 

and used it with parsimony.  

In this work we used the “PV-2000A” from Semilab to perform COCOS. It has to be 

mentioned that the tool provides reliable measurement for single films deposited on c-Si (cross-

check with Capacitance-Voltage measurement at IMEC). However, as soon as Al2O3/a-SiNX:H 

stacks are measured, the data provided by the tool do not make sense compared to single layer 

passivation. The results for the stack present much higher Dit and similar Qf than the single layer 

while the effective lifetime measured by PCD is generally much higher for the stack than for the 

single layer passivation. Therefore we limited the use of COCOS to single layer measurements. 

1.2.2 Optical properties 

1.2.2.1 Spectroscopic ellipsometry  

Spectroscopic ellipsometry (SE) is a fast and non-destructive characterisation technique that 

can provide information on the thickness, the refractive index, the extinction coefficient and the 

bandgap of the thin films. The principle of the measurement is based on the detection of the light 

polarisation changes upon reflection on the surface of the thin film and the c-Si substrate (Figure 

1.7). Then data are fit to a model to determine optical properties of the deposited film. For a more 

detailed description of the physics behind SE, the reader can refer to the ellipsometry handbook 

[67]. 

Spectroscopic ellipsometry measurements have been done using a “UVISEL 2” from Horiba 

Jobin Yvon and data were analysed using DeltaPsi2 software. The spectra were acquired from 1.5 

to 5.5 eV. In order to model silicon alloys (a-Si:H; a-SiOX:H; a-SiNX:H) we used Tauc-Lorentz 

dispersion law [68] while we used Sellmeier dispersion law for transparent material such as 

Al2O3 [69] (Table 1.1). In this work the bandgap (E04) is defined as the photon energy at which 

the optical absorption is equal to 10
4
 cm

-1
. In order to determine dispersion law for newly 

synthesised material, variable angle spectroscopic ellipsometry (VASE) was done at 65°, 70° and 

75° (θi on Figure 1.7). Once these coefficients are determined, a single acquisition at 70° was 

done for a routine check of already known materials. 

 

 
 

 

Table 1.1: Model parameters used for most common material in this work 

Properties Al2O3  a-SiNX:H  a-SiOX:H 

Model Sellmeier Tauc-Lorentz Tauc-Lorentz 

Parameters 

A=1.89 

B=0.80 
λ0=141.54 

Eg=2.99 
ε∞ f=1.11 

A=70.73 
E0=8.92 

C=7.42 

Eg=3.54 
ε∞ =1.31 

A=24.91 
E0=10.55 

C=2.52 

 



Theoretical and experimental context 15 

 

 

 

 
 

1.2.2.2 Spectrophotometry  

Reflectance measurements were carried out using a “Lambda 900 UV-Vis” 

spectrophotometer from Perkin Elmer equipped with a 150 mm integrating sphere. Data were 

acquired from 250 nm to 1200 nm but the effective reflectance (Reff) was determined by the 

equation (1.9) only between 300 nm to 1000 nm. Indeed, for the wavelength below 300 nm the 

solar irradiance is negligible, and for the wavelength above 1000 nm the reflectance increase is 

due to the back surface of the sample. 

 

𝑅eff =
∫ 𝑅(𝜆)𝑆AM1.5(𝜆)𝑑𝜆
1000 nm

300 nm

∫ 𝑆AM1.5(𝜆)𝑑𝜆
1000 nm

300 nm

  (1.9) 

With: 

• 𝑅𝜆 : the spectral reflectance 

• 𝑆AM1.5 : the AM1.5 solar spectral irradiance 

 

  

 

Figure 1.7: Geometry for SE measurements.  
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1.2.3 Material properties 

1.2.3.1 X-ray Reflectometry 

X-ray Reflectometry (XRR) was used to determine the film thickness and density. It is a non-

destructive analytical technique for the material bulk but it strongly degrades the electronic 

properties of the layer/substrate interface (Figure 1.6). XRR has been performed with a “D8 

Discover” goniometer from Bruker with the specular scattering geometry depicted on Figure 1.8. 

Data were fit with Leptos software. XRR allows determining the thickness (from 0.1 nm to 

200 nm) and the density of a layer. The interference of the waves reflected from the interfaces 

causes oscillations of period directly proportional to the layer thickness. XRR probes the laterally 

averaged electron density: the higher the electron density of a material the higher the critical 

angle (θc). While thickness can be directly determined from interfringes period, the density 

determination required modelling. Indeed, θc is proportional to the density of a defined material 

stoichiometry that can vary a lot for amorphous materials (Figure 1.9). Moreover, when the 

stoichiometry of the amorphous film differs from the crystalline one, the real stoichiometry of the 

film needs to be entered into the model to improve the accuracy of the fit. The amplitude of the 

fringes increases with increasing density contrast between the film and the substrate, making 

silicon rich layer difficult to analyse when deposited on c-Si. For a more detailed description of 

the technique, the reader can refer to [70]. 

 

 

 
 

 

 

 

 

Figure 1.8: Geometry for XRR measurements. The detector slit was 0.6 mm wide, other 

slits were 0.1 mm wide, primary Soller was axial (2.5°) while secondary Soller was 

equatorial (0.3°). The X-ray source operated at a voltage of 40 kV and current 40 mA, 

producing a monochromatic radiation of λ = 1.54 Å (Cu Kα1). 
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Figure 1.9: XRR experimental data (black dots) and fits (red lines) for three amorphous 

materials deposited on c-Si. The Al2O3 layer was deposited by 200 ALD cycles at 

250 °C (chapter 2), the a-SiNX:H layer was deposited by PECVD (chapter 3) and the 

SiO1.6 was also deposited by PECVD (chapter 5). For reference, c-Si density is 

2.33 g.cm-3. 
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1.2.3.2 Ion beam analysis technique 

Rutherford backscattering spectrometry (RBS) and elastic recoil detection analysis (ERDA) 

have been used to assess the films stoichiometry and to quantify the hydrogen content 

respectively. The particle accelerator ARAMIS [71] hosted by the “Centre de Sciences 

Nucléaires et de Sciences de la Matière” (CSNSM) in Orsay (France) was used for both 

techniques (Figure 1.10). Materials were probed by He
+
 ions accelerated at an energy of 1.6 MeV 

and data were fit with SimNRA software. Secondary Ion Mass Spectroscopy (SIMS) was mainly 

used to quantify carbon content in the thin films. SIMS analysis where out-sourced from the 

laboratory to a private company. The reader can refer to [72-74] for a detailed description of these 

techniques. 

 

 
 

1.2.3.3 Thermal Desorption Spectroscopy  

Thermal desorption spectroscopy (TDS) has been performed in a homemade exo-diffusion 

tool pumped down to 1·10
-5

 Pa and equipped with a “PRISMA 80” mass spectrometer from 

Pfeiffer Vacuum to measure the partial pressure of H2 and H2O. The heating rate of the furnace 

from Thermo-Fisher Scientific was 10 °C∙min
-1

. 

1.2.3.4 Vibrational spectroscopy 

Chemical bonding has been qualitatively evaluated by Fourier transform infrared 

spectroscopy (FTIR) performed using “Vertex 70” from Bruker. The reader can refer to [75] for a 

detailed description of these techniques. 

 

Figure 1.10: Geometry for RBS (α=0°; β=30°) and ERDA (α=75°; β’=75°) measurements. 

Incident He+ energy was 1.6 MeV, the Mylar foil thickness was 8 µm. 
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2.1 State of the art of atomic layer deposition of 
aluminium oxide 

2.1.1 Atomic Layer Deposition 

2.1.1.1 Concept 

Atomic Layer Deposition (ALD) is a technique based on the self-limited reaction of 

precursors sequentially pulsed into a deposition reactor. This self-limited growth mechanism 

allows a very accurate thickness control with a good uniformity and conformality [76]. 

Aluminium oxide grown from trimethylaluminum (TMA) and H2O is the most studied case as it 

is synthesised through a nearly perfect ALD mechanism [77, 78]. For the sake of simplicity, we 

consider a crystalline silicon (c-Si) substrate with a hydroxylated surface (— OH groups). As 

shown on Figure 2.1, the initial surface is exposed to a first TMA vapour pulse. Ligand exchange 

between TMA and — OH releases methane (CH4) following equation 2.1). When all sites are 

saturated, chemical reaction stops by itself. A purge step is done with neutral gas (Ar or N2) in 

order to remove by-products and remaining TMA. Water vapour is then pulsed into the chamber 

to react with methyl groups of TMA following equation (2.2), until saturation. Another purge is 

done to remove by-products and remaining water. The surface presents hydroxyl groups and is 

ready for the next ALD cycle. By repeating the ALD cycle three times, a layer of roughly 3 Å is 

grown on the substrate surface, with a growth per cycle (GPC) of 1 Å. The separation between 

each step can be temporal or spatial, the latter giving faster deposition rate than the former for a 

similar GPC [79-81]. 

 

 𝑛𝑂𝐻∗ + 𝐴𝑙(𝐶𝐻3)3 → 𝑂𝑛𝐴𝑙(𝐶𝐻3)3−𝑛
∗ + 𝑛𝐶𝐻4 (2.1) 

 𝐴𝑙(𝐶𝐻3)
∗ + 𝐻2𝑂 → 𝐴𝑙𝑂𝐻∗ + 𝐶𝐻4 (2.2) 

 𝐴𝑙(𝐶𝐻3)
∗ +

4

3
𝑂3 → 𝐴𝑙𝑂𝐻∗ + 𝐶𝑂2 + 𝐻2𝑂 (2.3) 

 𝐴𝑙(𝐶𝐻3)
∗ + 4𝑂 → 𝐴𝑙𝑂𝐻∗ + 𝐶𝑂2 +𝐻2𝑂 (2.4) 

a surface group is denoted by (*) and n = 1 or 2 

 

The self-limited growth of ~1 Å/cycle is theoretically verified over a certain range of 

deposition temperatures called ALD window. In reality, there is a strong variation of the GPC 

depending on the process conditions. The complete site saturation is never reached, as 

demonstrated by Ylivaara et al. [9] that repeated five times each half-cycle to increase the GPC. 

Several factors prevent perfect ALD growth as presented in Figure 2.1. Some important ones are: 

i) steric hindrance of precursors [35, 77, 82, 83], ii) lack of precursor reactivity [84] and iii) self-

dehydroxylation of the surface, i.e. elimination of — OH groups. The last two factors both 

depend on the surface temperature [78, 85]. Material properties resulting from different 

deposition temperatures are expected to vary and will be discussed below. 
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The ALD process relies on thermal activation of precursors and is typically referred as 

thermal ALD. Water can be replaced by other oxidants such as ozone (O3) [86, 87]; a mix of H2O 

and O3 [88, 89]; ammonium hydroxide (NH4OH) [90] or oxygen radicals produced by an oxygen 

plasma [91]. The latter mostly relies on the oxygen dissociation in the plasma and is referred as 

plasma-enhanced or plasma-assisted ALD (PE-ALD or PA-ALD). The oxidation pathways 

provided by these alternative precursors are more combustion-like reactions as described in 

Equations (2.3) and (2.4). 

 

 
 

2.1.1.2 Importance of the initial surface  

Native oxide, which is naturally present on the c-Si surface under standard conditions, serves 

a good nucleation surface for growth of Al2O3 by ALD. Indeed, TMA efficiently reacts with both 

silanol groups and siloxane bridges that are present at the oxide surface [92-95]. However, this 

oxide contains electronic defects (PB type recombination centres), which are undesirable for c-Si 

surface passivation [96]. 

 

Figure 2.1: Principle of ALD process based on TMA and H2O. Blue, yellow, red and 

black spheres are atoms of oxygen, hydrogen, aluminium and carbon respectively. An 

ALD cycle consists of (a) TMA pulse (b) Purge of by-products and remaining TMA (c) 

H2O pulse (d) purge of by-products and remaining H2O. From initial surface (i), by 

repeating the ALD cycle 3 times (from a to d) the final surface (f) is covered by an ALD 

film of approximately 3 Å. 
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In microelectronics and most of the PV industry, native oxide is either removed and/or 

replaced by a thin and well-defined thermal or chemical oxide (5~40 Å) [97-100]. Chemical (or 

thermal) silicon oxide protects the c-Si surface from further uncontrolled oxidation, thus 

simplifying the storage of the wafers during the manufacturing process [101]. Such an oxide, 

however, is not a prerequisite to the growth of Al2O3 by ALD. After removal of the native oxide 

by HF, the c-Si surface consists of Si-H groups which react neither with TMA nor water [83, 

102-104]. Just above 300 °C, water starts to oxidise the silicon surface, offering nucleation sites 

to TMA, which starts decomposing in the same temperature range [104, 105]. The interaction 

between H-terminated Si surface and the ALD cycle is not well understood. Experimentally, a 

Volmer—Weber growth mode (island growth) has been identified during the first tens of thermal 

ALD cycles, switching to a Frank—van der Merwe growth mode (layer by layer), when islands 

start to collapse [83, 106]. Despite an initial H coverage of the Si surface, an interfacial SiOx 

layer is formed between the c-Si substrate and the Al2O3 layer. Its origin is believed to be related 

to substrate oxidation during the first ALD cycles. It is noted that reactive plasma oxidation gives 

an interfacial oxide 3 times thicker (1.5 ± 0.5 nm) than the water oxidation (0.5 ± 0.3 nm) [107, 

108]. 

2.1.1.3 Process definition 

For industrial applications, the thermal ALD process involving water oxidation is the 

simplest. Thanks to spatial ALD, it allows a deposition throughput of more than 3600 wafers per 

hour [81]. It is one of the reasons to focus on the passivation properties provided by this oxidant 

despite the fact that PE-ALD has been recognised to offer a higher passivation level [109]. One 

drawback of thermal ALD technique is the large back deposition, i.e. deposition of the material 

on the edge of the back surface, even if the substrate is placed on a very flat substrate holder. Gas 

diffusion between the wafer and the holder can hardly be avoided in temporal ALD systems 

while in spatial ALD tools, neutral gas flux repel precursor from the back surface.  

In this doctoral work, the temporal ALD system “R-200 advanced” from Picosun with the 

thermal ALD recipe described in Table2.1 was used. As illustrated on Figure 2.2.a, the deposition 

of the front surface in a first run and then the back surface in a second run generates a thicker 

layer at the edge of the wafer. For a wafer having a diameter of 100 mm, this thicker crown, 

~15 mm wide, represents 50 % of the surface. This strong surface inhomogeneity is not the only 

problem. To estimate SRV, lifetime samples should have equivalent surfaces. The first deposited 

layer will undergo twice the thermal budget of the deposition, while the second surface might see 

its native oxide regrowth during the deposition of the first side. To solve these problems of back 

deposition and symmetrical passivation, a specific substrate holder was used (Figure 2.2.b). It 

allows diffusion of precursors on both surfaces, providing homogeneously and symmetrically 

passivated samples in a single deposition run. 

 

 
 

Table 2.1: ALD cycle used in this thesis. Deposition chamber pressure is around 10 Pa 

and continuously flowed by 600 sccm of nitrogen. 

TMA  Purge  H2O  Purge Total duration 

0.1 s  4 s  0.1 s  6 s 10.2 s/cycle 
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2.1.2 Material properties 

In order to evaluate material properties resulting from our ALD cycle, we applied 1000 ALD 

cycles on double side polished intrinsic (5 kΩ.cm) FZ wafers at different substrate temperatures, 

ranging from 150 °C to 350 °C. Native oxide was not removed before the deposition, to avoid 

previously mentioned nucleation troubles. This native oxide was estimated by XRR to be around 

8 Å thick and to have a density of 2.2 g.cm
-3

 before the Al2O3 deposition which is consistent with 

reported values in literature [110-112]. For each deposition temperature, the GPC was estimated 

both by XRR and by SE taking into account the presence of the native oxide. Very good 

agreement between these two characterisation techniques can be noticed on Figure 2.3.a. The 

GPC of our material is 50 % higher than the one reported by Ylivaara et al. [9] (at 150 °C) for the 

standard ALD cycle. However, GPC reported in this work is consistent with values they obtained 

by repeating half cycles 5 times [9] and to values reported by Groner et al.[8], supporting the 

hypothesis of an efficient surface saturation for each half cycle under our process conditions.  

 

 

 

Figure 2.3: (a) Growth per cycle as a function of the deposition temperature. The stars 

from Ylivaara et al. are the repetition of each half cycle 5 times before switching to the 

other half cycle. (b) Oxygen/Aluminium ratio (determined by RBS) as a function of the 

deposition temperature. 

100 150 200 250 300 350
0.6

0.8

1.0

1.2

1.4

1.6          Groner 2004

 Ylivaara 2014

         This Work (SE)

         This Work (XRR)

G
ro

w
th

 p
e

r 
c
y
c
le

 (
Å

/c
y
c
le

)

Deposition temperature (°C)

(X5)

(a) (b)
100 150 200 250 300 350

1.2

1.4

1.6

1.8

-Al2O3: 1.5

 Groner 2004

 Ylivaara 2014

 This Work

O
/A

l 
ra

ti
o

Deposition temperature (°C)

 

Figure 2.2: (a) Thickness mapping (80 points) obtained by SE after the deposition of 

200 ALD cycles on each side. (b) Opened substrate holder allowing a double side 

deposition. 
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The higher chemical reactivity at higher substrate temperature [84] is supported by the spread 

of GPC value distribution becoming narrower at 300 °C for our recipe and the one of Ylivaara et 

al. The TMA decomposition, reported to start above 300 °C [105], and surface dehydroxylation 

both contribute to GPC reduction between 250 °C and 350 °C. Stoichiometric γ-Al2O3 has an 

O/Al ratio of 1.5, however, in ALD grown films it varies in the range from 1 to 8 (higher oxygen 

content at the c-Si/Al2O3 interface). We observe a decreasing tendency of this ratio when the 

temperature increases (Figure 2.3.b). This trend is similar to the one occurring during the 

dehydroxylation of pseudo-boehmite to γ-Al2O3 [113]. Despite this high chemical reactivity at 

high deposition temperature, ALD Al2O3 films exhibit neither the same density (Figure 2.4.a) nor 

the same refractive index (Figure 2.4.b) than γ-Al2O3.  

 

 
 

In fact, Al2O3 layers deposited by ALD are fully amorphous, regardless of the deposition 

temperature window [114]. Such amorphous films crystallise in γ-Al2O3 when annealed at 

temperatures above ~ 800 °C [115-117]. This crystallisation temperature strongly depends on the 

film thickness: the thinner the film, the higher the crystallisation temperature. It can be explained 

by the higher probability of nucleation in thicker films [118]. The resulting γ-phase is an 

unexpected result as its thermal stability is lower than the α-phase [119]. Aluminium coordination 

in the ALD films might be the reason of this crystallisation structure. Both tetrahedral (Td) and 

octahedral (Oh) coordination are reported for aluminium atoms in the γ and amorphous phases 

while only octahedral environment is present in the α-phase [119]. Despite this closer structural 

configuration between the γ and the amorphous phases, the Td/Oh ratio is higher for the 

amorphous one [107, 120, 121]. This predominant Td bonding is responsible for the bandgap 

widening with phase transitions: Eg (amorphous) < Eg (γ) < Eg (α) [18, 122]. Comparative 

properties of these three phases are summarised in Table 2.2.  

 

 

Figure 2.4: (a) Film density as a function of the deposition temperature. Reported 

values for this work are the average density as a density gradient is necessary to fit 

the data. Error bars are the standard deviation due to this gradient. (b) Refractive 

index determined by SE at 633 nm using Sellmeier dispersion law. 
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During crystallisation, a mass loss of ~5 %, a densification of ~20 % and an increase of the 

dielectric constant and the bandgap are reported [2, 118, 123]. Most of the mass loss is attributed 

to contaminants outgassing. Hydrogen and carbon are the two obvious contaminants in Al2O3 

deposited from TMA and H2O due to incomplete chemical reactions or chemisorption of by-

products (Figure 2.5). Carbon content is rather low (<0.5 %at) compared to hydrogen content, up 

to 6%at for our material deposited at 150 °C. The quantity of hydrogen depends on the deposition 

temperature and is mainly present as hydroxyl groups [124, 125]. Dehydroxylation is pointed out 

to be the main mass loss mechanism during crystallisation. This is supported by two facts: i) the 

bandgap widening impacts mainly the valence band side, i.e. oxygen anion reorganisation, ii) the 

chemical environment of aluminium probed by XPS does not significantly change contrary to the 

one of oxygen [2, 126]. 

 

 
  

 

Figure 2.5: Hydrogen and carbon concentration in Al2O3 layers as a function of the 

deposition temperature. For this work, hydrogen content has been measured by ERDA 

while carbon has been quantified by SIMS measurements calibrated thanks to NRA. 
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Table 2.2: comparative Al2O3 properties. 

Name/Type α-Al2O3 𝛾-Al2O3 ALD Al2O3 Refs 

Crystalline structure Rhombohedral Cubic defective spinel  Amorphous [1, 2] 

Density (g.cm
-3

) 3.97 3.65 2.5 - 3.2  [7-10] 

Refractive Index  
(@ 2 eV) 

1.76 1.73 1.50 - 1.65 
[7, 8, 
12] 

Bandgap (eV) 8.8 7.1 - 8.7 6.1 – 7.0 [14-20] 

Conduction band offset 

to c-Si (eV) 
2.8 2.5 2.0 

[2, 22-

24] 

Dielectric constant 9.0 7.5 3.0 - 7.7  
[19, 22, 

29, 30] 
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The densification of the films is not the main reason to pay attention to this mechanism. In 

fact, dehydroxylation is pointed out as the main contributor to the surface passivation of c-Si by 

ALD Al2O3. As mentioned earlier, dehydroxylation starts at lower temperature than 

crystallisation. This can be easily observed on ERDA spectra of as-deposited samples 

(Figure 2.6.a). For a layer with homogeneous hydrogen (hydroxyl) distribution across its 

thickness, the spectra should have a Gaussian shape, like the one obtained for the lowest 

deposition temperature of 150 °C. The top of the energy distribution curve becomes flat or even 

inclined, indicating increase of hydrogen concentration variation as the deposition temperature 

increases. Indeed, 1000 ALD cycles take 2 hours and 50 minutes to be fully completed. The 

dehydroxylation probability being a function of time and temperature [127], the very long 

deposition duration of the films allows us to observe this gas release being strongest for the 

atomic layers deposited in the first place. The use of intrinsic silicon with a bulk lifetime >150 ms 

ensures high detection sensitivity in terms of surface passivation variation. The effective lifetime 

increases by three orders of magnitude as the deposition temperature increases from 150 °C to 

300 °C (Figure 2.6.b). The lifetime increases exponentially from 150 °C to 250 °C, followed by 

an abrupt increase up to 10 ms for the deposition temperatures ≥300 °C. It suggests a higher 

passivation of the silicon substrate at deposition temperatures higher than 250 °C. 

 

 
 

Besides these increasing trends in material properties and passivation results, there are some 

constraints related to the use of ALD Al2O3 for c-Si solar cells surface passivation that need to be 

taken into account. The use of 1000 ALD cycles at 300 °C for 3 hours of deposition is not 

compatible for industrial applications. To keep the cost per watt of photovoltaic energy as low as 

possible, manufacturing throughput has to be as high as possible, up to thousands of wafers per 

hour. Due to low deposition rate of Al2O3 by ALD, passivation should be ensured with the 

minimum number of cycles (fewer than 100). Keeping this in mind, passivation properties 

offered by 20 to 200 ALD cycles will be explored in this research.  

  

 

Figure 2.6: (a) ERDA spectra of the 5 samples deposited at different temperatures. 

Discrete points are acquired data and red curves are data fits. (b) Effective lifetime of 

the as deposited samples with 1000 cycle Al2O3. 
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2.1.3 Passivation properties of Al2O3 

2.1.3.1 Substrate specifications 

In order to study surface passivation performance of Al2O3 deposited by ALD, the silicon 

substrates with the characteristics summarised in Table 2.3 are used within the scope of this work 

(unless otherwise stated). Electrical properties of these substrates are similar to those used for 

PERC solar cells [48]. Since the suppliers provide specifications as an interval of values, certain 

values were set (listed in Table 2.3) in order to perform calculations and to provide inputs to 

some characterisation tools, e.g. Sinton WTC-120. The FZ crystal growth ensures many 

advantages over the CZ, such as low crystalline defects and impurity content. For example, p-

type Si grown by FZ method has lower oxygen content ([O]~ 10
16

 cm
-3

) as compared to the CZ 

method ([O]~10
18

 cm
-3

). Thus, using FZ reduces considerably the light induced degradation 

attributed to the formation of B-O metastable complexes [128-130]. Due to these characteristics, 

we estimate that SRH recombination in the bulk is negligible and thus the bulk lifetime is only 

limited by radiative and Auger recombination. Using Altermatt et al. and Richter et al. 

parametrisation [62, 131], bulk lifetime is set to 18300 µs for an injection level of 10
15

 cm
-3

. With 

such a high bulk lifetime, surface passivation variations will be easily observable. Sometimes, n-

type wafers with similar properties will be used. Indeed, with a bulk lifetime of 34200 µs and a 

surface passivation by Al2O3 operating by inversion layer, these samples are even more prone to 

detect lifetime variations. 

 

 
 

In order to evaluate reachable lifetime values with these substrates, finite element simulations 

have been performed with ATLAS software from Silvaco. We benefit from the presence of a 

symmetry plane to simulate only one half of the sample structure as depicted in Figure 2.7.a. 

Continuity, transport (drift-diffusion) and Poisson’s equations are solved self-consistently in the 

silicon, while only Poisson’s equation was considered for the dielectrics. Concerning the top 

interface boundary condition on Al2O3, we set the surface work function to 4.98 eV with respect 

to vacuum level, corresponding to the Si bulk Fermi level in equilibrium. Concerning the back 

boundary condition in the middle of the Si substrate, we consider a flat band condition with zero 

surface recombination. In the Si bulk, intrinsic recombination is modelled using Richter’s 

parameterisation [62]. The capture cross sections of surface defects (defined only at midgap 

energy) are similar to those of a c-Si/SiO2 interface as an interfacial SiOX layer is always present 

Table 2.3: Topsil silicon substrate characteristics 

Properties Supplier specifications Considered values 

Diameter (mm) 99.8 ~ 100.2 100 

Thickness (µm) 260 ~ 300 280 

Growth method PV-FZ FZ 

Orientation <100> ± 1° <100> 

Finish Double side polished Double side polished 

Type / Dopant p-type / Boron p-type / Boron 

Resistivity (Ω.cm) 1 ~ 5  3 

Doping level (cm
-3

) - 4.68·10
15

 

Bulk lifetime (µs) > 1000 18300 
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after Al2O3 deposition, even on a Si-H surface [132]. Lifetime curves as a function of the 

minority carrier density have been simulated for diverse Dit and Qf values at the c-Si/Al2O3 

interface (Figure 2.7.b). A low Dit is the prerequisite to benefit from field effect passivation 

provided by a high Qf [133, 134]. For the 400 simulated conditions, the calculated lifetime values 

at the injection level of 10
15

 cm
-3

 have been extracted and plotted on Figure 2.7.c. Dash lines 

delimit an area with typically reported Dit and Qf values for ALD grown Al2O3 synthesised with 

water oxidation [125, 135, 136]. In this area, minimum lifetime is 140 µs and maximum lifetime 

can reach 5300 µs. The solid line crossing the area represents a lifetime of 1300 µs (SRV = 

10 cm.s
-1

), i.e. the minimum passivation specification to reach. In other words, half of the 

commonly reported Qf and Dit values provide passivation below the objective and so Al2O3 

deposition conditions have to be optimised. 

 

 
 

In order to explore the effects of the deposition temperature on passivation properties while 

reducing as much as possible Al2O3 thickness, 20 wafers were passivated with 20, 40, 60, 100 or 

200 ALD cycles at substrate temperatures of 150, 200, 250 and 300 °C. Prior to the deposition, 

native oxide was removed by 30 s dip in HF (5 %), ensuring reproducible Si-H surface from one 

sample to another one over the 3 years of research. Contrary to the extremely thick layer 

previously studied, thin layers provide poor passivation levels in as-deposited state (Figure 2.8), 

well below the reachable 5300 µs predicted by the model (Figure 2.7.c). A slight effect of the 

thickness and the deposition temperature can be noticed due to the higher dehydroxylation 

probability of thicker films.  

 

 

Figure 2.7: (a) Simulation model used to evaluate the minority carrier lifetime. 

(b) Effective lifetime as a function of the injection level for one value of Qf and several 

Dit. (c) Effective lifetime as a function of Qf and Dit for an injection level of 1015 cm-3. The 

solid line corresponds to the lifetime of 1300 µs (SRV=10 cm.s-1) and dashed lines 

delimit values reported in the literature for ALD Al2O3 from TMA and H2O. 
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Passivation activation by annealing is mandatory to obtain higher lifetime values. Several 

phenomena take place during this post-deposition annealing (PDA), increasing the influence of 

both chemical and electrostatic passivation. The typical process flow used to produce lifetime 

samples is depicted on Figure 2.9. After annealing, the Al2O3 film remains amorphous even after 

a firing step of few seconds at temperature >800 °C. Thus, the improvement of the passivation 

does not happen due to crystallisation of Al2O3 [137] and has to be studied in more details. 

 

 
 

 

Figure 2.9: Process flow used to produce lifetime samples. Numbers between brackets 

are parameter ranges of interest. 

Surface 
preparation
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Figure 2.8: Effective lifetime provided by different Al2O3 thicknesses deposited at 

different substrate temperatures. 
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2.1.3.2 Chemical passivation 

Samples coated by ALD Al2O3 present a lack of chemical passivation in as-deposited state. 

Indeed, despite the presence of the passivation layer, Dit is not low enough to observe significant 

lifetime increase. The defects at the c-Si/Al2O3 interface are reported to be the same as for a 

SiO2/c-Si interface, i.e. Pb type defects (dangling bonds, •Si≡Si3, but with different physical 

orientations and nonequivalent Si backbonds) [138-141]. This is not surprising as the presence of 

an interfacial SiOX layer is reported between the c-Si substrate and the Al2O3 layer even when 

starting the deposition on a Si-H surface. The post-deposition annealing step rubs out these 

chemical defects in different ways. 

In the case of thermally grown SiO2 on (100) c-Si, Pb type centres occupy ~0.7 % of the 

interface after the oxidation, which is still too high regarding expected passivation properties 

[142]. A post deposition annealing in forming gas atmosphere (N2+H2) is performed to fill these 

remaining dangling bonds. The Pb type centres start to behave like “H2 mills” above 200 °C, 

optimal temperature being 400-430 °C [143]. For Al2O3 layers, forming gas atmosphere does not 

provide better hydrogenation than pure N2 atmosphere [144]. Indeed, the hydrogen source in 

Al2O3 is the film itself; where hydrogen is bonded as hydroxyl groups. It is important to say a few 

words about the chemical reactions occurring here.  

The hydroxyl groups can be linked to Al atoms in the bulk of the film but also to Si atoms 

from the initial surface as TMA does not completely saturate the Si surface with Si-OH, or from 

interfacial SiOX grown during the Volmer-Weber growth mode. Dehydroxylation of vicinal 

silanols following equation (2.5) starts at temperatures as low as 200 °C and is maximum around 

300 °C, while it is required to exceed 400 °C to release isolated silanols [145, 146]. Similar water 

release by aluminium oxide dehydroxylation can be described by equation (2.7), starting at 

temperatures above 200 °C for vicinal groups, while isolated groups start to move above 350 °C 

[113, 147, 148]. Water released from the aluminol groups (Al—OH) by dehydroxylation can 

diffuse to the c-Si surface and dissociate on dangling bonds or weak Si-Si bonds (2.6) [104, 149]. 

Then silicon surface can be oxidised after further dehydroxylation of newly formed silanols 

[150]. On the one hand, this silicon oxidation by water may explain the interfacial SiOX 

thickening observed after PDA [106, 124, 136, 151]. This SiOX thickening is reported to be more 

important for thicker Al2O3 films [100], i.e. with higher hydroxyl quantity. Interestingly, 

passivation level follows the same trend, increasing drastically with the film thickness up to a 

“saturation” level where the dependency on the film thickness is not verified any more, i.e. a 

certain hydroxyl quantity is necessary [152]. For thermal ALD with water oxidation, this minimal 

film thickness is reported to be around 10 nm [152], which might be a problem regarding the 

objective of film thickness reduction. On the other hand, the non-negligible H2 release also 

recorded during TDS of Al2O3 cannot be explained by this water release [153, 154]. Generally, 

H2 release is ascribed to a metallic Al/Al2O3 interface (equations (2.)(2.))[155]. Formation of 

metallic Al clusters cannot be completely excluded for layers deposited on Si-H surface with 

water oxidation [156, 157]. However, Al-Al bonds seem to be absent when using O3 oxidation or 

Si-OH as starting growth surface [86, 157, 158], but H2 release remains. There is here a missing 

source of H2.  
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Si–OH  +  HO–Si    Si–O-Si  +  H2O(g)  (2.5) 

Si–Si  +  H2O(g)    Si–OH  +  Si–H (2.6) 

Al–OH  +  HO–Al    Al–O–Al  +  H2O(g) (2.7) 

2Al  + 4H2O    2AlOOH  +  3H2(g) (2.8) 

2Al  +  6AlOOH    4Al2O3  +  3H2(g) (2.9) 

Al–OH  +  HO–Si    Al–O–Si  +  H2O(g) (2.10) 

 

In fact, the different Al2O3 phases have been used for decades for their exceptional catalytic 

properties, particularly the γ-Al2O3 [119-121, 148, 159, 160]. Dehydroxylation of γ-Al2O3 

generates strong Lewis acid sites, i.e. fivefold, fourfold and threefold coordinated aluminium 

atoms, by acidic strength [147, 161]. While aluminium atoms show Lewis activity, oxygen atoms 

act as Brønsted acid allowing high H mobility through protons hopping for temperatures between 

200 °C and 400 °C [162-164]. Among all its catalytic properties, the γ-phase can carry out water 

splitting, resulting in atomic adsorbtion of O and rapid H2 generation [165]. Another very 

interesting property of this material is its ability to perform the heterolytic splitting of H2 [166].  

As previously discussed, the γ-phase shares a lot of common structural features with ALD 

amorphous films, especially the Td aluminium coordination, which is pointed out as the core of 

the catalytic properties. A similar chemical behaviour is then expected from the similar chemical 

environment as demonstrated for different crystalline phases of alumina [121, 167]. Finally, at the 

interface between the substrate and the film, bonds between aluminium oxide and silicon oxide 

can be created following equation (2.10). This aluminosilicate interface seems to also present 

strong catalytic activity that is slightly different to the one of pure alumina [168-170]. It is 

important to underline that tetrahedrally coordinated aluminium atoms are not homogeneously 

distributed over the film thickness. After PDA, the Td/Oh ratio at the SiOX/Al2O3 interface 

increases from 0.5 to 0.7 [107]. The interfacial silicon oxide thickening and reorganisation during 

PDA is believed to influence this preferential Td bonding. Contrary to aluminium, silicon atoms 

can hardly adopt octahedral configuration outside geological strata [171]. Thus silica imposes its 

bonding environment to alumina that can accommodate with it, generating a buffer region with 

predominant Td coordinated Al atoms. 

To summarise, a post-deposition annealing contributes to dehydroxylation of both the Al2O3 

film and the SiOX interface. Due to catalytic properties of Td coordinated aluminium atoms, a lot 

of chemical species are generated, notably at the Al2O3/SiOX interface. These species can diffuse 

both out of the film and to the c-Si surface to passivate chemical defects. This special catalytic 

behaviour might also explain why passivation at the c-Si/SiO2 interface is improved after a PDA 

when Al2O3 capping layer is deposited on a thick (~100 nm) SiO2 layer: there is a direct hydrogen 

injection from the Al2O3 into the SiO2 [154, 172]. The main requirement for hydrogen release by 

the Al2O3 films is the use of PDA temperature higher than during the deposition. For example, 

the low deposition temperature of 100 °C provides a reasonable reduction of Dit after PDA at 

250 °C [151, 173, 174]. 
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2.1.3.3 Electrostatic passivation 

While the Dit reduction can be well explained, the origin of the high fixed charge density 

reported for Al2O3 synthesised by thermal ALD or PA-ALD is still a matter of debate. Before 

PDA, Qf is generally low for thermal ALD (< |10
12

| cm
-2

) or has even a positive polarity, while a 

high negative fixed charge density is already present in PA-ALD films. For thermal ALD, the 

PDA increases the fixed charge density to the high negative values that made its popularity, while 

in PA-ALD Dit reduction is the main contributor to the lifetime increase [175, 176]. 

Qf has been reported to be located within the first nanometres above the c-Si surface and to be 

independent of the Al2O3 thickness above this nanometre [152, 177, 178]. Tetrahedral 

coordination <AlO4> where the net charge of the Al atom would be -1 is considered as a possible 

origin of this fixed charge density, given its predominant concentration at the interface [107, 179-

182]. The major interfacial Td bonding increase due to PDA would perfectly fit with the 

formation of Qf, but the same Td configuration increase is also reported for PA-ALD while Qf is 

already present [37, 107]. Another candidate to explain these charges is interstitial oxygen atoms 

(Oi). Indeed, excessive oxygen concentration is detected by XPS at the c-Si/Al2O3 interface in 

comparison to the c-Si/thermal SiO2 interface [106]. The silanol dehydroxylation following 

equation (2.11) has been proposed to explain generation of oxygen excess [106], as well as 

molecular hydrogen. On the other hand, the presence of interstitial oxygen at this interface is 

most likely to originate from Al2O3 catalytic activity rather than from the reaction described by 

equation (2.11). However, as reminded by Iwata et al. [112], due to the presence of silanols 

(aluminol) in silicon oxide (Al2O3), the O/Si intensity ratio detected by XPS is expected to be 

greater than the one of pure SiO2. Indeed, two oxygen atoms are required to satisfy two silicon 

atoms through hydroxyl configuration (2 x ≡Si—OH) whereas only one oxygen atom can satisfy 

two silicon atoms in SiO2 (≡Si–O–Si≡) [112]. 

 

Si–OH  +  HO–Si    Si–O–Si  +  H2(g)  +  Oi (2.11) 

 

While the origin of fixed charges is still not fully understood and its discussion will continue 

towards the end of this chapter, an important observation has to be mentioned here. The density 

of fixed charges that is supposed to be created during the PDA through chemical configuration of 

atoms (Td coordination of Al and/or interstitial O) can be modified after PDA by simple 

illumination. The Qf and lifetime may be increased by more than 50 % [31, 35] when certain 

illumination conditions are used. This is a significant effect that needs to be clarified before 

comparing the impact of different process parameters on the passivation.  

  



Al2O3 deposition and basic properties 33 

 

 

2.2 Light Induced Field Effect Enhancement 

2.2.1 A well-known fact 

The well-known pioneering work of Hezel and Jaeger published in 1989 [31] is the starting 

point for the use of Al2O3 as a passivation layer containing negative fixed charges contrary to 

commonly used SiO2 and a-SiNX:H which contain positive charges. In their work, the sensitivity 

of APCVD Al2O3 films to UV illumination was also reported at that time [31], with a Qf increase 

of 56 %, but this particularity did not attract much attention. Twenty years later, Dingemans et al. 

also reported this “beneficial ageing” effect of UV illumination, which leads to an increase of the 

lifetime of p-type sample by 40 % [35]. Then some other studies were carried out, each one 

reporting lifetime increase around 50 %, independently of the substrate type or the Al2O3 

deposition method (Table 2.5).  

 

 
 

To explain this increase of Qf, a direct electron injection from the c-Si valence band to the 

Al2O3 conduction band (with tunnelling through the SiOX) was proposed (Figure 2.10, 

mechanism ). Considering the offset of ~2 eV between the conduction bands of ALD Al2O3 

and c-Si (Table 2.2), UV photons with energies greater than 3.12 eV are required to ensure this 

transition. However, while characterising Qf by second harmonic generation, Gielis et al. showed 

the possibility to inject electrons by photons of much lower energy [23]. Thus, a second 

mechanism based on multiple photon interaction was proposed (Figure 2.10, mechanism ). In 

their experiment, the electron injection can be avoided depending on the laser photon flux, 

contrary to the UV illumination for which both low UV flux (AM 1.5) and high UV flux (Hg 

lamp) provide similar lifetime increase of 40 % (Table 2.4). This Light-Induced Field Effect 

Enhancement phenomenon (referred as LIFE2 thereafter) would be of prime interest if it would be 

permanent. The long-term stability study conducted by Liao et al. showed that the injected 

charges are released from the Al2O3 layer when not exposed to the light, bringing the lifetime 

back to its initial value [40]. However, since the injection is done within tens of minutes to hours, 

and that the complete charge release takes weeks, LIFE2 remains a phenomenon of interest on a 

daily basis for solar cells exposed to a photon flux.  

 

Table 2.4: Illumination effect reported in the literature  

Al2O3 type Light source 
Passivation properties 

      Initial                Enhancement 
Ref 

96 nm (APCVD @ 460 °C)  Xe lamp (10 mW.cm
-
²) -3.2·10

12
 cm

-2
 +56 % (p-type) [31] 

30 nm (PA-ALD @ 200 °C)  Hg lamp (100 Welectrical) 1190 µs +40 % (p-type) [35] 

30 nm (PA-ALD @ 200 °C)  AM1.5 6217 µs +42 % (n-type) [39] 

30 nm (Th-ALD @ 200 °C) AM1.5 
1007 µs +45 % (p-type) 

[40] 
1520 µs +60 % (n-type) 

11 nm (PA-ALD @ 200 °C) 725 nm laser (100 mW) -5.4·10
12

 cm
-2

 +59 % (n-type) [23] 
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Despite the apparent dependence on the photon energy, all the experiments reported in Table 

2. share a common point: a high carrier generation rate at the c-Si surface. For the different light 

sources, the generation rate along the wafer thickness can be estimated by equation (2.12). 

 

        𝐺(𝑥) = ∫ 𝛼(𝜆) ∙ 𝜙0(𝜆) ∙ (1 − 𝑅(𝜆)) ∙ 𝑒−𝛼(𝜆)∙𝑥 ∙ 𝑑𝜆

1110

250

 (2.12) 

With: 

 λ : a specific wavelength 

• 𝜙0 : the photon flux reaching the sample surface 

• 𝑅 : the surface reflectance 

• 𝛼 : the absorption coefficient as defined by equation (2.13) 

        𝛼(𝜆) =
4𝜋𝑘(𝜆)

𝜆
 (2.13) 

With: 

 λ : a specific wavelength 

• 𝑘 : the extinction coefficient 

  

 

Figure 2.10: Photo-injection models from the c-Si valence band to the Al2O3 conduction 

band as proposed by [23]. The injection can occur through a: : 1 photon absorption if 

this one has an energy > 3.12 eV. : multiple photons absorption if their energy is 

< 3.12 eV. 
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The generation rates depth profiles in silicon due to the different illumination conditions 

summarised in Table 2.4 were calculated by equation (2.12). To do so, typical xenon and mercury 

lamp spectra were used [183], with a power density adjusted according to the reported 

experimental parameters. The laser spectrum was approximated by a Dirac function at its nominal 

wavelength while the standard AM1.5 spectrum [184] was used. The silicon optical properties 

from Green et al. [185] were used and the photon fluxes were considered between 250 nm and 

1110 nm. The reflectance values are tabulated for a flat Si/air interface and not for a Si/Al2O3 

interface. This leads to an underestimation of the generation rate, mainly in the first nanometres 

below the surface due to high UV reflection (up to 70 %). However, it is clearly visible on 

Figure 2.11 that the generation rate at the surface is higher than 10
20

 cm
-3

.s
-1

 for all these 

experiments.  

 

 
 

The excess carrier density (Δn) is linked to the generation rate and the lifetime (τeff) by 

equation (2.14). It can be quite arbitrary to evaluate the lifetime from one experiment to another. 

However, choosing a very conservative value of 100 µs would result in a minimal local carrier 

density near the Si/Al2O3 interface of 10
16

 cm
-3

 for all these experiments. For such carrier density, 

the Auger recombination mechanism is already predominant regarding other mechanisms and 

might be responsible for the electron injection in the Al2O3 through an eeh interaction (see 

chapter 1, recombination part). It would also explain why LIFE2 has been avoided in Gielis et al. 

[23] work by reducing the laser power, i.e. the photon flux. This hypothesis is also supported by 

the reported kinetic results: to reach the maximum enhanced lifetime; 20 min were enough to 

Dingemans et al. [35] with a generation rate below the surface around 10
24

 cm
-3

.s
-1

 while it took 

hours to Liao et al. [40] to reach the maximum lifetime with a generation rate around 

10
20

 cm
-3

.s
-1

. 

 

Δ𝑛 = 𝐺 ∙ 𝜏𝑒𝑓𝑓 (2.14) 

 

  

 

Figure 2.11: (a) Generation rate as a function of depth for different illumination 

parameters reported in literature. (b) Effective lifetime before and after an illumination 

of an n-type c-Si samples passivated by 10 nm of Al2O3 deposited at 200 °C and 

activated at 380 °C for 5 min. 400 s illumination at a photon flux of 4.94·1017 cm-2.s-1 

(@1.53 eV). 
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A quick experiment is conducted in order to check if LIFE2 observed with UV containing 

sources is due to photon energy higher than the energy difference between the silicon valence 

band and the Al2O3 conduction band or to the carrier density near the Si/Al2O3 interface. A FZ n-

type wafer passivated at 200 °C with 100 ALD cycles and activated by a PDA of 5 min at 380 °C 

was used for this experiment. The initial lifetime of the sample after PDA was measured with the 

LIS-R2 at 4440 µs. Then, without moving the sample or opening the door of the characterisation 

tool, we used the large area illumination laser dedicated to photoluminescence mapping in the 

LIS-R2 as the photon source. The wavelength of excitation is 808 nm (1.53 eV) and its intensity 

can be set up to 4.94·10
17

 photons.cm
-2

.s
-1

. The sample was illuminated for 400 s with the 

maximum photon flux. After illumination, a lifetime of 5204 µs is measured, which means a 

lifetime increase of 17 %. The generation rate depth profile is plotted on Figure 2.11. With the 

lowest generation rate at the sample surface (in the top 50 nm) among all the plotted illumination 

conditions and with photon energy of 1.53 eV, LIFE2 is still observed. Thus the UV contribution 

to this phenomenon through mechanism  (Figure 2.10) is not confirmed. It means that for a 

cloudy season, when the photon flux is reduced to about 1 % of AM1.5, LIFE2 might not happen 

any more. A reduction in Qf and so in the passivation level might reduce the cell efficiency and 

be detrimental to the solar panel reliability. The next part is dedicated to the photon intensity and 

wavelength impacts on the LIFE2 effect. 

2.2.2 Detailed study of LIFE2 

2.2.2.1 Monofacial vs bifacial effect 

In order to lay the foundations of this study, we determined if it is the local carrier density 

(carrier generation rate) that matters or if the carrier density is homogenised in the wafer 

thickness. Indeed, the high quality and the low doping level of the silicon bulk allow very high 

diffusion length of carriers. The diffusion length of minority carriers, electrons in the p-type bulk, 

is defined by (2.15) and is twice larger than the wafer thickness (~550 µm) for an effective 

lifetime as low as 100 µs. It means the carrier density can be homogenised in the wafer thickness, 

equalising the carrier concentration at both c-Si/Al2O3 interfaces. In this case, it would result in a 

LIFE2 on both surfaces, while illuminating only one. 

 

L = √𝐷 ∙ 𝜏𝑒𝑓𝑓 (2.15) 

With: 

• 𝐷 : the electron diffusivity  

• 𝜏𝑒𝑓𝑓 : the effective minority carrier lifetime 

 

To address this question, we used the AM1.5 light source of an Oriel solar simulator class 

AAA from Newport. As depicted on Figure 2.11, the generation rate between the front and the 

back surfaces decrease by three orders of magnitude. If the average carrier density rules the 

charge injection in Al2O3, the illumination of the front surface should also result in the injection 

of carriers from the c-Si into the Al2O3 present at the back surface.  
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Two sets of samples with both p-type and n-type wafers in each one were prepared. The 

passivation recipe was 100 ALD cycles of Al2O3 deposited at 200 °C and activated via an 

annealing at 380 °C for 5 min. A particular attention has been taken to avoid all illumination 

sources when the sample is removed from the furnace after the PDA. For the first set, samples 

were regularly measured by the Sinton WCT-120 over one hour of illumination on the same 

surface. Then the samples were flipped and the protocol was repeated for the second surface. For 

the second set of samples, the same illumination duration is done for both surfaces before each 

measurement. 

The results of the first set (Figure 2.12) clearly show that the electron injection in an Al2O3 

layer is related to the local carrier generation rate beneath it (or the UV illumination). For the p-

type substrate the illumination of the second surface provides similar enhancements than for the 

first one (+ 29 % and + 20 %). On the contrary, the n-type substrate shows a higher lifetime 

increase when the sample is flipped (+ 10 % and then + 39 %), matching very well the increase of 

+ 17 % previously observed with the IR laser. It might be due to a weak inversion layer initially 

present at the surfaces. When the passivation quality of the front surface increases, the effective 

lifetime is still limited by the back-surface. Then when the n-type wafer is flipped, the second 

surface is not any more limiting the lifetime resulting in a strong improvement of the passivation. 

The overall lifetime has been increased by 55 % and 52 % for the p-type and n-type samples 

respectively. These values agree very well with these reported in Table 2.4. For the second set 

(Figure 2.13), the lifetime increases quickly to its final value (within ~5 minutes), but the overall 

lifetime enhancement is slightly lower than for the first set, even if absolute values are higher. 

 

 

Figure 2.12: Lifetime’s follow-up of set n°1 along AM1.5 illumination one face a time (a) 

p-type c-Si substrate. (b) n-type c-Si substrate. Lines correspond to the fit of data 

according to equation (2.16). Wafers were passivated at 200 °C with 100 ALD cycles 

and activated by a PDA of 5 min at 380 °C. The blue dots after dark storage show the 

fact that photo-injected charges are released from the Al2O3 during the storage. 
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The LIFE2 process corresponds to the accumulation of electrical charges at a dielectric 

surface, so data were fitted with an exponential function (equation (16)) commonly used for 

capacitors to compare the kinetics. For the first set of samples, the kinetic of each face has been 

fitted separately. Results of the fit are summarised in Table 2.5 and plotted with experimental 

data on Figure 2.12 and Figure 2.13. 

 

𝜏 = 𝜏0 + 𝐴 ∙ exp (−
𝑡 − 𝑡0
Τ𝑘

) (2.16) 

 

 

Globally the goodness of fit (R²) is rather low, but generally slightly better in the case of n-

type substrates. Maybe the electrical activity at the interface with an inversion layer is closer to 

capacitor behaviour than for p-type. Both samples of the second set have similar characteristic 

time of the kinetic (Τk) in the 30 s range, which underlines an exceptionally fast process. For 

samples of the first set, Τk is at least twice longer for the second surface than for the first one, 

maybe charge release already starts at the first surface when this one is not illuminated any more. 

 

 

Figure 2.13: Lifetime’s follow-up of set n°2 along AM1.5 illumination on each face 

before measurement. Lines correspond to the fit of data according to equation (2.16). 

Wafers were passivated at 200 °C with 100 ALD cycles and activated by a PDA of 

5 min at 380 °C. The blue dots after dark storage show the fact that photo-injected 

charges are released from the Al2O3 during the storage. 
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To assess the stability of the LIFE2 treatment, after the illumination, all the samples were 

stored in a dark cabinet for one month. Similarly to what has been reported by Liao et al. [40], the 

charges are released by Al2O3 and the lifetime returns to its initial value (Figure 2.12 and 

Figure 2.13). A noticeable result has to be pointed out, for n-type substrates the lifetime after 

storage remains slightly above its initial value while for the p-type values, this one is significantly 

below the initial value. 

From this first experiment there are some key facts to remember. The LIFE2 treatment is a 

very fast process at AM1.5, relying on the local carrier density at the surface which results from 

the high generation rate. Charge injection at the non-illuminated c-Si/Al2O3 interface surface does 

not happen or is negligible. In order to properly estimate SRV evolution, the illumination has to 

be performed on both surfaces at the same time. The LIFE2 treatment is not permanent. However, 

the used passivation recipe generates large blisters, i.e. delamination of the passivation layer and 

so electronic defects. The blistering phenomenon will be more intensively studied in chapter 4. 

Blisters impact on the LIFE2 stability cannot be excluded as a delaminated area is equivalent to 

an unpassivated area offering recombination centres.  

2.2.2.2 Low intensity bifacial illuminator (LIBI) 

In order to pursue investigation on the LIFE2, a set-up allowing bifacial illumination has been 

built (Figure 2.14.a). Inside a big black box (600 mm x 630 mm x 780 mm), two rows of lights 

have been installed, the first at the bottom, the second at the ceiling of the box. Each row consists 

of twelve fluorescent tubes split into two groups allowing to turn on only half of the row (one on 

two tubes). This electrical wiring allows choosing between an illumination at the full or 50 % of 

the row power. Despite the close-packed arrangement of the fluorescent tubes, it remains twelve 

linear light sources. A 5 mm thick ground glass is placed at 90 mm of each row to make the light 

intensity uniform across the surfaces. In the middle of the black box, rails are fixed in order to 

place the sample surfaces at 230 mm from the ground glasses. To ensure the complete 

illumination of surfaces, wafers are not directly put on the rails but inside square plastic boxes 

(120 mm x 120 mm) which are placed on the rails. Due to reflectivity at the plastic/air interface, 

these boxes transmit 90 % of the light in the wavelength range of 400-1100 nm (Figure 2.14.b). 

Below 400 nm, the plastic starts to absorb the light, slowly decreasing the transmission from 

90 % to 60 % when reaching 300 nm. These optical characteristics are good enough to allow 

photons with energies up to 4 eV to reach the sample surface. In order to avoid potential parasitic 

effect of the ambient humidity, transparent boxes can be sealed in transparent bags with N2 

atmosphere. These bags also present very good optical properties that are compatible with the 

LIFE2 study (Figure 2.14.b). 

 

Table 2.5: Exponential fit results of the lifetime increase for set n°1 and n°2 

Substrate Set n° R² Τk (min) 

p-type 

1 (1
st
 face) 0.89 0.53 

1 (2
nd

 face) 0.89 1.02 

2 0.74 0.56 
   

n-type 
1 (1

st
 face) 0.92 0.77 

1 (2
nd

 face) 0.91 3.74 
2 0.97 0.56 
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The homogeneously illuminated surface is about 370 mm by 500 mm, offering enough space 

to treat multiple samples in the same time. An iHR320 spectrophotometer from Horiba Jobin-

Yvon was calibrated using De Izarra and Gitton protocol [186]. The integrated power density 

from 300 nm to 1200 nm was measured at each sample surface and is about 1.2 mW.cm
-2

 when 

all the fluorescent tubes are turned on. It represents about 1% of the sunlight intensity but the 

photon flux reaching the sample surface in our system is obviously different from the one of the 

AM1.5 as it does not originate from a black body emission (Figure 2.15.a). However its emission 

is continuous between 300 nm to 1100 nm, even if not monotonically increasing like a black 

body one. The corresponding depth profile generation rate is similar to the one of AM1.5 but 

lower by 2 orders of magnitude (Figure 2.15.b). If we consider again a lifetime of 100 µs near the 

surface, it will result in a carrier density of 10
15

cm
-3

, which corresponds to the transition region 

between SRH and Auger recombination. The bifacial illumination mode allows a symmetrical 

generation rate, ensuring symmetrical evolution of surface passivation and so accurate 

determination of the SRV evolution. 

 

 
 

 

Figure 2.15: (a) Photon flux reaching the samples surfaces. (b) Generation rates in the 

silicon volume.  
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Figure 2.14: (a) Schematic view of the low intensity bifacial illuminator. 

(b) Transmission spectrum of plastic box and nitrogen bag. 
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The kinetics of the LIFE2 treatment in the LIBI is studied using freshly passivated samples 

with the same Al2O3 thickness, deposition temperature and PDA temperature as the one 

previously illuminated by AM1.5. The Sinton WTC-120 was moved next to the LIBI to minimise 

potential charge release by the Al2O3 due to measurement duration, i.e. a no illumination period. 

That way, the samples were out of the LIBI only 10 s for a lifetime measurement. For each type 

of sample, one was illuminated at 100% of the power density (1.2 mW.cm
-2

), the second was 

illuminated at 50 % of the power density (0.6 mW.cm
-2

) and the third was stored in a dark cabinet 

at the shelter of any light. After a lifetime follow-up of roughly 6 hours, illuminated samples are 

stored in the dark cabinet with the non-illuminated one for five days. 

 

 
 

The lifetime evolution as a function of the illumination time in the LIBI is shown on 

Figure 2.16. Data are fitted with an exponential decay (increasing form) function 

(equation (2.16)), fit parameters are summarised in Table 2.6. The goodness of fit is far better for 

the lifetime follow-up in the LIBI than for the AM1.5, maybe due to the bifacial illumination. 

The same trends are observable for these results as for AM1.5 but trends are clearer with the 

LIBI. The impact of the substrate type is obvious with a longer Τk for n-type substrates at both 

illumination powers. When the power density is reduced to 50 % of its nominal value, Τk is 

longer for both types of wafer. The most remarkable results are the values of Τk. For a generation 

rate two orders of magnitude lower in the LIBI compared to AM1.5, Τk is two orders of 

magnitude longer. Regarding lifetime enhancements, the increase is about 54 % and 51 % for n-

type samples illuminated at full and half-power density respectively. For the p-type substrate, the 

full power illumination results in an improvement of 104 % while the lifetime is only improved 

by 67 % for the half power. However, it is important to pay attention to the initial lifetimes of 

these samples. The p-type samples illuminated under half of the power density already presented 

a lifetime clearly higher than the p-type (1113 µs < 2078 µs). In contrast, the n-type samples 

presented similar initial lifetime (5880 µs ~ 5514 µs), and so allow to conclude that the power 

density only impacts the kinetics of LIFE2, not its amplitude.  

 

 

Figure 2.16: Lifetime evolution in the LIBI for p-type and n-type samples passivated by 

100 ALD cycles of Al2O3 deposited @ 200 °C and activated for 5 min @ 380 °C. 
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After five days of storage in the dark cabinet, the lifetime of all the samples was measured 

again. For the samples that did not undergo the LIFE2 treatment, the lifetime variation is lower 

than 5 %. For the other samples that received LIFE2, the lifetime degradation is about 20 %, but 

the charge release is not completed yet as the storage was not long enough. It allows us to 

confirm that we are looking at the same effect in the LIBI than under AM1.5 despite the 

extremely different light sources. With a final lifetime around 9000 µs (n-type) for a power 

density about 1 % of the sunlight intensity, this LIFE2 phenomenon is definitely interesting. 

The key fact here is that the light intensity (generation rate) seems to slightly impact the 

kinetic of the phenomenon, not its amplitude. The importance of UV illumination in this process 

is not yet confirmed and is discussed below.  

2.2.2.3 Impact of the wavelength 

There are many ways to study the impact of the wavelength on LIFE2. However, in the 

previous experiments, lifetimes from one sample to another varied despite the use of the same 

passivation recipe. It might be due to uncontrolled blistering or different surface contamination. 

To limit these possible perturbations, the wavelength impact has been studied on the same sample 

surface. The passivation layer was deposited on a p-type wafer at 250 °C rather than 200 °C and 

the number of ALD cycles was double (200 cycles). The reason is twofold, on the one hand, the 

higher deposition temperature leaves less hydrogen in the film, considered as one of the blistering 

sources (refer to chapter 4), on the other hand, a thicker film is preferable as the COCOS 

technique was used to quantified Qf. As explained in the first chapter, this technique deposits 

positive ions on the Al2O3 surface. The LIFE2 model suggesting electrons injection in the Al2O3 

conduction band, we wanted to reduce as much as possible the capture probability of electrons by 

a positive ion present at the surface but keeping a realistic film thickness. The PDA was done for 

a longer time at a lower temperature (20 min at 350 °C) to reduce the dangling bond density as 

much as possible following Stesmans model [143]. 

In order to avoid experimental complexity that would result in inaccurate results, the LIFE2 

was carried out only on the front surface of the sample, the back surface being protected against 

illumination by an opaque sample holder. The LIFE2 treatment will be characterised through the 

quantification of Qf at the front surface. The creation of areas selectively illuminated by different 

wavelengths was achieved thanks to a shadow mask with optical filters mounted on it 

(Figure 2.17.a). These filters are bandpass filters (360 nm, 430 nm, 543.5 nm and 970 nm) with a 

full width at half maximum of 10 nm. The LIFE2 phenomenon seems to be related to carrier 

interaction, we will therefore consider the photon energy rather than the wavelengths, i.e. filters 

respectively select photons with energies of 3.44±0.05 eV, 2.88±0.04 eV, 2.28±0.04 eV and 

1.28±0.02 eV. At their nominal energy, filters do not all present the same transmission, ranging 

from 25 % to 70 %, creating different generation rate depth profiles (Figure 2.17.b). Normally, at 

such low generation rate and considering a hypothetical lifetime of 100 µs below the surface, the 

carrier density would be about 10
14

 cm
-3

. In this domain of carrier density, the SRH 

Table 2.6: Exponential decay fit results of the lifetime evolution in the LIBI. 

Substrate Power density (%) R² Τk (min) 

p-type 
100 0.98 53 
50 0.98 60 

    

n-type 
100 0.99 75 

50 0.99 89 
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recombination is dominant, so the electron injection in the Al2O3 is unlikely to happen if it 

involves Auger like particles interaction. Moreover, filters centred at 3.44 eV and 2.28 eV have 

similar generation rates in the first 10 nanometres below the surface. If photon energy matters 

(Figure 2.10), LIFE2 should happen only below the former filter while nothing noticeable should 

happen below the latter. However, in order to not miss a possible LIFE2 effect occurring with a 

slow kinetic due to low generation rate, the samples and the mask were sealed in a N2 bag and the 

illumination was held for 160 hours. 

 

 
 

After illumination, a lifetime PCD calibrated photoluminescence mapping was acquired to 

observe if LIFE2 was visible (Figure 2.18.a). It might be feared that the PL laser (E(λ)=1.53 eV) 

can participate to LIFE2. First, considering the low photon flux (5·10
15

 photons.cm
-2

.s
-1

) and the 

short acquisition time (~10 s), it is unlikely to happen. Secondly, if it does happen, it would be 

homogeneously done over the surface, still allowing area differentiation. The areas without filters 

present a lifetime enhancement of +47 % compared to non-illuminated areas. The only area 

below a filter presenting obvious LIFE2 is the one below the 3.44 eV filter (+17 %). However, as 

the back surface was not exposed and will remain limiting, a small LIFE2 effect cannot be 

excluded below other filters even if not detected by PL, quantification of Qf is required. The 

COCOS was performed on the areas A to E and the results suggest an undeniable impact of the 

wavelength (Figure 2.18.b). The LIFE2 does not impact chemical passivation, Dit remaining 

similar for all the areas (1.4±0.2·10
11

 eV
-1

.cm
-2

) but really modifies the field effect passivation. 

The area which received the full spectrum has a Qf of -1.2·10
12

 cm
-2

, the one illuminated by UV 

has a Qf of -6.9·10
11

 cm
-2

 while all the other areas presented Qf of -3.3±0.4·10
11

 cm
-2

. To confirm 

that no LIFE2 effect occurred at areas C, D and E, a final measurement was performed on a non-

exposed area, this measurement confirming that LIFE2 did not happen on these areas. These 

results clearly confirm that both LIFE2 mechanisms described on Figure 2.10 take place, but their 

effectiveness seems different.   

 

Figure 2.17: (a) Stainless-steel shadow mask with optical filters mounted on it. The 

mask covers the sample during the full duration of the illumination. Letters from A to E 

are the different locations of filters: A is no filter, B: 3.44 eV; C: 2.88 eV; D: 2.28 eV E: 

1.28 eV. (b) Generation rate depth profiles for mask location A to E. 
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From the previous experiment on LIFE2 kinetics in the LIBI, the charge injection was stopped 

after 300 min as the lifetime did not increase any more. In this experiment this charge saturation 

has certainly been reached due to the illumination duration of 9600 min, corresponding to a Qf of 

-1.2·10
12

 cm
-2

. For the surface below the 3.44 eV filter, the Qf is only -6.9·10
11

 cm
-2

, so a charge 

injection only completed by 57 %. Considering their respective carrier generation rates in the first 

ten nanometres below the surface, a total generation of 4.1·10
23

 carriers allowed reaching 100% 

of the Qf while only 57 % of the maximum Qf is reached with 6.8·10
23

 carriers generated only by 

UV. The photon flux, and so the carrier generation, seems to be more important than the photon 

energy to inject electrons into Al2O3. An interesting fact can be noticed, despite the concentration 

difference of about one order of magnitude, it seems that there is no lateral diffusion of the 

electrical charges as it would be expected from Fick’s laws. 

 

 

 
 

The key fact here is that after a PDA, there is a very low “fixed” charge density at the c-

Si/Al2O3 interface, in the range of 1·10
11

 cm
-2

. Such low charge densities are reported as “zero 

charges” in the literature [187] and are generally obtained by stacking Al2O3 with another 

material, this point being discussed later. The real value of Qf could be even lower; the 

measurement itself can generate some charges as an illumination is required in the COCOS 

technique to split the quasi-Fermi levels. However, at least 70% of these charges are in fact 

injected from the silicon into the Al2O3, increasing Qf to values in the range of 1·10
12

 cm
-2

, 

corresponding to commonly reported values. This can take place through a mechanism of direct 

injection (UV photon) or through a multiple particles interaction, proportional to the generation 

rate at the c-Si/Al2O3 interface. These charges are generally reported to be created during the 

PDA while it was not the case here. In fact, the PDA is a crucial step in which many chemical 

and physical phenomena occur. The next section tries to sort out possible reasons for this 

discrepancy.  

  

 

Figure 2.18: (a) PCD calibrated photoluminescence picture of the lifetime sample after 

160h of illumination. (b) Passivation results for the five different locations receiving 

different photon energy.  
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2.2.2.4 The crucial role of post deposition annealing 

During post-deposition annealing, several chemical reactions take place, reducing the Dit at 

the silicon surface and in some cases injecting charges in Al2O3. A model of this charge injection 

has been recently proposed by Kühnhold et al. [176] where electrons are injected through 

dangling bonds to interstitial oxygen atoms at the Al2O3/SiOX interface. The reduction of 

dangling bonds during the annealing would impede the charge release after the PDA. For other 

authors, the increase of the Td conformation at the interface is the origin of the Qf apparition 

during the PDA [107]. In these models there are two facts that are not considered, the way that 

the sample is heated and the rise of the intrinsic carrier density with temperature. Concerning the 

first point, the heat transfer to the sample in the furnace can be achieved by conduction or by 

radiation. The latter one is very popular (Table 2.7) as no contact with the substrate is required, 

limiting possible contamination. It is important to clarify the consequences of such heat transfer 

because radiation means photons and so carrier generation in the silicon.  

 

 
 

The radiative heat transfer is generally achieved through surface illumination by IR lamps. 

The tungsten filament of the lamp behaves as a grey body, i.e. its spectral irradiance is calculated 

exactly like the one of a black body, but corrected by its own emissivity factor, which is a 

function of the wavelength and of the filament temperature (~0.3 to 0.5 for tungsten) [186]. Thus, 

the light spectrum emitted by the filament depends only on its temperature, this one being simply 

controlled by the electrical current flowing through it. In order to calculate the spectral irradiance 

and so to estimate the generation rate depth profile, we considered the characteristics of the lamp 

model present in our furnace. Each lamp has an effective filament length of 240 mm that can 

reach the temperature of 2400 K at its maximal power of 750 W. The filaments are coiled with a 

very small whorl step around a large centre, so it has been approximated by a rectangular flat 

surface. The light reflector placed at the back of the lamp tube is not taken into account, 

underestimating the overall photon flux. For the sake of simplicity, we considered a piece of 

silicon having a surface of 50x50 mm, receiving only the photon flux from a piece of filament 

(50x1 mm) centred in front of it at a distance of 10 mm. The resulting generation rate depth 

profiles for filament temperatures ranging from 700 K to 2400 K are plotted on Figure 2.19.a. 

The temperature increase does not result in a simple generation rate upshift. Indeed, as expressed 

by the Wien's displacement law, the photon emission is blue-shifted by the temperature increase 

and so the generation rate depth profile becomes less constant across the thickness. However, a 

filament temperature of 1300 K would generate enough carrier density at both surfaces to inject 

electrons in Al2O3 films present at these two surfaces. It should be kept in mind that these 

considerations take into account only the underestimated generation due to a filament portion of 

50 mm length, while there might be 10 times more filaments in a furnace. 

Table 2.7: Heat transfer mode for some popular RTP furnaces. 

Company Model 
Heat transfer 

  Radiation            Conduction 

Jipelec Qualiflow JetFirst X  
AnnealSys AS-One X  
Allwin21 AccuThermo X  

Applied Materials Vantage X  
ATV Technologie SRO  X 

Levitech Levitor   X 
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Concerning the second point, the temperature rise promotes carriers to the conduction band of 

silicon, increasing the free carrier density in the whole silicon volume (Figure 2.19.b). For the 

common Al2O3 PDA temperature of 400 °C, it corresponds to a carrier density of 1.9·10
16

cm
-3

. 

To obtain an equivalent carrier density with a photon flux, this one would have to allow a 

generation rate of 1.9·10
20

 cm
-3

.s
-1

 if we still take into account the low lifetime value of 100 µs. 

Such high generation rate near the surface would result into electron injection in Al2O3 as we 

already observed with the LIS-R2 laser (Figure 2.11.b, Figure 2.19.a). Together, the sample 

irradiation and intrinsic carrier density rise might impact the measured Qf after a PDA. It is 

difficult to separate these effects in a furnace operating by radiative heat transfer as a higher 

annealing temperature involves both a higher photon flux but also a higher intrinsic carrier 

density. 

 

 
 

In this work, the furnace was a SRO-704 from ATV Technologie in which the heat transfer is 

achieved by conduction through a SiC coated graphite hotplate. The hotplate itself is radiatively 

heated by eight IR lamps arranged side by side, each lamp having an equivalent flat filament 

surface of 240x1 mm. It is possible to switch from a conductive to a radiative heat transfer by 

replacing the opaque graphite hotplate with a transparent one (Figure 2.20). We used two 

different transparent plates, the first was made of fused silica (Eg ~ 5 eV) and the second was 

made of Corning glass (EAGLE XG
®
, Eg ~ 3.5 eV). Of course these materials can heat-up and 

transfer heat to the substrate by conduction, but their thermal conductivity are two orders of 

magnitude lower than the one of SiC or graphite. In both configurations, a thermocouple is 

measuring the temperature on the silicon, ensuring reproducible thermal cycle. In order to 

quantify by COCOS the Qf after the PDA, we used lifetime samples passivated with the same 

recipe (200 ALD cycles deposited at 250 °C) as for the wavelength effect study. 

 

Figure 2.19: (a) Generation rate depth profiles for different W filament temperatures 

and other light sources as references. (b) Effect of temperature on the intrinsic silicon 

free carrier concentration. 
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The first and the second sample were annealed at the temperature of 400 °C for which the 

intrinsic carrier density rise has been discussed above. After 20 min of PDA, both samples 

presented similar passivation results despite the use of either silica or Corning glass as plates. 

Indeed, UV radiation is really low in the IR lamp spectrum, so such transparency consideration 

has minor impact on the photon flux. The effective lifetime was 2938 ± 38 µs corresponding to a 

Dit of 1.2·10
11

±0.6 eV
-1

.cm
-2

 and to a Qf of -7.6±0.4·10
11

 cm
-2

 for the two samples and at their 

two surfaces. This symmetric charge trapping can arise from the intrinsic carrier density but also 

from the fact that both surfaces receive illumination, the furnace presenting highly reflective 

walls. The third sample was annealed on fused silica using the thermal process of the previous 

section (350 °C for 20 min). Its lifetime was 2667 µs with a similar Dit as the first two samples 

but with a slightly lower Qf of -6.7·10
11

 cm
-2

. The three samples present a minimal increase of 

100 % in their Qf compared to samples that were not illuminated during the annealing. Despite 

illumination during the annealing, Qf remains lower than what can be reached by illumination 

after the PDA and to what is commonly reported in the literature. It might come from the furnace 

configuration, which is not optimised for direct radiative heating of the sample. It might also be 

due to the temperature decrease from the PDA temperature to the room temperature, which is 

constant for all the PDA and was set to 7 min. Such long cooling time in the obscurity might keep 

the sample at a temperature high enough to allow some charge release from the Al2O3 to the c-Si. 

It will allow us to study how the Al2O3 passivation evolves as a function of the field effect 

variation, but also to detect what are important parameters to maximise this field effect. LIFE2 

can serve to probe the c-Si/Al2O3 interface quality. 

The key fact to keep in mind here is that a direct illumination of the sample during the PDA of 

Al2O3 increases the Qf value. The impact of the temperature itself cannot be ruled out as it is 

directly linked to the photon flux of the lamp, but also to the intrinsic carrier density. 

  

 

Figure 2.20: (left) Conventional configuration of the furnace with a SiC coated graphite 

hot plate. (right) New configuration of the furnace with a transparent plate. 
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2.2.2.5 Electron trapping in Al2O3 

Several energy states are introduced in the bandgap of Al2O3 by intrinsic point defects and 

carbon contamination. These defect levels can trap holes or electrons, resulting in trapped 

charges. On Figure 2.21.a (adapted from the calculations of Choi et al. [3, 4]) the defect transition 

level (q/q’), are defined as the Fermi-level position below which the defect is most stable in 

charge state q and above which the same defect is stable in charge state q’. Calculations are made 

for a crystalline structure, so the absolute energy values will differ for an amorphous structure but 

the relative energy position of a defect levels in the bandgap remains similar [188, 189]. 

Considering the Fermi level in the middle of the silicon bandgap, several defects can be 

responsible for electrons trapping. The point defects that are the most stable when negatively 

charged are aluminium vacancies (VAl) and oxygen dangling bonds (ODB). However, these defect 

levels located well below the silicon valence band maximum would be automatically charged by 

electrons that tunnel through the thin interfacial SiO2. These levels can be referred as “fixed 

charges” in the sense that electrons stay trapped there. 

 

 
 

Energy levels located in the same energy range as the silicon bandgap are more prone to 

charge trapping and release. The carbon point defects would fit this criterion, but the carbon 

content is extremely low in the films. LIFE2 phenomenon has also been reported for other 

metallic oxide materials such as HfO2 [190] and TiO2 [191]. Thus, oxygen related point defects 

are pointed out as responsible for electrons trapping [192, 193]. Indeed, oxygen vacancies (VO) 

and interstitial oxygen (Oi) atoms present energy levels close to the silicon valence band 

maximum and are thus good candidates for stable electrons trapping. The oxygen vacancy can 

usually exist in all five charged states from -2 to +2 but seems to be the most stable when 

electrically neutral [194]. However, the VO energy level responsible for the negative charge is 

located just below the Al2O3 conduction band minimum. It can explain the necessity of electrons 

injection from the c-Si valence band to the Al2O3 conduction band to obtain the charge trapping. 

Experimentally, negatively charged traps have been found in the region between 1.6 eV and 

2.2 eV below the Al2O3 conduction band minimum [195] where the VO
2-

 energy level has been 

calculated to be located (Figure 2.21.a).   

 

Figure 2.21: (a) Calculated energy levels and occupancy for the intrinsic point defects 

in α-Al2O3, and carbon contamination point defects. Adapted from [3, 4] (b) Switching 

charge-state levels of oxygen related defects in α-Al2O3, adapted from [3, 11]. 
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However it does not rule out the contribution of Oi in the electron capture process that occurs 

under illumination. Indeed, the Oi and VO energy levels responsible for negative charge states are 

located at the bottom of the Al2O3 conduction band (Figure 2.21.b). These energy levels switch to 

a lower energy position in the bandgap when filled with at least one electron. Thus, trapped 

electrons on interstitial oxygen sites should be more stable than the one trapped by oxygen 

vacancies. The presence of Oi sites at the c-Si/Al2O3 interface can be expected as some by-

products of split molecules by tetrahedrally coordinated aluminium can remain there. It would 

explain the excess of oxygen detected at the c-Si/Al2O3 interface. 

Some researchers report the possibility to obtain uncharged Al2O3. The most common way is 

to grow Al2O3 on another dielectric layer like SiO2. This way, Qf steadily decreases with the SiO2 

underlayer thickening [134, 196, 197]. Likewise, by replacing SiO2 by a thinner HfO2 layer, the 

Qf is also null [178, 187]. This equivalent effect obtained with a thinner layer might be due to the 

higher dielectric constant of HfO2 (25>3.9). It underlines the charge injection mechanism from c-

Si into Al2O3 by tunnelling through the underlayer, either SiOX that appears during the growth 

and subsequent PDA, either another dielectric on which Al2O3 has been willingly deposited. 

Other research groups used external electrical bias to trap/release charges at the c-Si/Al2O3 

interface [108, 198, 199]. The charge trapping in the Al2O3 layer has been reported to be 

proportional to the applied electrode bias but an excessive bias also leads to a Dit increase [198, 

200]. 

2.3 Conclusion 

The properties of Al2O3 deposited by ALD with water oxidation are highly dependent on the 

deposition temperature. There is a certain consensus about the low Dit obtained after PDA of the 

Al2O3. This passivation must be the result of several chemical reactions occurring at the Al2O3/c-

Si interface, but the reactions themselves might be difficult to disentangle. Indeed, due to 

catalytic properties of aluminium atoms in tetrahedral coordination particularly present at this 

interface, Dit reduction might be the result of different competing reactions. However, the fact is 

that after a PDA, a SiOX interlayer is present at the Al2O3/c-Si interface, and if SiOX was already 

present before the PDA, its thickness increases. Dangling bonds present before the PDA are filled 

with either oxygen or hydrogen atoms.  

Regarding the field effect passivation, in the light of the results that we reported, some 

hypotheses are unlikely to be confirmed. Despite the increasing number of tetrahedrally 

coordinated Al atoms at the interface during a PDA, this chemical configuration cannot be 

responsible for more than 30% of the observed Qf. What is generally named “fixed charges” are 

indeed trapped charges in their majority as demonstrated by the LIFE2 study that we carried out.  

Taking into account this trapping characteristic of Al2O3, we have to be sure that the traps are 

filled while trying to sort out how Al2O3 parameters impact the passivation. The apparent 

transient characteristic of the field effect needs to be understood, as the stabilisation of these 

trapped charges would result in a non-negligible passivation enhancement. 
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3.1 The a-SiNX:H film 

3.1.1 The necessity of a capping layer 

3.1.1.1 Optical requirements 

To ensure the lowest reflection of the sunlight most intense wavelength (~630 nm) at the 

air/silicon interface, the optimal ARC properties, i.e. refractive index and thickness, can be 

calculated using equations (3.1) and (3.2) respectively [185, 201, 202]. For a layer with a 

refractive index that differs from 1.97, the film thickness just has to be adjusted by using the film 

refractive index instead of nopt in equation (3.2) in order to keep good antireflection properties. 

 

nopt = √nSi ∙ nair = √3.879 × 1 = 1.97  (3.1) 

Topt =
(2m + 1)λ

4nopt
= 79.95 nm       (for m = 0  and λ = 630 nm) (3.2) 

With: 

• nopt : the optimal refractive index of an ARC between silicon and air 

• nSi : the silicon refractive index 

• nair : the air refractive index 

• Topt : the optimal ARC thickness 

• m : an integer 

• λ : the wavelength for which the reflectance is minimal 

 

Depending on the architecture, the Al2O3 layer will cover the front and/or the back surface of 

the solar cell and have to act as ARC. Therefore, there are two reasons to not use standalone 

Al2O3 passivation layers. First, despite the very high transparency of ALD Al2O3, which is the 

first obvious requirement for layers exposed to the sunlight, its refractive index around 1.64 does 

not make it the most suitable material for ARC. Second, to act as ARC, an Al2O3 layer thickness 

of 96 nm is required, which is not compatible with industrial requirements. Thus, an additional 

ARC has to be deposited on top of the Al2O3. In order to minimise the parasitic optical effect of 

Al2O3 layer between c-Si and the ARC, the thinner the Al2O3 the better the optical properties. 

3.1.1.2 Stability requirements 

Another reason not to use standalone Al2O3 layers is related to their stability. Al2O3 films are 

relatively efficient barriers to humidity depending on their thickness. As shown by Carcia et al., 

an increase from 5 nm to 10 nm of Al2O3 film thickness reduces the water permeability by one 

order of magnitude (85 % RH, 38 °C) [203]. Despite this moisture barrier property, standalone 

Al2O3 passivation does not withstand damp-heat test [204]. Indeed, Al2O3 surface has a 

hygroscopic behaviour used in many humidity sensors [205]. Passivation annihilation by 

humidity seems to be related to field effect cancellation [206]. A capping layer is thus required to 

stabilise passivation properties provided by Al2O3. The a-SiNX:H capping is a very efficient 

moisture barrier that protects Al2O3 passivation layer, even under 100 % RH [206] and as it is 

also a good ARC, this is the predilection material for Al2O3 capping. 
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3.1.1.3 Passivation requirements 

The use of thin ALD Al2O3 capped by another material is nowadays common, but the aim is 

not only humidity resistance. Thinner Al2O3 layers allow higher ALD throughput [207], but as 

discussed in chapter 2, chemical passivation decreases with Al2O3 thickness reduction below 

10 nm. So, the a-SiNX:H capping layer can provide the missing chemical passivation by hydrogen 

release during a post-capping annealing. Hydrogen diffusion to the c-Si surface is facilitated 

when the Al2O3 layer is thinner [208-211]. However, to keep an efficient field effect passivation, 

a minimal Al2O3 thickness of 2 nm seems to be required [209]. 

3.1.1.4 Metallisation constraints 

Passivation stacks made of Al2O3/a-SiNX:H have to be locally opened in order to collect 

charge carriers from silicon with electrodes. The screen printing of aluminium paste to form the 

electrode is the state of the art industrial metallisation process. It requires a final firing step at a 

temperature generally higher than 700 °C. This is not compatible with the low temperature 

process that is aimed within the IPVF project. Nickel copper electroplating has been chosen to 

replace standard Al screen printing. In the metallisation process developed at IPVF, the nickel 

silicide formation requires an annealing step at 380 °C for 20 min [212]. To ensure the 

compatibility of developed passivation stacks with the metallisation process, all the passivated 

samples received this thermal step before lifetime measurement. This “metallisation like” 

annealing at 380 °C for 20 min is referred hereafter as post-capping annealing (PCA). 

 

3.1.2 Plasma-Enhanced Chemical Vapour Deposition  

In the industry, the a-SiNX:H is currently deposited by plasma-enhanced chemical vapour 

deposition (PECVD). This deposition technique uses gaseous precursors to deposit the film at 

substrate temperatures lower than conventional CVD. The plasma assistance is used to provide 

missing thermal energy for precursor dissociation.  

 

 
 

 

Figure 3.1: Schematic of a geometrically asymmetric RF CCP reactor. 
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The use of plasma has some drawbacks like the radiation of the plasma that can contain deep 

UV radiation with energy high enough to generate electrical defects within the silicon. The 

second drawback is the ion bombardment of the substrate surfaces. Indeed the plasma has its own 

positive potential while the powered electrode adopts a negative self-bias (VDC) (Figure 3.1). The 

VDC arises from the asymmetric RF discharge due to the electrode area ratio < 1, where the 

powered electrode has the smallest area. The electric potential drop taking place in the sheaths 

between the plasma bulk and the electrodes lead to ion bombardment that is proportional to this 

potential difference. To minimise this ion bombardment, the silicon substrate is placed on the 

grounded electrode.  

Regarding energy dissipation pathways (Figure 3.2), most of it ends-up as surface heating. If 

this one can be useful to organise the deposited film/c-Si interface [213, 214], it can be 

detrimental to the Al2O3 passivation layer already present at the c-Si surface. For a more detailed 

lecture in plasma physics, the reader can refer to the book by Chabert and Braithwaite [215]. 

 

 
 

There are many parameters that enter into a PECVD process, but some of them will have 

more impact on material properties than others. The applied power to the electrode is the first 

one, the distance between electrodes (d) is the second one, the deposition pressure is the third one 

and the gaseous atmosphere composition is the last one. Each of these parameters will have its 

own impact on the deposited film properties (density, refractive index…). In this thesis, we used 

a capacitively coupled plasma reactor from an MVS cluster tool (Figure 3.3) where plasma is 

generated between two electrodes by a radio frequency excitation at 13.56 MHz. We used silane 

(SiH4) and ammonia (NH3) as gas precursors for a deposition pressure that can vary from 13 to 

400 Pa. The substrate was set to the maximum temperature of 300 °C which is lower than the 

commonly used 400 °C for state of the art a-SiNX:H [216]. 

 

Figure 3.2: Energy flow in discharge plasmas [21]. 
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It can be useful to monitor what is happening inside the plasma during the deposition to guide 

the process optimisation. Optical emission spectroscopy is a diagnostic technique suitable to give 

a rough idea of the composition inside the plasma. The light emitted by the plasma is collected by 

an optical fibre through a quartz window (cut-off wavelength at 200 nm) and analysed with a 

“Maya2000Pro” spectrometer from Ocean Optics. Monitoring of certain wavelength intensities 

provides a qualitative idea of the plasma activities. For our purpose, we monitored mainly the 

intensity of the plasma emission. Indeed, in order to study the LIFE2 phenomenon after capping, 

the charge trapping in Al2O3 due to plasma light has to be minimised.  

The second plasma parameter that needs to be monitored is the plasma potential. The 

maximum ion energy that can reach the substrate surface is directly proportional to the plasma 

potential. A too high ion energy can damage the thinnest Al2O3 layers and so VPL also has to be 

minimised. VPL can be determined by equation (3.3). The VDC measurement is provided by the 

matching box of the generator and the VRF was measured with an “OctIV” probe from Impedans. 

 

V𝑃𝐿 =
1

2
(VRF + VDC) (3.3) 

 

3.1.3 a-SiNX:H properties 

There are some minimal requirements for an acceptable a-SiNX:H capping layer of Al2O3 for 

low temperature passivation stacks. The first consideration regards its ARC function. The 

a-SiNX:H film has to be as much transparent as possible and its refractive index has to be around 

the optimal one, i.e. 1.97. However, variations around this value would just require some 

thickness adjustment to provide correct ARC properties, i.e. variation of the deposition time. 

Regarding its capping properties, it has to protect Al2O3 against moisture degradation and it has 

to provide enough hydrogen to the c-Si/Al2O3 interface to compensate the missing quantity in the 

thin Al2O3 films. This hydrogen can be provided during the deposition or during the 20 min of 

post-capping annealing at 380 °C that will be done to mimic the electroplating thermal step. 

 

Figure 3.3: the MVS cluster tool. 
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A standard PECVD process condition was provided by the cluster tool manufacturer 

(Table 3.1), but OES of its plasma shows a large and intense UV peak around 3.7 eV (Figure 3.5) 

that has to be minimised. Moreover, the high power density of this process condition might also 

favours ion bombardment. 

 

 
 

A full-factorial design of experiments (DOE) has been carried out in order to confirm the 

influence of the different PECVD parameters on the plasma potential and radiation. For the 

plasma optical emission, we focused on the two most intense emission lines, i.e. the one centred 

at 335 nm (3.7 eV) and the one centred at 413 nm (3 eV) respectively related to NH* and SiH* 

deexcitation [217, 218]. A full factorial DOE consists in all the combinations of extreme 

parameters (the minimum and the maximum values) resulting in 2
n
 combinations, 8 deposition 

conditions for us. Starting from the a-SiNX:H process condition provided by the tool 

manufacturer, we took the DOE parameters around this point (Table 3.1). However, the gas ratio 

of the manufacturer process condition (20) is so high that the UV peak generated by ammonia 

dominates the whole emission. We decrease the gas ratio from 3 to 1. For example, the deposition 

parameter of the first DOE sample (sample #1, Table 3.1) combines all the minimum values, a 

deposition pressure of 53 Pa, an applied power density of 36 mW.cm
-2 

and gas ratio of 1 that 

results in OES peaks of similar intensities (Figure 3.5.a).  

The data analysis was performed with the statistical software “JMP” from SAS. The software 

built a mathematical model for each response, the plasma potential, the intensity of the 335 nm 

emission line and the intensity of the 413 nm emission line. The goodness of fit (R²) of each 

model was respectively 0.93, 0.96 and 0.93. Figure 3.4 shows the influence of different process 

parameters on the light emission and plasma potential.  

The photon emission is directly linked to gas excitation, so the applied power density to the 

electrode is the ruling parameter for the plasma radiation intensity. A low power density is then 

preferable to limit light emission, but it also limits ion bombardment as the VPL is also mainly 

ruled by the power density. In comparison, the gas ratio and the deposition pressure seem to have 

a minor impact on the results. By setting a desirability function to each response, here “minimise 

the response”, the software provides optimal deposition parameters that fit the desirability. This 

process conditions consists of the lowest power density (10 mW.cm
-2

) at the highest pressure 

(100 Pa) with the gas ratio of 1. The higher pressure is indeed a good option in our case as for an 

equal VPL, the higher the pressure, the lower the ion bombardment due to the increase of collision 

frequency in the sheaths. 

Table 3.1: PECVD recipes for an inter-electrode distance of 20 mm. 

Process condition 
Pressure 

(Pa) 

Power Density 

(mW.cm
-2

) 

Gas ratio 

(NH3/SiH4) 

Manufacturer 67  180 20 

DOE full factorial [53100] [36216] [13] 

Sample #1 (from the DOE) 53  36 1 

Optimised 100 36 9 
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We used the process conditions that result in the lowest plasma radiation intensity and the 

lowest plasma potential to deposit an a-SiNX:H film on c-Si. The plasma produced by these 

process conditions is not very shiny, as required, but the resulting a-SiNX:H properties do not fit 

refractive index and transparency requirements. Indeed, with a refractive index of 3 and an 

optical bandgap of 2.2 eV (Figure 3.5.b), this material belongs to the so-called Si-rich silicon 

nitride family, with properties close to those of amorphous silicon.  

The deposition parameter that has the lowest impact on the VPL and on the plasma radiation 

intensity is the gas ratio, so we increased it from 1 to 9. The bandgap monotonously increases as 

the NH3/SiH4 gas ratio increase (Figure 3.5.b). The gas ratio of 7 would be the best to fit the 

optimal refractive index of 1.97; but we preferred to choose the gas ratio of 9 that results in a 

wider a-SiNX:H bandgap. These optimised process conditions (Table 3.1) generate a very pale 

plasma that is difficult to distinguish from the noise of the OES (Figure 3.5.a) with a VPL that 

increases from 32.7 to 34.2 for a gas ratio of 1 to 9. 

 

  

Figure 3.4: Full-factorial DOE results concerning intensities of SiH* and NH* emission 

lines and VPL as a function of process conditions. Red numbers are the results of the 

maximised desirability. 
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The optimised a-SiNX:H film has an optical bandgap of 3.65 eV and a refractive index of 

1.88. The refractive index is lower than the ideal one between silicon and air, but it minimises the 

optical impact of the Al2O3 layer (n=1.64) that will be present below it. Indeed, for a normal 

incidence, the reflection at an interface is proportional to the square of the refractive index 

difference, the higher the difference, the higher the reflection (equation (3.4)).  

 

R = |
𝑛1 − 𝑛2
𝑛1 + 𝑛2

|
2

 (3.4) 

 

Considering the refractive index of 1.88, the optimal capping layer thickness for ARC purpose 

would be 84 nm, but once more it does not take into account the presence of an underneath Al2O3 

layer. Two possibilities can be considered. The first would consist in a complementary thickness 

approach, i.e. the capping thickness would be equal to 84 nm minus the Al2O3 thickness. The 

capping layer thickness would then range between 64 nm and 82 nm, for Al2O3 thicknesses 

ranging from 20 nm to 2 nm respectively. Even if it would be an elegant way to proceed, it would 

introduce more variables in the passivation study while we want to focus on Al2O3 properties. 

The second possibility, which has been selected, is to use the same a-SiNX:H thickness for all 

Al2O3 thicknesses. We decided to use the average value of the complementary thicknesses, i.e. 

75 nm. 

Surface reflectance measurements have been carried out in order to assess the ARC properties 

of the capping layer. Double side polished c-Si wafers presenting either bare surface, either 

60 ALD cycles of Al2O3 capped by 75 nm of a-SiNX:H on its surface have been measured 

(Figure 3.6). For the wavelength of 630 nm, the reflectance decreases from 36 % for the bare c-Si 

surface to less than 1 % for the surface with the Al2O3/a-SiNX:H stack. The effective reflectance 

decreases from 38 % to 13 % when the stack is present on the silicon surface. To further reduce 

the effective reflectance, surface texturing is required. The Al2O3/a-SiNX:H stack has been 

deposited on random pyramids textured c-Si surface, reducing the effective reflectance down to 

4 %. It has to be mentioned that we used the same deposition time of the a-SiNX:H for both the 

flat and the textured surfaces. It results in a lower film thickness on the textured surface, 

explaining the blueshift of the minimal reflectance position to the wavelength of 500 nm. 

 

Figure 3.5: (a) OES of the different plasma conditions. (b) Optical properties of a-SiNX:H 

deposited at 53 Pa with a power density of 36 mW.cm-2 and a gas ratio varying from 1 

to 9. 
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The optimised PECVD process conditions (high pressure, low power density and low ion 

bombardment) promote a radical growth mechanism, resulting in a polymeric-like a-SiNX:H film. 

The polymeric-like characteristic of the a-SiNX:H film is supported by XRR measurements 

(Figure 1.9). The film shows the same critical angle (0.215°) in as-deposited state (not shown) 

and annealed state (bottom graph on Figure 1.9) suggesting the same density (2.07 g.cm
-3

 after 

annealing). However, it has never been possible so far to fit the data obtained for the as-deposited 

film. The data acquisition was repeated on different samples with longer acquisition time on the 

same Bruker goniometer but without further success in data treatment. Another attempt has been 

made with a more advanced XRR goniometer at the Rigaku centre in Germany, not conclusive 

either. Thus we concluded that before annealing the film bulk is not homogenous enough to be 

modelled. 

ERDA results show the high hydrogen content of the film, around 25%at (Figure 3.7.a). The 

FTIR spectrum (Figure 3.7.b) shows a larger Si-H absorption intensity compared to N-H content. 

The polymeric like film that contains a high fraction of organics is not thermally stable. Indeed, 

TDS results show that the hydrogen release begins at 300 °C and is maximal at 450 °C. 

Considering these TDS results, the post-capping annealing carried out at 380 °C should release 

enough hydrogen able to diffuse to the Al2O3/c-Si interface. ERDA measurement performed on 

the a-SiNX:H film after PCA confirms that the post-capping annealing releases 45 % of the 

hydrogen content. It decreases from 25%at in as-deposited state to 15%at after PCA (Figure 3.7.a). 

It has to be noted that, despite the huge hydrogen release during PCA at 380 °C, no changes have 

been noticed in the film thickness and optical properties.   

 

Figure 3.6: Reflectance measurements of double side polished wafers with bare 

surfaces or Al2O3/a-SiNX:H stacks and random pyramid textured surfaces with 

Al2O3/a-SiNX:H stack. The reflectance increase between the dash line and the 

wavelength of 1107 nm is due to the back surface reflectivity. 
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In order to evaluate its standalone passivation properties, the a-SiNX:H film was deposited on 

n-type substrates. Before deposition, one sample was cleaned by HF dip while the other one kept 

its native oxide. After PECVD, there was already a slight lifetime difference between the two 

samples, which became greater after the PCA (Figure 3.8). The sample that received the HF 

cleaning had its lifetime doubled by the PCA while the sample that kept the native oxide has 

henceforth a five times higher lifetime. For the sample that received the HF clean, there might be 

a poor film/substrate interaction that hydrogen release during the PCA hardly improves. For the 

second sample, a poor chemical passivation is already partially fulfilled by the native oxide, the 

a-SiNX:H then just act as a capping. The PCA can restructure the oxide but also provide hydrogen 

to fill electronic defects at the c-Si/native oxide interface. 

 

 
 

 

Figure 3.8: Effective lifetime of n-type c-Si passivated by an a-SiNX:H deposited with 

the optimal process condition, either on HF cleaned wafer or directly on native oxide. 

Lifetimes are reported for a carrier density of ·1015 cm-3. 
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Figure 3.7: (a) ERDA and TDS (inset) spectra; (b) FTIR spectrum. Peak 1 is Si-H 

stretching (2160 cm-1); peak 2 is CO2 stretching (2340 cm-1 and 2360 cm-1); peak 3 is 

N-H stretching (3365 cm-1) [26]. 
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Despite both good optical and chemical properties of the a-SiNX:H film, the deposition by 

PECVD might fill the Al2O3 electron traps due to plasma radiation and compromise our 

passivation study. In order to check that, we used a p-type substrate passivated by 60 ALD cycles 

at 250 °C and activated by 30 min of PDA at 380 °C. Contrary to the wavelength impact study 

presented in the previous chapter, we reduced the Al2O3 thickness to minimise the blistering. The 

latter is reported increasing when an a-SiNX:H capping is deposited on Al2O3 (see chapter 4). In 

order to compare surfaces with and without capping, the front surface is capped only on its upper 

half, the lower one being protected during PECVD (Figure 3.9.b). The back surface remains 

passivated only by Al2O3. The post capping annealing is performed and then the back-surface is 

protected from illumination with an opaque substrate holder. The shadow mask used in the 

previous chapter is applied on the front surface but optical filters were removed (Figure 3.9.a). 

The whole system is sealed in a nitrogen bag and placed in the LIBI for 264 hours. 

A PCD calibrated photoluminescence mapping is taken after mask removal (Figure 3.9.c). 

There is a very nice surface patterning due to the LIFE2. On the lower half of the sample (pure 

Al2O3), LIFE2 resulted in a lifetime enhancement of 35% while in the upper (Al2O3/a-SiNX:H 

stack) the lifetime increased by 62%. First it can be concluded that the PECVD step does not fill 

the Al2O3 traps. Second, the capping seems to nearly double the LIFE2 impact, maybe due to a 

better hydrogen diffusion from the a-SiNX:H to the Al2O3/c-Si interface. The developed a-SiNX:H 

capping seems to be perfectly suitable to study the impact of Al2O3 parameters on the resulting 

passivation properties. 

 

 
  

 
 

Figure 3.9: (a) Shadow mask without optical filters. (b) Lifetime sample passivated by 

60 ALD cycles of Al2O3 @ 250 °C PDA @ 380 °C for 30 min on both surfaces. The a-

SiNX:H capping has been deposited only on the half of the top surface (blue area), not 

on the back surface, then a PCA of 20 min @ 380 °C was carried out. (c) PCD 

calibrated photoluminescence mapping of the lifetime sample after 264 h in the LIBI.  
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3.2 Impact of capped Al2O3 parameters on LIFE2 

3.2.1 Process flow 

Ideally, the thinner the Al2O3, the higher the industrial throughput and the lower the Al2O3 

optical impact below the ARC. So in the ALD thickness range obtained for a number of cycles 

comprised between 20 and 200 cycles. The chosen step was not constant, we choose to test layers 

thicknesses obtained from 20, 40, 60, 100 and 200 ALD cycles. The process flow used to produce 

lifetime samples is depicted on Figure 3.10. After the HF cleaning to remove native oxide, the 

ALD was carried out at 150, 200, 250 or 300 °C on the full 100 mm p-type c-Si wafers. Before 

the post deposition annealing, the wafers are cut in 4 pieces to produce 4 lifetime samples. The 

PDA that activates Al2O3 was performed at 350, 380, 410 or 440 °C for 30 min. The capping 

deposition temperature at 300 °C was the same for all the samples, followed by the post-capping 

annealing at 380 °C for 20 min that mimics the metallisation thermal step. During the 

manufacturing process, a particular attention has been paid to avoid sample illumination between 

each step. Likewise, the annealing was performed with the furnace in hotplate mode to limit the 

charge trapping during the sample manufacturing. 

 

 
  

 

Figure 3.10: Process flow used to produce lifetime samples. Numbers between 

brackets are parameter ranges that have been tested. Before PDA, the wafers were cut 

in 4 pieces to produce 4 different lifetime samples. 
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3.2.2 Expected passivation trends 

Some expected trends have to be reminded regarding hydrogen content and evolution in the 

passivation stacks as it is often pointed out as the passivating agent. Based on the material 

analysis of the previous chapter (chapter 2), some general trends (summarised on Figure 3.11.a) 

should be verified. The first one concerns the hydrogen content in the bulk of Al2O3, being higher 

for lower deposition temperatures. As this hydrogen is volume distributed, the thicker the layer 

the higher the hydrogen content. The second trend is about the hydrogen diffusion from the 

capping to the Al2O3/c-Si interface. Its diffusion across the Al2O3 to the c-Si surface is easier for 

thinner Al2O3 layers and should be facilitated by a lower Al2O3 density, i.e. deposited at lower 

temperature. Regarding the PDA impact (Figure 3.11.b), the higher its temperature, the higher the 

chemical species mobility. It might be beneficial for thick Al2O3 layers that do not contain a lot of 

hydrogen, but the diffusion is not only directed towards the c-Si surface so it can result in a layer 

that outgassed its hydrogen. Moreover, a higher PDA temperature might also result in a denser 

film, decreasing the hydrogen diffusivity from the capping toward the c-Si surface during the 

post-capping annealing. 

 

 
 

3.2.1 Passivation study 

Keeping these material trends in mind, the passivation analysis can start. After the final 

annealing (PCA), the effective lifetime was measured by PCD (Figure 3.12.a; point α). Then the 

samples were placed in the LIBI and the lifetime evolution was monitored over one week to 

ensure proper trapping of electrons in the Al2O3, the lifetime was considered as saturated after 

this week in the LIBI (Figure 3.12.a; point β). Samples were removed from the LIBI and placed 

in a dark cabinet. To evaluate the charge de-trapping, the lifetime was monitored over one month 

and will be referred as “stabilised lifetime” after this month (Figure 3.12.a; point χ).  

 
 

Figure 3.11: Schematic representation of hypotheses on: (a) Hydrogen content and 

evolution in the Al2O3/a-SiNX:H passivation stack as a function of Al2O3 parameters. 

(b) Impact of PDA temperature on Al2O3 
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For a defined PDA temperature, 350 °C for example, the initial lifetime, the saturated lifetime 

and the stabilised lifetime can be plotted as a function of the Al2O3 thickness and deposition 

temperature (Figure 3.12.b, Figure 3.12.c and Figure 3.12.d respectively). From a passivation 

performance point of view, areas with SRV lower than 10 cm.s
-1

 can be traced and passivation 

conditions providing a lifetime around 4500 µs can be easily identified. By looking at the maps, 

it’s visually striking that the LIFE2 treatment had an impact on the passivation performances but 

it is difficult to evaluate quantitatively this impact and its stability during the dark storage. These 

lifetime mappings are more helpful than absolute lifetime values, so we decide to plot the lifetime 

enhancement due to the LIFE2 treatment and the degradation of the saturated lifetime along the 

dark storage. The first value is calculated from the initial and the saturated lifetime, while the 

second is calculated from the saturated and the stabilised lifetimes. It will allow a simpler 

extraction of passivation properties trends as a function of Al2O3 deposition parameters.  

 

 
  

 

Figure 3.12: (a) Lifetime follow-up of a sample passivated with 200 ALD cycles 

deposited at 250 °C and activated at 380 °C, line is a guide to the eye. (b) Initial 

lifetime of Al2O3/a-SiNX:H passivation stacks as a function of Al2O3 thickness 

(abscissa) and deposition temperature (ordinate) for the PDA of 350 °C. (c) Saturated 

lifetime, after LIFE2 in the LIBI. (d) Lifetime after storage in the dark cabinet. Black 

lines delimits areas with SRV < 10 cm.s-1 i.e. lifetime higher than 1300 µs. 
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On Figure 3.13, each map in a row concerns the same PDA temperature and each map in a 

column the same parameter, i.e. the lifetime enhancement due to LIFE2 (left column), the 

saturated lifetime (central column) and the lifetime degradation during the dark storage (right 

column). For each sample, these three values allow retrieving the initial and the stabilised 

lifetimes if needed, but what we want to understand is how Al2O3 parameters (thickness, 

deposition temperature and PDA temperature) impact the passivation performances and stability. 

The LIFE2 treatment is just a way to observe the surface passivation variation due to field effect 

modification.  

We start by discussing the first row of Figure 3.13 that concerns the PDA at 350 °C. 

Regarding the lifetime enhancement, it seems to be quite constant between 20 and 100 ALD 

cycles for the deposition temperature of 150 °C while for the three other deposition temperatures, 

the lifetime enhancement mainly depends on the Al2O3 thickness and less on its deposition 

temperature. The 40 ALD cycles looks like a hinge around which the lifetime enhancement 

steadily decreases. An extremely high lifetime enhancement about 900 % is calculated for these 

thicknesses, corresponding to a saturated lifetime around 1000 µs, which is not so high compared 

to the previously obtained 4500 µs provided by 60 ALD cycles. 
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Figure 3.13: τeff enhancement due to LIFE2 treatment (left column), saturated τeff 

(central column) and degradation of the saturated τeff during dark storage (right 

column) as a function of Al2O3 thickness and deposition temperature. The difference 

between each row is the PDA temperature before a-SiNX:H capping as indicated on the 

right side of rows. The colour scale above each column stands for the four graphs of 

the column. Black lines on the central column graphs represent areas with τeff higher 

than 1300 µs, i.e. SRV < 10 cm.s-1. On the right column, black lines delimit areas 

where the degradation during the dark storage is lower than 10 %. 
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Considering the saturated lifetime, it is not obtained for the highest hydrogen content in the 

Al2O3 layer (200 ALD cycles deposited at 150 °C), maybe due to the presence of blisters for 

these layers (see chapter 4). The saturated lifetime is the highest when there is a trade-off 

between hydrogen content in Al2O3 and facilitated diffusion of hydrogen through the Al2O3 layer. 

Surprisingly, for the thinnest Al2O3 layers for which the “ocean” of hydrogen contained in the 

capping layer can easily reach the Al2O3/c-Si interface and fill remaining dangling bonds, the 

saturated lifetime is low (<1000 µs) and seems quite independent of the deposition temperature. 

This is interesting because it might underline that it is not only the hydrogen content that matters 

in the case of passivation by Al2O3 layers but also the way it is released. Indeed a-SiNX:H 

generally releases molecular H2 while Al2O3 is a good proton conductor [162]. Another 

possibility is that, dehydroxylation of Al2O3 releases hydrogen but might also release oxygen 

atoms (see chapter 2, page 30) that can strengthen the interfacial SiO2, this one being a good 

chemical passivation layer. It would fit with the commonly reported interfacial SiO2 thickening 

during PDA [124] and the exceptional passivation increase by a PDA conducted in pure O2 

atmosphere [144].  

Regarding the stability of the saturated lifetime during the storage in a dark cabinet, this one 

can be excellent in some cases. For example, the sample passivated by 60 ALD cycles at 200 °C 

had a lifetime enhancement of 348% (660 µs  2958 µs) and a saturated lifetime degraded by 

less than 1% (2958 µs  2940 µs) during the month of storage in the dark cabinet. On the 

degradation maps, the black lines delimit areas where the degradation is lower than 10% over the 

month of storage in the dark cabinet. It brings out two separated degradation areas. The first one 

for Al2O3 layers with thicknesses below 60 ALD cycles, showing similar lifetime degradation 

between 20 and 40 ALD cycles for the whole range of deposition temperatures. The second one 

seems to follow the same trend as the initial hydrogen content in Al2O3 layers, and might be 

related to the presence of blistering for samples in this area (visible to the naked eye on tilted 

samples, Figure 3.14). 

 

 
. 

For all the PDA temperatures, the trends are similar. The thinnest Al2O3 layers are the most 

sensitive to LIFE2 treatment, but the percentage of enhancement generally decreases as the PDA 

temperature increases. The saturated lifetime is the highest in the same regions but its absolute 

value decreases when the PDA temperature increases, maybe due to higher out-gassing and Al2O3 

densification. There are still two distinct areas with degradation higher than 10% but their extent 

and absolute values decrease as the PDA temperature increases.  

 

Figure 3.14: Al2O3/a-SiNX:H passivated sample presenting blistering. 
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3.3 Conclusion 

The observed passivation trends are all schematically summarised on Figure 3.15. The 

stability zone (green zone 2 on Figure 3.15) is enlarged when the deposition temperature 

increases. In this zone, the highest lifetime is generally obtained for the lowest deposition 

temperature, i.e. the highest hydroxyl content. In our case, the highest passivation level among all 

the samples was obtained for 100 ALD cycles deposited at 150 °C and activated at 380 °C. It 

provides a lifetime of 5546 µs (saturated) decreasing to 5013µs when stabilised (-10 %), nearly 

the highest expected value from the modelling results of chapter 1. The use of LIFE2 is a good 

way to simply probe the passivation quality and stability. However, the stability zone is between 

two zones of lifetime instability (red zones 1 and 3). It is reasonable to think that lifetime 

degradation mechanisms that happen in these zones also impact in some way the apparent stable 

lifetime of zone 2. 

 
 

The low passivation level in zone 1 is unexpected, maybe linked to a missing chemical 

passivation despite the presence of hydrogen from the capping. It could underline that the 

dehydroxylation from the Al2O3 is more important for chemical passivation than the 

dehydrogenation from the capping. The low passivation level could also be linked to field effect 

passivation instability as the saturated lifetime degradation amplitude increase when the film 

becomes thinner, i.e. when the tunnelling probability of electrons through the Al2O3 film 

increases. These hypotheses will be explored in chapter 5. 

The high but unstable lifetime that can be reached in zone 3 seems to be linked to the 

hydroxyl content in the Al2O3 layer but also to the possibility for dehydroxylation by-products to 

be out-gassed from the film. Blisters are visible on samples in this area and are good candidates 

to explain the lifetime degradation in this zone. This blistering phenomenon will be explored in 

the next chapter. 

 

Figure 3.15: Schematic summary of passivation trends observed for Al2O3/a-SiNX:H 

passivated samples.  
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Chapter  4 
4 Blistering: witness of the Al2O3/c-Si 
interface degradation 
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4.1 Blistering 

4.1.1 Overview 

Visually, blisters look like hillocks dispersed all over the surface (Figure 4.1.a, Figure 4.1.b). 

In the c-Si/Al2O3/a-SiNX:H stack there are two interfaces that can be suspected of delamination, 

the one between crystalline silicon and aluminium oxide or the one between aluminium oxide and 

silicon nitride. We found that blistering always occurs at the c-Si/Al2O3 interface, as the presence 

of a capping layer is not a prerequisite to observe this phenomenon (Figure 4.1.g) [219]. Blisters 

can either pop-up leaving the c-Si surface exposed to the ambient atmosphere, or remain closed 

(Figure 4.1.c, d, e and e). Observed from the top with optical microscope, the latter look like a 

Fresnel lens (Figure 4.1.f).  

 
 

 
 

Figure 4.1: Blistering images from Al2O3/a-SiNX:H stacks (left column SEM tilted top-

view; right column optical microscope). (a) and (b) macroscopic views of the surface. 

(c) intact blister, (d) exploded blister, (e) zoom on the exploded blister showing a stamp-

like pattern (f) intact blister on top and fully exploded one, (g) blister of Al2O3/a-SiNX:H 

stacks near the edge of the sample, were a-SiNX:H capping is not deposited. 
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These blisters with a Fresnel lens aspect are in fact not the only defects present on the surface. 

While pushing up the luminosity of the optical microscope, the iridescent aspect of blisters leaves 

room to saturated white discs and reveals other small spots around them (Figure 4.2.a). These are 

very small, around 1µm of diameter for a height well below 1µm (Figure 4.2.b) and will be 

thereafter referred to as blisters of type I, while the bigger ones showing Fresnel lens aspect will 

be referred to as blisters of type II.  

 

 
 

Blistering origins are still under debate, but several concordant facts are reported in the 

literature. Blistering is a well-known phenomenon occurring at the a-Si:H/c-Si interface [220, 

221], resulting from the accumulation of molecular H2 at this interface. Despite the lower 

hydrogen concentration in Al2O3 compared to a-Si:H, blistering is a phenomenon that is difficult 

to avoid for this passivation material. The accumulation of gaseous species such as H2 and H2O at 

the Al2O3/c-Si interface is unanimously pointed out as the main source of the delamination. The 

discussion thereafter will follow this hypothesis. However, the reader has to keep in mind that 

most of the arguments that will be discussed in terms of gas release can also be transposed in 

terms of mechanical stress [153], but this parameter has not been evaluated during this thesis. 

During the TDS analysis of the material, H2 and H2O are released above 300 °C [153]. For 

some authors, H2 release might also be due to CHX cracking at high temperature (firing > 700 °C) 

[222] but regarding the extremely low carbon content (Figure 2.5), it is unlikely to be the main H2 

source. The gaseous origin of blistering is supported by several observations: the deposition 

temperature (ruling hydroxyl group content) and the post-deposition thermal budget (ruling 

dehydroxylation and diffusion) have a strong impact on blisters size and quantity [222-226]. The 

film thickness also impacts blistering: the thicker the film the higher the blistering density 

(number of blisters per square centimetre) [219]. Apart from the higher hydroxyl group content in 

a thicker film, the latter represents a more efficient barrier to gas diffusion [153, 224, 225, 227]. 

Blistering at the c-Si/Al2O3 interface has been reported for films deposited by thermal ALD 

[225], PA-ALD [222] and also by PECVD [181, 219]. It underlines a general trend of the 

Al2O3/c-Si interface to blister, mainly linked to its chemical nature rather than to its deposition 

technique. The catalytic behaviour of the Td coordinated Al atoms mainly present at this interface 

might explain the gas production there, gaseous species which cannot easily diffuse through the 

film.  

 

Figure 4.2: (a) Blistering of type I and type II on the same surface observed by optical 

microscope (100 ALD cycles deposited @ 200 °C and capped with 75 nm of a-SiNX:H); 

(b) Confocal picture of type I blister. 

(a) (b)
Type II

Type I
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At first, we tried to corroborate the reported trends and to clarify blistering origins. Then, as 

blistering deteriorates the optical and electrical properties of Al2O3/a-SiNX:H stacks [153, 223, 

228], we tried to avoid it. The first obvious impact of blisters is the de-passivation of the surface 

below the hillocks, as visible on Figure 4.3. However, it has never been possible so far to 

establish a clear link between blister quantity on the surface and the effective lifetime of minority 

carriers [225, 228]. 

 

 
 

4.1.2 Gas release 

We performed TDS measurements on the samples deposited with 1000 ALD cycles at 150 °C, 

200 °C and 250 °C (Figure 4.4.a). When the temperature reaches 350 °C in the TDS equipment, 

the H2 effusion starts, but without a pronounced difference between the three samples. At 450 °C 

the film deposited at 150 °C instantly releases a huge H2 quantity, while the film deposited at 

200 °C shows a sharp H2 release only at 550 °C and with a lower magnitude. A second peak is 

visible for these two samples above 600 °C, while the sample deposited at 250 °C does not show 

these effusion peaks. In fact, these temperatures are not representative of the dehydroxylation 

kinetics that occurs similarly for the three samples as demonstrated by the water release. The 

latter starts around 300 °C and steadily increases to reach its maximum between 500~600 °C. The 

water quantity is slightly higher for the Al2O3 deposited at lower temperature, which is consistent 

with higher content of hydroxyl groups in the film. The maximum H2 effusion temperatures 

correspond in fact to the blisters explosion. Indeed, the three samples show blistering after TDS. 

 

Figure 4.3: High magnification PCD calibrated photoluminescence picture of a blistered 

sample (300 ALD cycles of Al2O3 capped by 75 nm of a-SiNX:H). Dark spots are 

blisters; the large ring is the Sinton stage detector. The inset view in the middle is a 

zoom of the top left corner area. 
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The sample deposited at 150 °C has 95 % of its blisters open (Figure 4.4.b), while only 15 % 

is exploded for the sample deposited at 200 °C (Figure 4.4.c) after TDS. Regarding the blistering 

density, it is almost the same for both samples (~5·10
4
 blister.cm

-2
), but blisters are a bit larger 

for the deposition temperature of 200 °C (1.5 to 2 times wider). The sample deposited at 250 °C 

also presents blisters that have similar size than the ones of the sample deposited at 150 °C, but 

none of these ones are open. These results support the singular behaviour of the Al2O3/c-Si 

interface. Considering the smaller size of H2 molecules compared to H2O, detected molecules 

during TDS cannot originate from the same location in the Al2O3 film. Indeed, the 

dehydroxylation of Al2O3 produces water that is able to out diffuse from the film as the 

temperature increases but H2 escapes from the film principally when blisters explode. It 

underlines an H2O production proportional to the whole thickness of Al2O3 while H2 production 

occurs mainly at the c-Si/Al2O3 interface, where Td coordination of Al atoms is predominant. 

These results are consistent with the observations reported by Vermang et.al. [153] who observed 

a temperature delayed detection of H2 when the Al2O3 film thickness increase from 5 nm to 

30 nm. 

 

 
  

 

Figure 4.4: (a) TDS of Al2O3 deposited at different temperatures (1000 ALD cycles). 

(b) and (c) optical microscope picture of blisters that appear during TDS for Al2O3 

deposited at 150 °C and 200 °C respectively. A X10 zoom of blisters is visible in the 

top right corner of each picture. Blisters presented in the zoom of (b) are totally 

exploded, the silicon surface is exposed to the atmosphere. 
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4.1.3 Blistering statistics 

The 80 samples passivated with Al2O3/a-SiNX:H stacks (Figure 3.11) were analysed by 

optical microscopy. The blistering density was evaluated by averaging values from five different 

places over the sample surface. The blister diameter is the average of 30 values (when there are at 

least 30 blisters on the surface) for type II blisters while the size distribution was not evaluated 

for the type I blisters due to optical limits of the microscope. The standard deviation of 

distribution will be represented as the error bar on the results graphs. The proportion of 

delaminated interface has been calculated assuming a disk surface of the average diameter 

multiplied by the average blistering density. Before entering into a quantitative description, 

qualitative overview of blistering will be discussed. 

 

Type II blisters are visible on all samples having an Al2O3 film obtained by 100 ALD cycles 

or 200 ALD cycles, except for those deposited at 300 °C. Interestingly, type I blisters are present 

only for samples with 60 ALD cycles deposited at 150 °C and 200 °C, while type II blisters are 

absent. Type I blisters coexist with type II blisters for the Al2O3 thickness of 100 ALD cycles 

whereas samples with 200 ALD cycles present only type II blisters. As summarised on 

Figure 4.5.a, the smallest blisters (Type I) show up for the highest hydrogen content in the Al2O3 

films with 60 ALD cycles (150 °C and 200 °C). When the Al2O3 thickness is increased to 

100 ALD cycles (higher hydrogen content, thicker barrier to gas effusion), bigger blisters 

(Type II) start to show up among the small blisters. When doubling the Al2O3 thickness to 

200 ALD cycles, the smallest blisters (type I) are not visible any more and only type II blisters 

remain. 

 

 
  

 

Figure 4.5: (a) Blistering map of the Al2O3/a-SiNX:H passivation stack depending on 

Al2O3 thickness and deposition temperature. The a-SiNX:H capping is 75 nm thick. (b) 

Type I blistering density for the stack having 60 ALD cycles of Al2O3 capped by 75 nm 

of a-SiNX:H. 
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The type I blistering density on samples with 60 ALD cycles shows a clear dependence on the 

PDA temperature (Figure 4.5.b). Between 350 °C and 410 °C the blistering density 

monotonously increases but drastically decreases for samples annealed at 440 °C. Considering a 

constant diameter of 1 µm for all type I blisters, it results in a delaminated area portion below 

0.06 % for all these samples.  

For the samples having an Al2O3 thickness obtained by 100 ALD cycles, the type I blistering 

density looks completely random (not shown) while the deposition temperature clearly rules the 

type II blistering density (Figure 4.6). The lower the deposition temperature, the higher the type II 

blistering density. While clear trends are not noticeable regarding the PDA temperature effect on 

Al2O3 deposited at 200 °C and 250 °C, it has a small impact on the blistering density of Al2O3 

deposited at 150 °C. The blister size is more or less constant for each deposition temperature, the 

lowest giving slightly bigger blisters. It results in a delaminated area portion that depends mainly 

on the deposition temperature. The lower the deposition temperature, the higher the delaminated 

area portion, regardless of the PDA temperature. This delaminated area portion is between 0.2 % 

and 0.45 % for the samples with 100 ALD cycles deposited at 150 °C, so 4 to 6 times higher than 

for samples with 60 ALD cycles deposited at the same temperature.  

For the samples with 200 ALD cycles, the difference between the Tdep of 150 °C and 200 °C 

disappears, these samples showing very similar blistering sizes and densities. The blistering 

density increases with increasing PDA temperature, but the latter does not have a clear impact on 

the blister size. Compared to samples with 100 ALD cycles, the blistering density and so the 

delaminated area portion is greater for samples with 200 ALD cycles, up to 2.3 %.  

When we tried to model (statistical analysis) with JMP software the type I blistering density 

dependence on the deposition temperature and PDA temperature, the goodness of fit is only of 

0.6 for samples with 60 ALD cycles. The R² of such model decreases to 0.03 if we address the 

type I blistering density of samples with 100 ALD cycles, while R² is about 0.7 for type II 

blistering on these samples. For samples with 200 ALD cycles, the modelling of blistering 

density and size as a function of deposition temperature and PDA temperature gives better 

results, R² = 0.78 and R² = 0.80 respectively. All these blistering trends are consistent with the 

hydrogen content that increases when the Al2O3 thickness increases or the deposition temperature 

decreases. In the same way, higher PDA temperatures result in higher dehydroxylation and so 

higher gas production.  

When the film thickness decreases, small blisters (type I) disappear to the benefit of bigger 

blisters (type II), with a surface density two orders of magnitude lower. This observation is 

consistent with nucleation, coalescence and growth process of the blisters. The coexistence of 

both blister types for the intermediate thickness does support this hypothesis. 
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Figure 4.6: Type II blistering statistics for 100 and 200 ALD cycles capped by 75 nm of 

a-SiNX:H. Determined by optical microscopy. 
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However, while trying to link blistering (size and density) to the lifetimes measured in chapter 

3 (Figure 3.11), no correlation can be established so far. The goodness of fit never exceeds 0.4, 

which means that at least 60 % of the lifetime response cannot be explained by the blistering 

observations. Considering that blisters are in fact the macroscopic manifestation of gas 

accumulation at the c-Si/Al2O3 interface, it is possible that we are not able to detect interface 

degradation that does not lead to blistering. During the systematic blisters counting by optical 

microscope, some atypical type II blisters have been encountered (Figure 4.7.a). Despite an 

apparent morphological difference, these blisters share a common feature: a non-homogenous 

delamination. Analysed with confocal microscope (Figure 4.7.b), the apparently non-delaminated 

area in the middle of the blister is measured at the same height as the surface surrounding the 

blister, i.e. the centre of the blister is still stuck to the c-Si surface. This underlines a contribution 

of the adhesion parameter to the blistering, as proposed in the literature [229], but this parameter 

could not be evaluated. 

 

 

 

Figure 4.7: (a) Selection of non-homogeneously delaminated blisters observed with 

optical microscope. (b) Confocal mapping of a non-homogeneously delaminated blister. 

(a)

(b)



78 Chapter 4 

 

 

4.1.4 Al2O3/c-Si interface analysis by coloured picosecond 
acoustics microscopy 

The coloured picosecond acoustics (APiC) microscopy is a suitable technique to detect the 

adhesion degradation at the c-Si/Al2O3 interface. Its typical set-up is described on Figure 4.8.a. 

and relies on a pump and probe scheme. It consists in the generation of an acoustic wave on-top 

of the passivation stack with an ultrashort IR pulse (pump, λ=800 nm), the sample being 

metallised with a thin Al layer (12 nm) for this purpose (Figure 4.8.b). Part of the blue probe 

(λ=400 nm) is transmitted through this thin Al layer and is reflected at the c-Si surface. It is the 

reflectivity variation of the c-Si surface that is recorded. Indeed, the c-Si surface reflectivity is 

modified when the acoustic wave generated by the pump crosses it (Figure 4.8.b, 1
st
 point). A 

part of the acoustic wave is reflected back to the free surface. This wave being fully reflected at 

the Al/Air interface, several round trips of the acoustic wave in the passivation stack can be 

detected at the c-Si surface until total energy dissipation (Figure 4.8.c). 

 

 

 

Figure 4.8: (a) Schematic diagram of APiC setup: The pump beam is chopped at high 

frequency (100 kHz) thanks to an acousto-optic modulator (AOM). The reflected probe 

beam is detected by an optical detector and the signal is amplified through a lock-in 

scheme in order to extract the relative change in reflectivity (ΔR/R = transient 

reflectivity) at the c-Si surface. (b) Schematic representation of the acoustic wave 

propagation in the passivation stack, for the sake of clarity, phenomena that are 

temporally separated are drawn shifted to the right (dotted black arrows are temporal 

translation, not spatial). An acoustic wave is generated at the sample surface with the 

pump laser (t0). The wave propagates through the dielectric stack (red arrow) toward 

the Al2O3/c-Si interface. There, a part of the acoustic wave is transmitted to the c-Si 

substrate and the other part is reflected back (1st point). The propagation of the 

acoustic wave through the Al2O3/c-Si interface modifies the c-Si surface reflectivity; 

this variation is monitored with the probe beam and detected at t1. The part of the 

acoustic wave which propagates toward the free surface is fully reflected at the Air/Al 

interface and propagates again toward the c-Si/Al2O3 interface producing a 2nd echo 

detected at t2. This reflection scheme is repeated until the acoustic wave energy is fully 

dissipated. (c) Recorded signal from the acoustic wave generation (t0) to the total wave 

dissipation (t0 + 200 ps). The time delay of 36 ps between each echo detection 

(t1t2t3 etc.) corresponds to the round trip of the acoustic wave between the Air/Al 

interface and the Al2O3/c-Si interface.  
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For a given interface, the acoustic reflection coefficient (Ra) is proportional to the acoustic 

impedance difference of the two materials as given by equation (4.1). Any variation in the 

interface adhesion properties results in an increased Ra and so in a longer time before  the 

acoustic wave vanishes in the passivation stack (Figure 4.9.a). Practically, the interface quality 

can be summarised by its Ra coefficient. Rather than looking for acoustic impedance of materials, 

Ra value is determined by fitting the mean echo number (n) with a power law Ra
n
. The lower the 

Ra, the better the adhesion quality. For example, the interface quality of sample 1 on Figure 4.9.b 

is better than the one of sample 2. We will stick to this acoustic reflection coefficient definition 

for our purpose. The readers can refer to [230, 231] for more detail on the APiC and related 

material physics. 

 

R𝑎 =
(𝑍2 − 𝑍1)

(𝑍2 + 𝑍1)
 (4.1) 

With: 

• 𝑍𝑋 : The acoustic impedance of material X 

 

 
 

 

Figure 4.9: (a) Transient reflectivity signal recorded for two samples. (b) Determination 

of the reflectivity coefficient (Ra) from the signal recorded for the two samples of graph 

(a). The normalised intensity of the echo is fitted with a power low Rn. The results are 

presented in two ways in this thesis: (c) a 900 points mapping of the reflectivity 

coefficient determined over a surface of 150 x 150 µm. The step between measurement 

points (black dot) is 5 µm for a laser spot area smaller than 1 µm². (d) Statistical box 

charts are used to summarise the 900 measured values of a Ra mapping. 
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As blistering underlines an adhesion inhomogeneity over the surface, just one Ra value cannot 

be considered as representative for the whole interface quality. An acoustic reflection coefficient 

mapping is performed over a surface of 150 µm x 150 µm with a distance step of 5 µm between 

each probed place (Figure 4.10.c). This thin mesh provides a qualitative description of the 

interface homogeneity and the statistical treatment of these 900 Ra values can be considered as 

representative of the interface quality (Figure 4.9.d). The standard deviation of 30 measurements 

on the same spot gives a standard deviation about 5 %, supporting a good reproducibility of the 

measurement. To evaluate the potential links between blistering and adhesion, samples passivated 

with 60 and 100 ALD cycles deposited at 150, 200 and 250 °C and that received a PDA at either 

350 °C (Figure 4.10) or 410 °C (Figure 4.11) were analysed by APiC. 

 

PDA = 350 °C 

 

 

Figure 4.10: APiC mapping of the Al2O3/c-Si interface for 60 ALD cycles (left column) 

and 100 ALD cycles (right column) deposited at 150 °C, 200 °C and 250 °C annealed 

at 350 °C for 30 minutes. 
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PDA = 410 °C 

 
  

 

Figure 4.11: APiC mapping of the Al2O3/c-Si interface for 60 ALD cycles (left column) 

and 100 ALD cycles (right column) deposited at 150 °C, 200 °C and 250 °C annealed 

at 410 °C for 30 minutes. 
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The APiC mapping of samples provides useful information. The lowest acoustic coefficient 

that has been measured is 0.06; any value above this one reveals adhesion degradation. Each 

mapping consists of interwoven areas with high and low Ra, showing that adhesion 

inhomogeneity are present at the microscopic scale even if blistering was not visible with the 

optical microscope, e.g. 60 ALD cycles deposited at 250 °C. Even if APiC mapping is useful to 

qualitatively characterise the variation of the acoustic coefficient, a statistical representation is 

easier to discuss (Figure 4.12). 

The most impacting parameter regarding the adhesion is the ALD film thickness. An increase 

of the Al2O3 thickness from 60 to 100 ALD cycles nearly doubles the acoustic coefficient, 

regardless of the deposition temperature or the PDA temperature, which is consistent with higher 

hydrogen content in the thickest films. In the same way, the second impacting parameter is the 

deposition temperature of the Al2O3 films, the lower the deposition temperature, the higher the 

acoustic reflection coefficient. For samples deposited at 150 °C and 200 °C, a post-deposition 

annealing at higher temperature slightly improved the interface quality while it deteriorates the 

one of samples deposited at 250 °C. 

 

 
 

These trends are consistent with the hydrogen content that becomes higher when the 

deposition temperature decreases and when the film thickness increases. It suggests that the 

increase of hydrogen content weakens the adhesion between the Al2O3 film and the c-Si 

substrate, leading to blistering. In order to support these observations, the correlation between the 

mean value of Ra and the blistering size (and density) has been evaluated thanks to JMP software 

for the type II blisters. The correlation coefficient is a number that quantifies the dependence of a 

factor to another one. It takes absolute values between 0 (not correlated at all) and 1 (complete 

correlation). The correlation coefficient between the mean value of Ra and the blister size is 0.92 

and of 0.78 between the mean value of Ra and the blistering density. These high correlation 

coefficients support well the strong link between adhesion and blistering. No correlation was 

found between blistering of type I and the Ra mean value (0.24), but as previously discussed, 

type I blisters are difficult to count and seem to disappear to the benefit of type II blisters, 

jamming the statistical trends.  

The control of the hydrogen incorporation and release in the film is a real challenge that needs 

to be addressed in order to limit the degradation of the adhesion at the Al2O3/c-Si interface. 

 

Figure 4.12: Reflection coefficient distribution of the Al2O3/c-Si interface for 6 nm and 

10 nm of Al2O3 deposited at 150 °C, 200 °C and 250 °C. The PDA of 30 minutes was 

carried out at (a) 350 °C (b) 410 °C. 
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4.2 Hydrogen management during ALD 

4.2.1 Concept of the Thermal Drift Atomic Layer Deposition 

4.2.1.1 Current strategies to avoid blistering 

In the literature, several approaches have been proposed to limit the blistering phenomena:  

 

 Out-gassing of Al2O3 at high temperature (600~700 °C) prior to PECVD capping 

[232, 233]. 

 Use of a thin SiO2 oxide at the c-Si surface, allowing faster film nucleation and so a 

nearly direct layer by layer growth mode of the Al2O3 film. This leaves lower 

hydrogen content at the c-Si surface and then prevents the blistering [101]. 

 Use of Al2O3 with lower hydrogen content thanks to oxidant combination [224]. 

 Use of thinner Al2O3 to limit the barrier to diffusion effect, optimal thickness being 

different depending on the deposition temperature and the oxidant [207, 209]. 

 

The first two solutions introduce extra steps in the process that are undesirable (extra cost) 

and not compatible with the low temperature objective that we are looking for. The third solution 

requires ozone generators, while the last one is just a trade-off optimisation. Indeed, performing 

ALD at 250 °C or 300 °C does not lead to blistering but lifetime seems to strongly suffer from 

this lack of hydrogen. 

Conceptually, one can imagine depositing an extremely thin layer at low temperature and 

anneal it at higher temperature to release the excess of hydrogen. As the film is very thin, the 

diffusion barrier effect is very small. Then, the rest of the layer can be deposited at higher 

temperature to limit hydrogen incorporation.  

As it has been reminded in chapter 2, Al2O3 dehydroxylation starts as soon as the substrate 

temperature is brought above the deposition temperature [151]. So practically, a constant increase 

of the substrate temperature during the deposition process can be a solution to release the excess 

of hydrogen. It incorporates the required hydrogen quantity at the c-Si/Al2O3 interface and 

releases the excess during the deposition of upper layers, while the barrier to hydrogen out-

gassing is still thin. This concept will be referred thereafter as the thermal-drift atomic layer 

deposition (TD-ALD). 

4.2.1.2 TD-ALD process simulation  

TD-ALD can be easily implemented on a spatial ALD tool such as the Levitrack were the 

successive deposition zones can be set at different deposition temperatures. However, the 

temperature control of a temporal ALD reactor operating at low pressure (10 Pa) and that has not 

been designed for quick temperature variation is not obvious. In order to test the possibility to use 

such thermal process, finite element simulations were carried out thanks to COMSOL 

Multiphysics software. The Picosun R200 design has been reproduced as it is shown on 

Figure 4.13.a.  

The instationary simulation of the substrate heating was carried out taking into account the 

radiative and the conductive heat transfers. The convective heat transfer was not considered as it 

requires solving the Navier-Stokes equations. The reactor is filled with N2 at a pressure of 10 Pa 

in the deposition chamber and 100 Pa outside the chamber. A natural convection boundary 
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condition was fixed on the external walls of the reactor (h = 1 W.m
-
².K

-1
). To account for 

radiative heat transfer, an emissivity (ε) of 0.8 was considered for the steel surfaces and 0.6 for 

the silicon surfaces. A thermal contact resistance was considered between the substrate and the 

substrate holder, and between the substrate holder and the “substrate-holder” holder. 

 

 
 

The simulation of the substrate-holder (and silicon substrate) introduction at room 

temperature into the deposition chamber that is stabilised at 300 °C was carried out in two steps. 

First, the reactor is heated to the desired temperature (for example 300 °C). During this first step, 

the substrate and the substrate-holder thermal conductivity were considered equal to zero. A 

parametric study allowed determining the required heat source resistor value to reach the desired 

temperature set point. Second, the silicon substrate and the substrate-holder thermal 

conductivities were restored. During this step, the heat source value applied to the resistor is kept 

constant. 

The temperature is monitored on the silicon surface and on the “substrate holder” holder 

(Figure 4.14, thermocouple location). As soon as the substrate holder is introduced into the 

chamber a fast heat transfer occurs from the “substrate holder” holder and the silicon. The sample 

surface quickly heats-up. In 30 s, the silicon surface already reached 250 °C, but three additional 

minutes are required to reach 295 °C. This thermal profile would allow to deposit ~5 ALD cycles 

in a strong thermal drift and then to complete it at roughly constant deposition temperature with 

as many cycles as required to obtain the final film thickness. 

This simulated temperature profile is one among many. Another temperature profile is easily 

obtained by changing both the chamber temperature and the substrate holder temperature. The 

substrate holder itself can be considered as an adjustment variable to obtain the desired 

temperature profile (different heat capacity). The simulated model did not take into account the 

600 sccm of nitrogen that are constantly flowing through the reactor and the real temperature 

profile might be different. 

 

Figure 4.13: Cross-sectional view of the modelled “Picosun R200” architecture. 
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4.2.2 Standalone TD-ALD Al2O3 

Experimentally, the ALD chamber can be kept at a defined temperature while the substrate 

holder is introduced at a lower temperature into the chamber thanks to a load-lock. To check the 

silicon substrate temperature, we used non-reversible temperature labels stuck on the substrate 

surface. It consists of small pads that switch from white colour to black colour when a preset 

temperature is reached, each pad having its own transition temperature. As suggested by the label 

name, this colour change is not reversible. The real heating rate of the silicon surface is a bit 

lower than the one obtained by simulation (Figure 4.15.a). The first temperature profile 

(profile #1) was obtained as follows: the deposition chamber is set at 250 °C, the substrate holder 

is placed into the deposition chamber for 1 hour to bring it from room temperature to the reactor 

temperature. Then, the substrate holder is unloaded, brought to atmospheric pressure and the 

silicon substrate is quickly placed on it before loading back into the deposition chamber. This 

procedure ensures to have the silicon substrate loaded at a temperature of 130 °C (Figure 4.15.a). 

After 5 minutes, the silicon surface reaches 190 °C, temperature at which we decided to start the 

deposition. The temperature drifts from 190 °C to 230 °C for a deposited thickness of 200 ALD 

cycles, thinner films undergoing smaller thermal drifts (shorter deposition times). 

Using the temperature profile #1, Al2O3 films with 20, 60, 100 and 200 ALD cycles were 

deposited on silicon after HF dip. Compared to the standard ALD process carried out at constant 

deposition temperature, the TD-ALD allows high passivation levels in as-deposited state, e.g. 

SRV=9.5 cm.s
-1

 for 200 ALD cycles (Figure 4.15.b). The dehydroxylation during the deposition 

results in passivation activation during the ALD processes itself, providing an effective lifetime 

increasing linearly with the film thickness. This is mainly linked to the longer deposition time 

that is equivalent to a longer annealing for the first deposited Al2O3 layers, rather than higher 

hydrogen content in thicker films. Indeed, the temperature variation between 100
th

 and 200
th

 ALD 

cycle is negligible, and so is the dehydroxylation of these last 100 atomic layers.  

  

 

Figure 4.14: Modelled temperature evolution of the c-Si substrate versus time. The 

substrate-holder and the silicon substrate are introduced at room temperature in a 

Picosun ALD system heated at 300 °C. 
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This small thermal drift shows very interesting as-deposited passivation results, paving the 

way to infinite TD-ALD temperature profiles. For example, a silicon substrate was passivated 

with 100 ALD cycles using the TD-ALD temperature profile #2 that presents a stronger 

temperature drift than the profile #1 (Figure 4.15.a). The temperature profile #2 is obtained by 

loading the substrate holder and the silicon wafer at room temperature into the deposition 

chamber which is set at 300 °C. After 1 minute, the silicon surface reaches 150 °C and the 

deposition begins. The temperature drifts from 150 °C to 240 °C during the 100 ALD cycles. The 

sample passivated with the TD-ALD profile #2 shows a lifetime nearly three times higher than 

that of the sample passivated with the same number of ALD cycles but using the temperature 

profile #1. Once more, a nice passivation level has been reached (SRV=7.1 cm.s
-1

) while the 

thermal budget was kept below 250 °C and this time with only 100 ALD cycles. 

 

 

 
 

COCOS was performed on the sample passivated with 200 ALD cycles deposited with TD-

ALD profile #1 (initial τeff = 1367 µs). The high passivation level is due to an extremely good 

chemical passivation (Dit = 6.4·10
10

 eV
-1

.cm
-2

) as the field effect passivation is extremely low 

(Qf = -2.5·10
11

 cm
-2

). To improve the passivation, the LIFE2 treatment was applied in the LIBI 

for 20 hours, but the resulting lifetime was 5 times lower than the initial one (τeff = 256 µs). We 

tried to measure Dit and Qf changes with COCOS but the passivation state did not allow to 

determine any value. In order to restore the passivation level, the sample was annealed at 380 °C 

for 30 minutes and then exposed to light in the LIBI for 20 hours (τeff = 1729 µs). COCOS 

measurement confirm the charge trapping in Al2O3 after PDA and light exposure in the LIBI 

(Qf = -2.0·10
12

 cm
-2

; Dit = 3.1·10
11

 eV
-1

.cm
-2

). The same behaviour has been observed for the 

sample passivated with 100 ALD cycles (TD-ALD profile #2) with an as-deposited lifetime of 

1780 µs that decreases to 328 µs after 20 hours in the LIBI and that increases to 2810 µs after 

PDA and light exposure in the LIBI.  

 

 

Figure 4.15: (a) Experimental temperature profiles measured on the substrate with 

non-reversible temperature labels, lines are guides to the eyes showing temperature 

evolution during the deposition process.(b) As-deposited lifetime for standard ALD and 

TD-ALD with profile #1 and profile #2. Lines are a guide to the eyes. 
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This is a completely unexpected behaviour regarding passivation of c-Si by Al2O3. The post-

deposition annealing seems to be a requirement to benefit from LIFE2. It suggests a different c-

Si/Al2O3 interface between the as-deposited and the after PDA states despite the fact that a low 

Dit is measured in both cases. As the field effect passivation was already absent in as-deposited 

state, the lifetime decrease of TD-ALD samples certainly results from the chemical passivation 

reduction due to illumination. It reminds the well-known Staebler-Wronski effect [234] that takes 

place for the a-Si:H/c-Si interface (Si-H and weak Si-Si bond breaking). However, the UV power 

density is very low in the LIBI (< 20 µW.cm
-2

 for wavelength range from 300 nm to 400 nm). In 

order to assess the effectiveness of LIBI to produce the Staebler-Wronski effect, a test was 

conducted on amorphous silicon (a-Si:H) passivation layers deposited by PECVD with the 

parameters summarised in Table 4.1. 

 

 
 

The two n-type wafers passivated by ~20 nm of intrinsic a-Si:H are treated in the LIBI for 

64 H at the full power density on both faces. The lifetime of the first sample dropped from 

3892 µs to 2773 µs while for the second sample, the lifetime decreased from 3350 µs to 2411 µs 

(Figure 4.16). It represents a lifetime degradation of 28.75 % and 28.02 % for the first and the 

second samples respectively, confirming that the UV power in the LIBI is high enough to 

produce the Staebler-Wronski effect. 

 

 
  

 

Figure 4.16: Minority carrier lifetime of n-type samples, FZ <111>, DSP wafers, both 

sides passivated by ~20 nm of a-Si:H after 30 s of HF. Double side illumination 

duration in the LIBI was conducted for 64 h. 
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 Table 4.1: passivation parameters of n-type, FZ <111>, DSP wafers, both sides 

passivated after 30 s of HF. The thickness is measured by SE 

Sample 
Pressure 

(Pa) 

Gas ratio 

(H2/SiH4) 

Applied power 

Density (mW/cm
2
) 

Inter-electrode 

distance (mm) 

Thickness 

(nm) 

#1 16 4 15.87 15 21.2 

#2 16 4 9.52 15 19.8 
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One can ask why the UV dose degrades the lifetime of a-Si:H passivated samples only by 

28% while it degrades the lifetime of Al2O3 passivated samples by 81 %. This is certainly due to 

the extremely high transparency of Al2O3 to UV radiation (Eg> 6 eV) that will be absorbed at the 

c-Si surface, while most of the UV do not reach the c-Si surface in the case of a-Si:H passivation 

layer (Eg <2 eV). This is consistent with plasma-induced damage at the c-Si/ a-Si:H interface due 

to UV radiation from the plasma that we observed and reported elsewhere [235].  

So, the Al2O3/c-Si interface of samples deposited with standard and TD-ALD might be 

similar, but part of the remaining dangling bonds that are present in the case of standard ALD are 

filled with hydrogen during the deposition in the case of TD-ALD. Then, these Si-H bonds break 

under UV exposure due to their weaker energy bonds compared to Si-O bonds, 3.0 eV vs 8.2 eV 

respectively [236]. This scheme makes sense as the TD-ALD purpose is to release part of the 

hydrogen content that is present in the Al2O3 film. The hydrogen can easily out-diffuse from the 

film but part of it can passivate c-Si dangling bonds. Interestingly, the lifetime of as-deposited 

TD-ALD samples decreases after illumination to a similar level than the one deposited by 

standard ALD, i.e. hundreds of microseconds, supporting this hypothesis of supplementary Si-H 

passivation in TD-ALD growth mode compared to standard ALD.  

A pragmatic question immediately arises regarding the improved stability of the Al2O3/c-Si 

interface after PDA: what does the PDA change to allow LIFE2 phenomenon rather than lifetime 

degradation? The PDA leads to the dehydroxylation of the Al2O3 like the TD-ALD is partially 

doing. However, the maximum temperature undergone by the sample during TD-ALD is rather 

low (230 °C for profile #1; 250 °C for profile #2), compared to PDA temperature (>350 °C). The 

Al2O3 has been reported behaving as a proton conductor [162-164] in this TD-ALD temperature 

range, so hydrogen diffusion might be easier than oxygen or water diffusion during the TD-ALD 

process. The interfacial SiO2 thickening / reorganisation that occurs during PDA [100, 124] might 

not take place during the TD-ALD process resulting in a lower stability to light exposure of the 

as-deposited films compared to films that received a PDA.  

This would underline the crucial role of the interfacial SiO2 layer regarding the chemical 

passivation stability of an Al2O3 film. Thus, talking about the importance of hydrogen content in 

Al2O3 to obtain a good chemical passivation after a PDA, it is not the hydrogen itself that is 

important but mainly the oxygen to which it is bonded. Indeed, dehydroxylation releases 2 

hydrogen atoms but also 1 oxygen atom (refer to Chapter 2, dehydroxylation). These atoms can 

be released under various combinations that are different between the bulk of Al2O3 and the 

Al2O3/c-Si interface that presents catalytic activity. Indeed, in the bulk of Al2O3, oxygen is 

released with hydrogen as water molecules, while at the c-Si/Al2O3 interface there is just H2 that 

is released, oxygen remaining somewhere at the c-Si/Al2O3 interface and can be the source of 

SiO2 thickening. This would fit our experimental results, the passivation level decreases a lot 

when Al2O3 becomes thinner (lower hydroxyl content), even if a capping layer is used to provide 

hydrogen to the c-Si surface (Figure 3.11).  

This is also supported by several results reported in the literature: a better chemical 

passivation is reported for the PDA conducted in pure oxygen atmosphere rather than in hydrogen 

atmosphere [144]. In the same way, to maintain good passivation while reducing the Al2O3 

thickness below 4 nm, Schuldis et al. [209] had to switch from water oxidation to plasma 

oxidation (stronger oxidation of c-Si surface) and to increase the annealing temperature from 

400 °C to 800 °C (higher oxygen mobility).  
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Results reported by Wensheng et al. [208] the same year follow the same trend. On the one 

hand, the passivation provided by Al2O3/a-SiNX:H stack with alumina thickness of 4 nm slightly 

improves when the annealing temperature increases from 300 °C to 800 °C. On the other hand, 

for the stacks with 1 nm thick alumina, the passivation level strongly improves as a function of 

the annealing temperature between 500 °C to 800 °C, surpassing the passivation level of the 

previous stack with 4 nm alumina at 800 °C. Regarding the extremely thin layer in the latter case, 

this strong improvement cannot just be the result of better hydrogen diffusion at a higher 

temperature but mainly oxide reorganisation. 

Bordihn et al. [237] have shown that if an SiO2 layer is chemically grown at the c-Si surface 

before ALD, a PDA of 30 seconds at 400 °C is enough to observe passivation improvement while 

2 minutes are required to observe equivalent results when Al2O3 is deposited directly on c-Si after 

HF. 

Nevertheless, even if hydrogen might not be the main passivating agent, its release by the 

Al2O3 films also participates to saturate remaining dangling bonds that are also present in the 

SiO2 oxide (E centres), like in the case of FGA after silicon passivation with thermal oxide. Thus, 

for low temperature process that we are aiming, for annealing at temperatures higher than 350 °C 

is a prerequisite to stabilise the chemical passivation and allow LIFE2. In the same way, for Al2O3 

films deposited by thermal ALD using water oxidation, a minimum film thickness might be 

required to provide enough oxygen at the c-Si/Al2O3 interface. 

4.2.3 TD-ALD for Al2O3/a-SiNX:H passivation stacks 

As previously discussed, the reactor is not designed for TD-ALD but we managed to obtain 

two temperature profiles. It was easier and faster to use profile #1 rather than profile #2 as it took 

an extremely long time to bring the substrate holder back to room temperature after a deposition. 

Thus, profile #1 has been selected hereafter. Following the aim of Al2O3 thickness reduction, we 

focused on the 60 ALD cycles for which good passivation levels were obtained despite the 

presence of blistering. Samples passivated by 60 TD-ALD cycles were fabricated using the same 

PDA, capping and PCA than the one passivated by 60 standard ALD cycles. After PCA, the 

LIFE2 treatment was done in the LIBI and the saturated lifetime is plotted on Figure 4.17.a.  

 

 
  

 

Figure 4.17: Lifetime results of Al2O3/a-SiNX:H passivation stacks for standard ALD 

and TD-ALD (profile #1) with different PDA (a) saturated lifetime (b) lifetime 

enhancement due to LIFE2. Lines are guides to the eye. 
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The small thermal drift of +30 °C between 190 °C and 220 °C for 60 TD-ALD cycles 

provides a passivation level at least as good as the standard ALD performed at 150 °C for the 

whole range of PDA temperatures. However, the lifetime enhancement due to charge trapping is 

higher in the case of the TD-ALD compared to films deposited with standard ALD at 150 °C or 

200 °C (Figure 4.17.b). The PDA temperature of 380 °C stands out among the others, providing a 

lifetime of 5476 µs, i.e. an SRV of 1.8 cm.s
-1

. Blistering was not detected with optical 

microscope for all the samples deposited with TD-ALD, but as previously discussed, blisters 

absence is not obviously synonym of good interface adhesion.  

The sample passivated with TD-ALD that presents the highest lifetime was analysed by APiC 

microscopy (Figure 4.18.a). First, the interface is not very contrasted in terms of acoustic 

reflection contrary to previous mappings (Figure 4.10 and Figure 4.11). Second, for the same 

number of cycles, the mean acoustic coefficient and its standard deviation are very low for TD-

ALD compared to standard ALD (Figure 4.18.b), underlining a pretty good adhesion of the film 

to the c-Si substrate.  

 

 
 

  

 

Figure 4.18: (a) APiC mapping of the Al2O3/c-Si interface for 60 TD-ALD cycles (profile 

#1) that received a PDA of 30 min at 380 °C before capping and PCA. (b) reflection 

coefficient distribution of the Al2O3/c-Si interface for 60 ALD cycles deposited at 

constant temperature (150 °C, 200 °C and 250 °C) and TD-ALD with temperature 

profile #1. 
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4.3 Conclusion 

In this chapter we showed that the blistering is a macroscopic manifestation of Al2O3/c-Si 

adhesion degradation. The formation of blisters results from a nucleation/growth process and so 

optical microscopy is not the most suitable characterisation to determine adhesion degradation. 

Coloured picosecond acoustics microscopy is the most relevant characterisation to assess the 

adhesion quality at the c-Si/Al2O3 interface. It allowed us to show adhesion degradation when the 

deposition temperature of Al2O3 decreases and when the film thickness increases. These two 

trends are consistent with a hydrogen accumulation at the c-Si/Al2O3 interface.  

We proposed to use a thermal drift during the atomic layer deposition process to release part 

of the Al2O3 hydrogen content during the deposition. It allowed high passivation levels 

(SRV < 10 cm.s
-1

) of the c-Si surface by Al2O3 in as-deposited state while the substrate 

temperature never exceeded 250 °C. This TD-ALD concept is the subject of a patent application. 

However this passivation seems to be mainly due to Si-H bonds that can break under UV 

exposure. We suggest that a post-deposition annealing at temperatures higher than 350 °C is a 

prerequisite to stable chemical passivation, i.e. Si-O bonds rather than Si-H at the c-Si/SiOX 

interface. The implementation of TD-ALD in the passivation process flow allowed reaching 

lifetime of 5476 µs, i.e. an SRV of 1.8 cm.s
-1

 and with a sample surface free of blistering. 
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5.1 LIFE2 instability for thin Al2O3 

5.1.1.1 Electrostatic charges in a-SiNX:H 

As depicted by results on Figure 3.13 and summarised on Figure 3.15, the passivation stack 

embedding Al2O3 thinner than 60 ALD cycles (~60 Å) are subject to strong LIFE2 instability. As 

these layers are too thin to be a barrier to hydrogen diffusion, interface adhesion problem was not 

the first hypothesis that came to our mind to explain this charge trapping instability. We focused 

our attention towards the a-SiNX:H capping layer that has been used for decades to passivate n-

type surfaces thanks to its well-known positive fixed charges [216]. 

PECVD a-SiNX:H films have their bandgap that increases as the portion of nitrogen content 

increases [238]. From the extended work of Robertson on silicon alloys [25, 239], defect levels in 

a-SiNX:H can be sorted in two categories (Figure 5.1.a): 

 

 Shallow defects that participate to band tails, like the Si-Si bonds (one level close to 

the valence band, the other level close to the conduction band); the nitrogen dangling 

bonds, namely N-centres (energy levels close to the valence band) and the over-

coordinated N atoms (energy levels just below the conduction band). However, the 

presence of N dangling bonds have been reported only for N rich a-SiNX:H and the 

over-coordination of N is impeded by its small size and is only possible if bonded to 

one or more H atoms. 

 

 Deep defects in the bandgap due to N-N bonds that generate shallow levels (0.5 eV 

π*) and also deep levels (4 eV σ*) but these bonds are unlikely due to their very weak 

binding energy (1.7 eV). The main and deepest levels are due to silicon dangling 

bonds when the Si atom is back bonded to three nitrogen atoms (Si≡N3). These defects 

are known as K centres, generating defect levels in the middle of the a-SiNX:H 

bandgap. K centres have been reported to have negative correlation energy, i.e. the 

neutral charge state, K
0
, is less stable than K

+
 or K

- 
[240]. Exactly like for crystalline 

silicon, dangling bonds in a-SiNX:H are neutralised by hydrogen bridging. Indeed, Si-

H and N-H bonds are found to give states outside the bandgap.  

 

Generally the K
+
 centres are predominant in a-SiNX:H films and so the resulting net charge is 

positive [241]. The Qf in a-SiNX:H is highly dependent on its stoichiometry and has been reported 

to be maximum for x values between 0.5 and 1.5 [242]. Contrary to Al2O3 negative charge 

centres (Oxygen vacancies and interstitials, Figure 2.21), the switching charge-state levels of K 

centres and N centres are not strongly different in terms of energy and so these defects are very 

versatile (Figure 5.1.b). The net charges of a-SiNX:H can be easily manipulated using corona 

discharges or UV illumination, these changes being totally reversible [240, 243].  
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In light of what has just been summarised, the a-SiNX:H capping layer can impact the field 

effect passivation in two ways. First the quantity of positive charges present in the a-SiNX:H at 

the end of the process might compensate or even cancel the field effect passivation provided by 

Al2O3. Indeed, Wensheng et al. [208] showed that, for the same Al2O3 thickness and depending 

on the a-SiNX:H stoichiometry, the measured C-V curves suggest an effective Qf at the c-Si 

surface that varies from -1.5·10
12

 to +5.1·10
10

 cm
-2

. For our samples, the same a-SiNX:H capping 

is used for all Al2O3 thickness, so if the negative Qf in Al2O3 is really located in the first 

nanometre above the c-Si surface, the field effect cancellation should not depend on the Al2O3 

thickness that we tested (from 2 nm to 20 nm). 

The second possible effect of charged centres in the a-SiNX:H is a direct electronic interaction 

between Al2O3 centres and a-SiNX:H centres. We often focus on the electronic defects presents at 

the Al2O3/c-Si interface, but it has to be reminded that a thin film has two interfaces that can 

present different defects. The interface between Al2O3 and a-SiNX:H may host several defects 

that are different from the Al2O3 side to the a-SiNX:H side (Figure 5.2.a; SiAl and SiO have been 

found to also generate levels in the gamma-Al2O3 bandgap, these levels are not plotted in the 

Alpha Al2O3 bandgap due to uncertain energy position [244]). By reducing the Al2O3 thickness, 

interfaces of the thin films get closer to each other and the insulation role of the bulk Al2O3 

becomes negligible (Figure 5.2.b). The strong versatility of K centres plus the probable presence 

of an “electronic ladder” (Figure 5.2.b) at the Al2O3/a-SiNX:H interface (combination of all the 

defects plotted on Figure 5.2.a) might help some charge release from Al2O3 traps. The negatively 

charged oxygen vacancies that are pointed out as the main Al2O3 charge traps have electronic 

levels high enough in the bandgap to forward some electrons to other defects. Once a doubly 

negatively charged oxygen vacancy releases two electrons and becomes neutral, the newly empty 

energy state is going back to the Al2O3 conduction band. It limits further capture of electrons by 

the vacancy (see switching charge-state levels of oxygen vacancies in Al2O3 on Figure 2.21). It is 

less probable that the oxygen vacancy further releases electrons to become positively charged. 

The electronic level that has to capture electrons to bring back the vacancy to neutral electric state 

remains below the c-Si fermi level. 

 

 

 

Figure 5.1: (a) Calculated energy levels and occupancy for the intrinsic point defects in 

Si3N4. [25] (b) Switching charge-state levels of dangling bonds in Si3N4. [25, 27, 28] 
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The a-SiNX:H film that we used in this manuscript was deposited on c-Si after HF dip in order 

to quantify its positive Qf value by COCOS. The layer presented a positive fixed charge density 

of 1.9·10
12

 cm
-2

 in as-deposited state that decreased to 1.0·10
12

 cm
-2

 after PCA, underlining 

network reorganisation during PCA. This Qf value is typically in the same range as Al2O3 

negative fixed charge density. So, the presence of a “positive field effect” on top of the Al2O3 is 

suspected to partially compensate or even annihilate the passivation due the “negative field 

effect” provided by Al2O3 at the c-Si surface. This interaction will be defined hereafter as 

electrostatic shading. If the charge transfer between all the defects present at the Al2O3/a-SiNX:H 

interface is pretty hard to analyse, the electrostatic shading resulting from positive Qf in a-SiNX:H 

is easier to model.  

  

 

Figure 5.2: (a) Position of thermodynamic transition levels in Al2O3 and in a-SiNX:H for 

intrinsic and extrinsic point defect levels arising from atomic inclusions of the Al2O3 

film in the a-SiNX:H film and vice versa [5, 6]. (b) Schematic of electronic defects 

location in an Al2O3/a-SiNX:H passivation stack. Point defects suspected to capture 

electrons in Al2O3 are supposed to be located in the first nanometre above the surface. 

The X value represents the Al2O3 film thickness, from 2 nm to 20 nm. The Al2O3/a-

SiNX:H interface transition levels are all those of Figure 5.2.a, referred to as an 

“electronic ladder” in the text. Red bars show the transition levels related to positive or 

null charge state, and blue bars show the transition levels related to null or negative 

charge state. 
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5.1.2 Simulation of the electrostatic shading 

In order to evaluate if some electrostatic shading takes place due to the positive Qf in the a-

SiNX:H capping layer, we performed finite element modelling thanks to ATLAS software from 

Silvaco. The model depicted on Figure 5.3 is similar to the one that we used in chapter II to 

evaluate reachable lifetime with standalone Al2O3 films (Figure 2.7.a) but this time we added the 

capping layer on top of Al2O3. The interfacial trap density at the Al2O3/c-Si is set to 10
11

 eV.cm
-1

 

which is reasonable considering values that were measured in previous chapters. The Al2O3 and 

a-SiNX:H permittivities were set to 7.6 and 6.1 respectively. Two cases were simulated, one with 

a Qf of 0 cm
-2

 and the second with a Qf of +10
12

 cm
-2

 at the Al2O3/a-SiNX:H interface 

(Figure 5.4). As we now know, Qf in Al2O3 results from charge trapping, so the Qf of Al2O3 was 

also varied (from -5·10
10

 to -5·10
12

 cm
-2

) to evaluate the necessity of this charge trapping in the 

passivation stack. Continuity, transport (drift-diffusion) and Poisson’s equations are solved self-

consistently in the silicon, while only the Poisson equation was considered for the dielectrics. 

 

 
 

For the first simulation condition (Qf = 0 cm
-2

 at the Al2O3/a-SiNX:H interface; Figure 5.4.a), 

the curves of the effective lifetime as a function of the minority carrier density are very similar to 

the ones obtained without the a-SiNX:H capping in chapter 2 (Figure 2.7). The lifetime increases 

monotonously with the negative Qf increase at the Al2O3/c-Si interface, corresponding to the 

accumulation mode at the Al2O3/c-Si interface. Everything changes for the second simulated 

case, when the field effect resulting from the positive Qf at the Al2O3/a-SiNX:H interface is set to 

+10
12

 cm
-2

 (Figure 5.4.b). There are two distinct regions determined by the Qf value at the 

Al2O3/c-Si interface. For high negative Qf values, the first region corresponds to the accumulation 

mode at the c-Si surface, while for the lowest negative Qf, the c-Si surface is set in an inversion 

mode, recognisable by the strong lifetime increase at low carrier density. These two zones delimit 

a “death valley” where the lifetime is rapidly vanishing. One might try to just avoid this zone, but 

the problem is that it is centred nearby the typical Qf value at the c-Si/Al2O3 interface when it is 

saturated, so despite high Qf at the c-Si/Al2O3 interface, the lifetime is strongly degraded by the 

positive Qf at the Al2O3/a-SiNX:H interface. 

 

 

Figure 5.3: Schematic model used for Silvaco 1D simulations. 

 Qf = +1x1012 cm-2

 Qf = –[5x1010 to 5x1012] cm-2

Symmetry plane (Flat band, Sn= 0 cm.s-1) 

a-SiNX:H [75 nm]

Al2O3 [20 nm]

c-Si [140 µm; 3 Ω.cm; p-type]

Dit = 1x1011 eV-1.cm-2

σn /σp = 10-14 / 10-15 cm2


Chemical passivation
(at midgap)

Field effect passivation

Surface work function = 4.98 eV
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This electrostatic shading is a real problem that has to be solved. The obvious solution would 

be to use an a-SiNX:H layer free of fixed charges like it was simulated in the first case. However, 

the Qf in a-SiNX:H is intimately linked to its stoichiometry and in practice it is very difficult to 

get rid of positive charges without getting closer to the composition of amorphous silicon, which 

leads to parasitic absorption in the capping layer (Figure 3.5.b).  

To appreciate the impact of Al2O3 thickness on the electrostatic shading, the two simulation 

conditions were repeated but this time the Al2O3 film thickness was varied from 1 to 20 nm for 

each case. Effective lifetimes at the injection level of 10
15

cm
-3

 are extracted and plotted as 2D 

maps (Figure 5.5). The case with Qf of +10
12

 cm
-2

 that corresponds to our experimental condition 

is hereafter designated as the “standard case”. The ideal case with an a-SiNX:H free of positive 

fixed charges (Qf = 0 cm
-2

) is designated as the “Alternative #2”; the second alternative because 

another solution is proposed. The “Alternative #1” consists in the use of a transparent buffer layer 

with no charges between Al2O3 and a-SiNX:H. The role of this buffer layer would be to shield the 

c-Si surface from the positive Qf of the a-SiNX:H. Silicon oxide is known to have a very low 

charge density (+2·10
11

 cm
-2

; this value was measured on samples from the next section) and has 

a very large bandgap suitable for this application.  

These 3 cases are plotted on Figure 5.5, the effective lifetime as a function of Al2O3 thickness 

and Qf at the Al2O3/c-Si interface is mapped on the bottom line while the corresponding band-

bending is plotted on the upper line. 

 

 

  

 

Figure 5.4: Effective lifetime as a function of the injection level for Al2O3/a-SiNX:H 

passivation stacks with Al2O3 thickness of 20 nm, a-SiNX:H thickness of 75 nm. and 

Dit(Al2O3/c-Si) of 1011 eV-1.cm-2. (a) Al2O3/a-SiNX:H interface free of fixed charges 

(b) Al2O3/a-SiNX:H interface with fixed charges density of +1012 cm-2. 
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We start by discussing the standard case results first. For the Al2O3 thickness of 1 nm, the flat-

band conditions are obtained when the absolute Qf value at the c-Si/Al2O3 is equal to the one at 

the a-SiNX:H/Al2O3 interface (-10
12

 cm
-2

). When the Al2O3 becomes thicker, the required 

quantity of charges at the c-Si/Al2O3 interface to reach flat-band conditions slightly decreases to 

-8.5·10
11

 cm
-2

 for 20 nm of Al2O3. The effective lifetime resulting from the band structure is the 

lowest nearby the flat-band conditions, quickly increasing up to 6000 µs when the surface is in 

the accumulation mode while in inversion mode the lifetime is lower by one order of magnitude. 

The lifetime “death valley” shows a very low dependence on the Al2O3 thickness. The necessary 

Qf value at the Al2O3/c-Si interface changes only from -2.4·10
12

 to -2.2·10
12

 cm
-2

 in order to 

reach SRV of 10 cm.s
-1

. When the a-SiNX:H does not present positive Qf (alternative case #2), the 

surface is always in the accumulation mode regardless of the negative Qf value at the c-Si/Al2O3 

interface. The Al2O3 thickness does not impact any more the band bending. For the considered 

interfacial trap density (10
11

 eV
-1

.cm
-2

 at midgap), Qf of -1.4·10
12

 cm
-2

 is necessary to reach SRV 

of 10 cm.s
-1

. It represents 41% less charge density than for the standard case, so the presence of 

positive Qf in the a-SiNX:H has a non-negligible impact on the charge trapping required in Al2O3 

to reach the passivation objectives. For the alternative case #1 which uses a SiO2 buffer layer 

between Al2O3 and a-SiNX:H, the flat-band conditions are shifted towards lower Qf at the 

Al2O3/c-Si interface, providing lifetime results very similar as the alternative case #2. The 

required Qf at the c-Si/Al2O3 to reach SRV of 10 cm.s
-1

 is then about 1.5·10
12

 cm
-2

. It is just 7 % 

higher than the ideal alternative case #2 where the a-SiNX:H capping layer should be free of 

positive fixed charges. 

5.2 Optimisation of the electrostatic stacking 

5.2.1 Alternative case #1: the SiO2 buffer layer 

5.2.1.1 Experimental environment 

We explored the possibility of shielding the c-Si surface from the positive charges density in 

the a-SiNX:H capping layer by the insertion of a buffer layer between Al2O3 and a-SiNX:H. This 

project was conducted at the “Thin-Film Technologies in Energetics” (TF-TE) laboratory in Saint 

Petersburg. The ALD tool was a FlexAl chamber from Oxford Instruments and the PECVD 

chamber was a Plasma Pro 100 also from Oxford Instruments, both plugged on the same cluster 

tool. The first chamber was used to deposit Al2O3 and the second chamber was only used for the 

buffer layer deposition. All the a-SiNX:H capping layers were deposited in the MVS reactor at the 

LPICM. In order to avoid hazardous comparison, reference samples with only Al2O3 (no buffer 

layer) were also deposited at the TF-TE and then capped at the LPICM. Indeed, the FlexAl 

reactor configuration did not allow the double side deposition like in the Picosun reactor. 

Moreover, for the same temperature set point, the real substrate temperature is not the same [245] 

and the ALD cycle was also different than the one used in the Picosun (Table 5.1). 

 

 

Table 5.1: ALD Cycle used in the FlexAl reactor. Deposition chamber is out-gassed at 

0.05 Pa after substrate loading and then the deposition pressure is raised around 

11 Pa. 

TMA  Purge  H2O  Purge Total duration 

0.02 s  1.5 s  0.07 s  10 s 11.59 s/cycle 
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5.2.1.2 Synthesis of the buffer layer 

The ALD cycle for the Al2O3 was provided by the tool manufacturer, but PECVD process 

conditions to synthesise SiO2 were not available. We started from the typical process condition of 

a-SiOX:H synthesised from silane, carbon dioxide and dihydrogen used for silicon heterojunction 

solar cells [246-248] (Table 5.2). Despite a wider optical bandgap compared to a-Si:H, E04 

remains low, i.e. 2.2 eV as shown in Figure 5.6. Therefore we continuously increased the 

CO2/SiH4 gas ratio to widen the bandgap (Figure 5.6).  

 

 
 

The increase of CO2/SiH4 gas ratio allowed widening the bandgap from 2.2 eV to 5.4 eV, 

corresponding to a refractive index decrease from 3.35 to 1.50. This SiOX with E04 = 5.4 eV is the 

most transparent and will be referred as buffer #1, while the buffer #2 corresponds to the same 

process conditions but for a temperature set point of 250 °C. This increase of substrate 

temperature slightly reduces the optical bandgap from 5.4 eV to 4.9 eV and increases the 

refractive index from 1.50 to 1.52.  

 

 
 

  

 

Figure 5.6: (a) Optical bandgap and refractive index of a-SiOX:H (determined by SE) as 

a function of the CO2 to SiH4 ratio. The deposition temperature is 200 °C for buffer #1 

and 250 °C for buffer #2 (b) SIMS profiles of as-deposited buffer #1 and #2. 

0.7 8 20 40

2

3

4

5

6

 

 

E
0
4
 (

e
V

)

CO
2
 / SiH

4

1.5

2.0

2.5

3.0

3.5

   Buffer #1

   Buffer #2

n
 (

@
 6

3
3
 n

m
)

E
04

n

(a) (b)
0 50 100 150 200 250

1E18

1E19

1E20

1E21

1E22

1E23

A
to

m
ic

 c
o

n
c
e

n
tr

a
ti
o

n
 (

c
m

-3
)

Sputter time (s)

  [H]       [C]

    Buffer #1

    Buffer #2

a-SiOX:H

c-Si

Table 5.2: PECVD parameters for a-SiOX:H deposition. Set-point temperature was 

200 °C (165 °C measured on substrate), the inter-electrode distance was 28 mm and 

the RF frequency 40 MHz. 

Material 
Pressure 

(Pa) 

Power Density 

(mW.cm
-2

) 

Gas ratio 

H2/SiH4 

Gas ratio 

CO2/SiH4 

a-SiOX:H 53 50 10 0.7 
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The hydrogen and carbon content of the layers were determined by SIMS calibrated with SiO2 

implanted samples (Figure 5.6). The carbon content is 2 orders of magnitude lower than the 

hydrogen content for both layers. The oxygen/silicon ratio was determined by RBS to be 1.6 and 

1.5 for buffer layers #1 and #2 respectively. The hydrogen content was measured by ERDA, its 

concentration is ~1.2%at for both buffers, which is rather low. A slight density difference was 

measured by XRR, buffer #2 being denser than buffer #1. Some material properties are 

summarised in Figure 5.3. 

 

 
 

5.2.1.3 Insertion of the buffer layer in the stack 

Three groups of samples were realised using p-type wafers passivated by 60 ALD cycles 

deposited at 250 °C in the FlexAl reactor. The first group received the buffer layer #1 (20 nm) 

on-top of Al2O3, the second group received the buffer layer #2 (20 nm) on-top of Al2O3, and the 

third group did not receive any buffer layer and was the control group. A PDA was performed at 

350, 380, 410 or 440 °C in forming gas atmosphere for all samples. Finally, the a-SiNX:H 

capping was deposited on all samples before performing the post-capping annealing (30 min @ 

380 °C). The insertion of a 20 nm thick buffer layer between Al2O3 and a-SiNX:H affects the 

optical properties of the stack. We used “Essential Macleod” software to determine the optimal a-

SiNX:H thickness that is required to preserve the lowest reflectivity at the incident wavelength of 

633 nm for a stack composed of 6 nm of Al2O3 (n=1.64), 20 nm of a-SiOX (n=1.5) and Y nm of 

a-SiNX:H (n=1.88). The software gives a Y value of 55.60 nm, the PECVD deposition duration of 

the a-SiNX:H capping has been shortened in consequence in order to obtain this value for the first 

and the second groups. 

The initial lifetime was measured after the PCA and then samples received the LIFE2 

treatment in the LIBI. It has to be noted that neither type I nor type II blisters were reported, 

underlining the difference between Al2O3 films deposited in the Picosun and in the FlexAl. The 

saturated lifetime and the lifetime enhancement due to the LIFE2 treatment are plotted on 

Figure 5.7.a. Both the lifetime values and the percentage of the lifetime enhancement due to 

LIFE2 are consistent between the control groups deposited in the FlexAl (Figure 5.7.a) and the 

previous samples deposited in the Picosun (Figure 4.17). Regarding the passivation performance 

of groups #1 and #2, these are unexpectedly poor. The group #1 samples show better lifetime 

than the group #2 samples but these values are well below these of the control group. The lifetime 

enhancement of both groups does not exceed 10%, either due to already saturated lifetime and/or 

poor chemical passivation and poor charge trapping. Both hypotheses might result from the a-

SiOX deposition: indeed CO2 plasma emits deep UV [249, 250] which can create deep defects in 

the first nanometres of the c-Si and also saturate the Al2O3 traps. Considering the high CO2 

content in the gas mixture (78%), this effect cannot be excluded. 

Table 5.3: Material properties of buffer #1 and buffer #2 

Properties 
Characterisation 

technique 
Buffer #1 Buffer#2 

Stoichiometry RBS SiO1.6 SiO1.5 
H (%at) ERDA 1.2 1.2 

density (g.cm
-3

) XRR 2.13 ± 0.02 2.17 ± 0.03 

Refractive index (@ 633 nm) SE 1.50 1.52 
Optical bandgap (eV) SE 5.4 4.9 
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One could expect that, after both PDA and PCA, hydrogen could heal most of these defects; 

however this does not seem to be the case. The relatively high Al2O3 deposition temperature 

(250 °C) might have limited the hydrogen content in the layer and the low hydrogen content in 

the buffer layer (Table 5.3) might not help to feed the c-Si surface with hydrogen. But one role of 

the a-SiNX:H capping is to bring the missing hydrogen to the c-Si surface, so something went 

wrong with this expected hydrogen feeding. 

In order to investigate what happened, n-type wafers were passivated with 20 nm of either 

buffer #1 either buffer #2 directly after HF dip. These samples did not present lifetimes higher 

than 1 µs after 20 min of FGA at 380 °C, which is particularly low. Other samples were 

passivated with a-SiOX and then capped by a-SiNX:H before the FGA. This time the effective 

lifetime increases up to 9 µs for the stack embedding buffer layer #1 and to 6 µs for the stack 

containing the buffer layer #2. This passivation quality is worse than the one provided by the 

stacking of a-SiNX:H on native oxide (278 µs, Figure 3.8). 

 

 
 

ERDA spectra show interesting hydrogen profiles for samples passivated only by a-SiOX and 

that received FGA (Figure 5.7.b). The hydrogen is mainly located at the samples surface and its 

diffusion through the buffer layers is drastically reduced for the buffer layer #2 compared to the 

#1. The analysis of the data suggests a hydrogen content that increases from 1.2%at to 3.6%at and 

2.1%at due to FGA for buffer layers #1 and #2 respectively. Both buffer layers to H2 diffusion, 

this effect being more pronounced for buffer #2. The stoichiometry (O/Si <2) of both layers 

indicates that there might be a lot of silicon dangling bonds in the a-SiOX films that can fix 

hydrogen that is supposed to diffuse toward the c-Si surface. This is supported by the fact that for 

the buffer layer #1, the higher PDA temperature of 410 °C (higher hydrogen mobility) is the most 

appropriate to improve the passivation.  

  

 

Figure 5.7: (a) Effective lifetime (columns) and lifetime improvement due to LIFE2 in the 

LIBI (dots) for samples passivated with 60 ALD cycles of Al2O3, deposited at 250 °C, 

capped by 75 nm of a-SiNX:H (black symbols, control group) or by a stack comprising 

20 nm of a-SiOX (buffer #1 in red = group #1, buffer #2 in green = group #2) and 55 nm 

of a-SiNX:H. (b) ERDA spectra of buffer #1 and #2 (deposited directly on c-Si) after FGA 

for 20 nm of buffer layers #1 and #2. 

350 380 410 440
0

500

1000

1500

2000

E
ff

e
c
ti
v
e

 l
if
e

ti
m

e
 (

µ
s
)

PDA temperature (°C)

 Without buffer

 Buffer #1

 Buffer #2

0

10

20

30

40

E
n

h
a

n
c
e

m
e

n
t 

(%
)

0 125 250 375 500
0

50

100

150

200

250

300

#2

C
o

u
n

ts

Energy (keV)

 Raw (buffer #1 & #2)

         Fit (buffer #1 & #2)

#1

(a) (b)



104 Chapter 5 

 

 

Finite element simulations of the alternative case #1 (Figure 5.5) were repeated with a Dit 

value of 10
12

 eV
-1

.cm
-2

 rather than 10
11

 eV
-1

.cm
-2

 (Figure 5.8). This Dit value shifted up the flat 

band condition towards higher Qf values at the Al2O3/c-Si interface and the resulting lifetimes 

become extremely low. For Qf in the range of interest, between -10
12

 cm
-2

 to -3·10
12

 cm
-2

, the 

expected lifetimes do not exceed 600 µs, which is consistent with the measured values 

(Figure 5.7.a). 

 

 
 

So, despite their high transparency, synthesised buffer layers are not suitable for passivation, 

as their deposition can deteriorate the c-Si/Al2O3 interface (UV from the plasma) and because 

they also act as a sink for hydrogen that should diffuse from the a-SiNX:H capping toward the c-

Si surface. The alternative case #2, based on replacing the standard a-SiNX:H that we used by 

another one with lower positive fixed charges density was thus explored. 

5.2.2 Alternative case #2: a-SiNX:H capping replacement 

5.2.2.1 Approach and specification of the desired a-SiNX:H 

Several material properties should be maintained between the standard a-SiNX:H and the new 

one that we are looking for: optimal refractive index of 1.97, high transparency, high hydrogen 

release during PCA, but we are looking now for a lower Qf. For the synthesis of the standard a-

SiNX:H, the inter-electrode distance remained fixed at 20 mm. We varied this distance in the 

present study, raising the PECVD parameter to four: gas ratio, applied power density, pressure 

and inter-electrode distance. Considering at least 4 values for each of the 4 parameters, it 

represents 4
4
 = 256 possible combinations, which is not feasible. We used a design of experiment 

approach to mesh the parameters space with a minimal number of samples. The full-factorial 

design is not suited in this case as it lacks of sensitivity regarding response modulations in the 

middle of the parameter space. We use the Box-Behnken response surface design of experiments 

[251, 252] to mesh the process condition space. Only 25 different process conditions are 

necessary to model the a-SiNX:H properties as a function of these process conditions. Similarly to 

the full factorial DOE, deposition parameters are set to their minimal value (-), their maximal 

value (+) or their middle value (0), but contrary to the full factorial DOE, the surface response 

DOE places much more points in the middle of the parameters space (Table 5.4).  

 

 

Figure 5.8: (a) Band bending at the c-Si surface and (b) effective lifetime resulting from 

the band bending for the alternative case #1 (Figure 5.5) but with Dit set at 

1012 eV-1.cm-2. 

2 4 6 10 20

-1E11

-1E12

F
ix

e
d

 c
h

a
rg

e
s
 d

e
n

s
it
y
 (

c
m

-2
)

Al
2
O

3
 thickness (nm)

2 4 6 10 20

-1E11

-1E12

F
ix

e
d
 c

h
a
rg

e
s
 d

e
n
s
it
y
 (

c
m

-2
)

Al
2
O

3
 thickness (nm)

(a) (b)

Inversion

Accumulation



Interaction between Al2O3 and its a-SiNX:H capping layer 105 

 

 

 
 

5.2.2.2 Synthesis of the new a-SiNX:H capping 

As the K-centres are distributed in the volume of a-SiNX:H [243], it is of prime importance to 

compare films of the same thickness. The same deposition time (150 s) was used for the 25 

process conditions. Film thicknesses were measured by SE in order to determine the growth rate 

and so to adapt the required deposition time of each process condition to obtain a film thickness 

of 75 nm. Thanks to these data it was possible to model the growth rate with JMP software 

(Figure 5.9). The deposition pressure is by far the parameter that impacts the more the growth 

rate. The higher the pressure, the faster the deposition rate. The inter-electrode distance has also a 

significant impact; changing this distance from 20 mm to 30 mm leads to an increase of the 

deposition rate by 30 % when the pressure is 100 Pa. 

 

Table 5.4: Box-Behnken surface response DOE parameters 

Sample Configuration 
Inter-electrode 

distance (mm) 

Pressure 

(Pa) 

Power density 

(mW.cm
-2

) 

Gas 

ratio 

1 0−+0 25 40 216 2.25 

2 −−00 20 40 126 2.25 

3 0000 25 70 126 2.25 

4 0−−0 25 40 36 2.25 

5 0++0 25 100 216 2.25 

6 +00− 30 70 126 1.50 

7 0+−0 25 100 36 2.25 

8 0+0− 25 100 126 1.50 

9 00++ 25 70 216 3.00 

10 0−0+ 25 40 126 3.00 

11 0−0− 25 40 126 1.50 

12 −+00 20 100 126 2.25 

13 +0−0 30 70 36 2.25 

14 −00+ 20 70 126 3.00 

15 +−00 30 40 126 2.25 

16 0+0+ 25 100 126 3.00 

17 +00+ 30 70 126 3.00 

18 +0+0 30 70 216 2.25 

19 00−+ 25 70 36 3.00 

20 −0+0 20 70 216 2.25 

21 −0−0 20 70 36 2.25 

22 00−− 25 70 36 1.50 

23 00+− 25 70 216 1.50 

24 −00− 20 70 126 1.50 

25 ++00 30 100 126 2.25 
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Thanks to the determined growth rate, 25 n-type wafers were passivated by 75 nm of a-

SiNX:H after HF dip. Wafers were then cut in half in order to perform the measurement on both 

the as-deposited and the annealed state of the films. During PECVD, VRF and VDC were 

monitored in order to determine the VPL. The refractive index (at 633 nm) and the extinction 

coefficient (at 300 nm) were determined by SE. XRR was performed on all films, the critical 

angle of the measure was used as a proxy of the density, the latter being excessively long to 

determine considering the variety of film compositions. The film density is not the most relevant 

parameter for passivation, but it is an important parameter to avoid ghost plating during 

metallisation [253]. COCOS measurements were performed on all samples but failed for 9 of 

them despite several attempts. The tool manufacturer confirmed that when the dielectric 

properties of the film are too poor, the deposited corona charges leak into the film, making the 

measurement impossible. So, the model that describes Qf as a function of PECVD process 

conditions relies only on 16 values rather than 25. The as-deposited samples underwent TDS to 

qualify the hydrogen content. The H2 signal recorded by the QMS was normalised by the film 

volume (surface determined by optical microscope and thickness by SE). The signal is then 

integrated between 200 °C and 700 °C or 200 °C and 380 °C, these values being considered 

representative of the total hydrogen content and the hydrogen release during PCA respectively. 

All the measured responses were modelled with reasonable goodness of fit, the extremely high 

one of Qf being certainly not representative due to missing data (Table 5.5). 

 

 

Table 5.5: Quality of output models and the two most impacting PECVD parameters on 

the different model responses in order of importance 

Response R² Most impacting PECVD parameter,  

Growth rate 0.94 Pressure, power 
VPL 0.90 Power, pressure 

Refractive index 0.99 Gas ratio, power 
Extinction coefficient 0.98 Gas ratio, power 

Critical angle 0.89 Pressure, power 
Qf (after PCA) 0.99* Power, gas ratio 

Total H2 content 0.86 Inter-electrode distance, pressure 

H2 release by PCA 0.90 Pressure, inter-electrode distance 

* Model based on 16 samples 

 

Figure 5.9: Modelled growth rate for an inter-electrode distance of (a) 20 mm. and 

(b) 30 mm. 

(a) (b)
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Surface responses of the refractive index (Figure 5.10.a) and the extinction coefficient 

(Figure 5.10.b) are consistent with the previously obtained values (Figure 3.5.b). The gas ratio 

and the power density are the two main impacting parameters for these optical properties. A small 

gas ratio and a low power density result in silicon rich a-SiNX:H with optical properties close to 

a-Si:H. The deposition pressure has a negligible impact on the extinction coefficient while it is of 

prime importance to consider it in order to reach the optimal refractive index of 1.97 (black line 

on Figure 5.10.a). The Qf surface response (Figure 5.10.c) looks like a canyon, suggesting an 

ideal film stoichiometry that reduces Qf. Indeed as previously observed (Figure 3.5.b) for a 

constant power density, ammonia-rich atmosphere results in N-rich films. Then, when the power 

density increases, ammonia dissociation also increases and less ammonia is required in the gas 

mix to obtain similar film composition. However, considering that 36% of the COCOS 

measurements failed, this Qf model might not be very accurate. Regarding the released quantity 

of hydrogen during PCA (Figure 5.10.d), the pressure and the inter-electrode distance are the 

most impacting parameters; a pressure increase from 40 Pa to 100 Pa triples the amount of 

hydrogen incorporated in the a-SiNX:H films. 

 

Figure 5.10: Modelled surface responses for an inter-electrode distance of 20 mm. (a) 

refractive index at 633 nm. (b) Extinction coefficient at 300 nm. (c) Fixed charges 

density after PCA. (d) Hydrogen release by PCA. For the sake of clarity, only one 

surface is plotted when the pressure change does not strongly impact the response. 

(c) (d)

(a) (b)
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Figure 5.11: DOE results for the optimal compromise between refractive index 

(desirability set maximal for n=1.97), extinction coefficient (desirability set at 

minimising k), fixed charge density (desirability set at minimising Qf) and hydrogen 

release (desirability set at maximising H2 release). No desirability restrictions have 

been set on the critical angle, the plasma potential (VPL), the growth rate and the total 

hydrogen content in order to get these values without impacting the optimisation. 
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All the modelled responses were gathered together to determine the optimal recipe that will 

provide a-SiNX:H with the lowest Qf, the highest hydrogen release by PCA, the highest 

transparency (lowest k) and the refractive index equal to 1.97 (Figure 5.11). Other responses like 

the VPL, the critical angles the growth rate and the total hydrogen content were included without 

any constraint on the values, just for information. The software proposed the process parameters 

summarised in Table 5.6 which are really different from the previous ones. 

 

 
 

The new a-SiNX:H film was deposited and analysed in the same way as the samples from the 

DOE. The measured data are summarised in Table 5.7 and compared with both the expected 

values from the model and the values of the former a-SiNX:H film. 

 

 
 

The model underestimates the growth rate by 22 %, which is twice faster than for the former 

film. The models are pretty accurate regarding the refractive index, the plasma potential and the 

critical angle values. In contrast, the extinction coefficient was underestimated and is 6.5 times 

higher than the one of the former a-SiNX:H, resulting in a strong transparency loss as determined 

by equation (5.1) and plotted on Figure 5.12.  

The current density loss associated to absorption in the a-SiNX:H has been calculated for the 

AM1.5 spectrum. Assuming that one absorbed photon in the a-SiNX:H results in one electron loss 

for the photogenerated current density in the c-Si, it results in a current density loss that increases 

from 0.061 mA.cm
-2

 for the former a-SiNX:H to 0.815 mA.cm
-2

 for the new a-SiNX:H. 

  

Table 5.7: comparison between former and new capping properties  

Properties Former capping 
New capping 

Predicted 

New capping 

measured 

Model 

error (%) 

Growth rate (A.s
-1

) 5 11.3 13.8 +22% 

n (@ 633 nm) 1.876 1.97 2.06 +4.5% 
k (@ 300 nm) 0.069 0.262 0.448 +71% 

critical angle (2θ; °) 0.438 0.421 0.408 -3.1% 
VPL (V) 25 60 56 -6% 

H2 release (AU) 3.1 4.8 5.5 +15% 

Qf (cm
-2

) +1.01·10
12

 +0.04·10
12

 +0.47·10
12

 +1075% 

 

Table 5.6: Comparison between the former a-SiNX:H process parameters and the new 

a-SiNX:H process parameters obtained from the DOE data treatment.  

Recipe 
Pressure 

(Pa) 

Power density 

(mW.cm
-2

) 

Gas ratio 

(NH3/SiH4) 

Inter-electrode 

distance (mm) 

Former a-SiNX:H 100 36 9 20 

New a-SiNX:H 70 161 2.64 30 
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𝐴 = (1 − 𝑒−
4𝜋𝑘
𝜆

 𝑡) 
(5.1) 

With: 

• k : the extinction coefficient 

• λ : the wavelength 

• t : the film thickness 

 

 
Despite the loss of 0.815 mA.cm

-2
 in the photogenerated current and a non-null Qf, the new a-

SiNX:H contains 50% less positive fixed charge density and releases more hydrogen than the 

former capping, so it is of interest to test it on Al2O3.  

5.2.2.3 Performances of the new a-SiNX:H capping 

Four p-types wafers were passivated by TD-ALD with 20 ALD cycles for two wafers and 

60 ALD cycles for the two others, using the thermal drift profile #1 (Figure 4.15). Samples with 

60 ALD cycles received a PDA of 30 min at 380 °C while the samples with 20 ALD cycles did 

not receive a PDA. For each Al2O3 thickness, one sample was capped by the former a-SiNX:H 

and another one by the new a-SiNX:H (Table 5.6). All the samples received the PCA (20 min at 

380 °C) and then the lifetime was measured. The samples were subject to LIFE2 treatment in the 

LIBI for one week. The saturated lifetime was measured by QSS-PC (LIS-R1) before storing the 

samples in a dark cabinet for one month in order to determine how much the lifetime diminished 

after this storage. 

 

Figure 5.12: absorption of the former and the new a-SiNX:H layers calculated from 

their respective absorption coefficient (determined by SE). The calculated current 

density loss associated to absorption assumes one pass of the photons in the films 

and no reflection at the interfaces. 
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For samples with 20 ALD cycles of Al2O3, the former capping remains the most efficient, 

allowing a lifetime increase of 300% due to LIFE2 and then a lifetime degradation of 30% due to 

dark storage (Figure5.13.a). After PCA the initial lifetime provided by the new capping on 

20 ALD cycles demonstrates similar passivation level than the former one (~100 µs). The 

passivation stack with the new capping is less sensitive to the LIFE2 treatment, increasing 

lifetime just by 40% (140 µs). Then, after storage in the dark, the lifetime is going back to its 

initial value. The higher power density used to deposit the new a-SiNX:H layer that results in 

higher plasma potential and so higher ion bombardment can deteriorate the already low 

passivation properties provides by the 20 ALD cycles. 

 

 
 

When the Al2O3 thickness is increased to 60 ALD cycles the effective lifetime increases by one 

order of magnitude compared to 20 ALD cycles (Figure 5.13.b). Before the LIFE2 treatment, the 

new a-SiNX:H already provides better passivation than the former one. For both cappings the 

effective lifetime increases by ~500% after LIFE2, maintaining the lifetime difference between the 

two samples. An exceptionally high lifetime of 8774 µs is measured at 10
15

 cm
-3

 for the sample 

capped with the new a-SiNX:H, which corresponds to a SRV of 0.83 cm.s
-1

. The PCD calibrated 

photoluminescence picture shows a homogenous surface passivation and reveals areas with SRV 

as low as 0.55 cm.s
-1

 (Figure 5.14). If the charge density in the new capping is neglected, finite 

element simulation results of chapter 2 (Figure 2.7) suggest passivation properties around 

10
10

 eV
-1

.cm
-2

 for the Dit and -3·10
12

 cm
-2

 for the Qf at the Al2O3/c-Si interface. These values are 

consistent with the Dit and Qf values measured for TD-ALD passivated samples (chapter 4).  

  

 

Figure 5.13: Effective lifetime of Al2O3/a-SiNX:H passivated samples with (a) 20 ALD 

cycles and (b) 60 ALD cycles deposited with the thermal drift profile #1. The simulated 

curve was obtained using the model depicted on Figure 1.7 with an interfacial trap 

density of 1010eV-1cm-2 and a Qf of -3·1012 cm-2 at the c-Si/Al2O3 interface.  
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However, the superior passivation quality due to the new a-SiNX:H capping cannot be 

attributed only to the lower positive Qf. Indeed, the positive charge density reduction in the 

capping is accompanied by a strong increase of the hydrogen release during PCA, that can 

definitely make the difference between a good and a very good passivation quality. Moreover, the 

new capping is less transparent to UV, so high energy photons which could break Si-H bonds at 

the c-Si surface will be absorbed by the new a-SiNX:H layer rather than the c-Si surface. This deep 

UV filter function can be interesting for a stabilised passivation over time. The trade-off between 

the VOC gain due to higher passivation and the JSC loss (-0.815 mA.cm
-2

) has to be evaluated at the 

device level. 

 

 
After 1 month in the dark, the sample capped with the new a-SiNX:H layer shows a lifetime 

degradation of 7.8% while the sample capped with the former a-SiNX:H shows a lifetime decrease 

of 10.9%. On Figure 5.13.b it is clearly visible that the lifetime degradation is nearly constant over 

the carrier density for the sample capped with the new a-SiNX:H while the τeff degradation quickly 

increases as the carrier density decrease for the sample with the former capping layer. A field 

effect decrease is suspected but cannot be fit by the finite element model that we used in chapter 2 

and chapter 4. Thus, this intriguing behaviour cannot be explained at the moment. 

  

 

Figure 5.14: QSS-PC calibrated photoluminescence picture (Δn=1015cm-3) of a p-type 

c-Si wafer with the optimised passivation stack, i.e. 60 ALD cycles using thermal drift 

profile #1; annealed 30 min @ 380 °C; capped with the new a-SiNX:H before PCA. 
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5.3 Conclusion 

In this chapter we discussed the impact of the electronic properties of the a-SiNX:H capping 

on the passivation provided by an Al2O3/a-SiNX:H stack. Finite elements simulation suggests that 

the presence of positive Qf in the a-SiNX:H capping decreases the passivation level provided by 

the Al2O3/a-SiNX:H stack. Two solutions were found to overcome this problem: the use of a 

transparent buffer layer between the Al2O3 and the a-SiNX:H or the replacement of the a-SiNX:H 

layer by another one free of positive Qf. Experimentally, the former solution (that seems the 

easiest) was not conclusive due to inappropriate material properties of the buffer layer, while the 

latter solution provided an exceptionally high passivation level (SRV = 0.83 cm.s
-1

). 

The main key fact here is that the development of a perfect capping layer for Al2O3 is 

extremely demanding regarding all its specifications. However, a lower transparency of a capping 

layer containing lower Qf can be a good trade-off between VOC and JSC and has to be numerically 

modelled at the device level. 
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Conclusion and perspectives 
 

 
The surface passivation properties provided by Al2O3 grown from trimethylaluminium and 

H2O using atomic layer deposition have been investigated in view of their application to solar 

cells processed at temperature lower than 400 °C. From the results presented in this thesis, we 

propose c-Si surface passivation by Al2O3 mechanisms described hereafter. 

Chemical passivation: Dit reduction 

In chapter 2 we reviewed how Al2O3 film properties are highly dependent on the deposition 

temperature. The hydrogen content of the films is the property that is the most impacted by the 

deposition temperature. However, despite a hydrogen content up to 6 %at, the passivation level 

provided by a thin (< 20 nm) Al2O3 film after deposition on c-Si is very poor (Seff ~ 140 cm.s
-1

). 

A post-deposition annealing (PDA) is required to activate the passivation properties. During this 

annealing, the dehydroxylation of Al2O3 is the main reaction that leads to c-Si passivation 

improvement. An isolated dehydroxylation reaction involving two aluminol groups releases two 

hydrogen atoms and one oxygen atom that are most of the time combined in an H2O molecule. 

Nevertheless, thermal desorption spectroscopy (TDS) experiments (chapter 4) suggest a 

different chemical behaviour for the Al2O3 free surface and the Al2O3/c-Si interface. Indeed, H2O 

molecules are steadily released by the film when the TDS furnace temperature increases, while 

H2 molecules seem to be produced and trapped at the c-Si/Al2O3 interface as they are mainly 

detected when the film breaks (blisters explosion). These different chemical behaviours can be 

ascribed to the catalytic properties of tetrahedrally coordinated aluminium atoms that represent 

more than 75 % of the Al coordination at the c-Si/Al2O3 interface. 

So, at the c-Si/Al2O3 interface, the oxygen atom released by a dehydroxylation reaction is not 

incorporated as a gaseous species. It can remain in the network as an interstitial atom (explaining 

thus the excess of oxygen detected at the c-Si/Al2O3 interface) or more likely oxidise the c-Si 

surface (explaining SiO2 thickening at this interface due to a PDA). This SiO2 that grows between 

the Al2O3 film and c-Si substrate during the PDA seems essential for a stable passivation. Indeed, 

with thermal-drift atomic layer deposition (TD-ALD) process we obtained a very good chemical 

passivation (Dit ~ 5·10
10

 ev
-1

.cm
-2

) in as-deposited state, but this passivation is not stable against 

low intensity UV illumination. Considering that during TD-ALD the deposition temperature 

never exceeded 250 °C, the good as-deposited passivation properties might be the result of 

hydrogen diffusion that passivates dangling bonds rather than the oxidation of the silicon. The 

small bond energy of Si-H (3.03 eV) compared to Si-O (8.24 eV) results in a c-Si surface 

depassivation under UV illumination, similar to the Staebler-Wronski effect. A PDA carried out 

at temperatures higher than 350 °C seems a prerequisite to form the interfacial SiO2 and then 

obtain a stable chemical passivation. 
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However, the hydrogen contribution to passivation cannot be neglected and might make the 

difference between a good and a very good passivation level. 

 

In order to further investigate the origin of the passivation stability difference between TD-

ALD Al2O3 films in as-deposited state and after a PDA, electron energy loss spectroscopy and 

XPS have to be carried out. The UV stability evaluation of an as-deposited Al2O3 film grown by 

TD-ALD on a c-Si surface presenting a thin (~1 nm) chemical SiO2 can also be considered. 

Field effect passivation: Qf increase 

Regarding the field effect passivation, it mainly results from electrons trapped in Al2O3 by 

point defects that seem to be linked to oxygen (interstitials and/or vacancies). In chapter 2, we 

showed that injection of electrons from the c-Si into the Al2O3 occurs through two mechanisms: 

 A direct injection if the absorbed photon has energy higher than the difference 

between the c-Si valence band and the Al2O3 conduction band.  

 An indirect injection that results from multiple particles interaction, when the 

photogenerated carrier density in the first nanometres below the c-Si surface is high 

enough to induce Auger recombination. 

These electron traps can be filled during the PDA due to temperature related intrinsic carrier 

concentration increase or due to direct illumination of the silicon by the IR lamps of the furnace. 

After the PDA, the traps can be filled by low intensity UV illumination (direct injection 

mechanism) or high intensity illumination (indirect injection mechanism, with or without UV 

wavelength). 

In this work, we used the light-induced field effect enhancement (LIFE2) treatment to probe 

the stability of these trapped charges. It seems that this trapping stability is directly related to the 

Al2O3/c-Si interface quality. Indeed, as shown in chapters 3 and 4, as soon as blistering appears 

on the sample, the trapped charges start to be released when the sample illumination is stopped. 

Thanks to coloured picosecond acoustics microscopy (APiC), we showed that the blistering 

seems to result from an adhesion reduction that correlates with hydrogen accumulation at the c-

Si/Al2O3 interface. The formation of blisters occurs through a nucleation/growth process linked to 

both the initial hydrogen quantity and the Al2O3 film thickness, the latter representing a barrier to 

gas diffusion. Thus we proposed to use a thermal drift during the ALD process in order to release 

the hydrogen during the deposition, i.e. when the Al2O3 film thickness is not completed. An APiC 

mapping allowed us to underline how much this TD-ALD concept provides very good interface 

quality between the c-Si substrate and the Al2O3 film.  

In chapter 5, we showed that the deposition of an a-SiNX:H film that contains positive charges 

on top of Al2O3 can reduce and even cancel the field effect passivation provided by the Al2O3 

layer at the c-Si surface. Finite element modelling suggests two approaches to avoid this effect: i) 

the insertion of a thin (~20 nm) buffer layer nearly free of charge, such as SiO2, between Al2O3 

and a-SiNX:H ; ii) the reduction of the positive charge quantity in the a-SiNX:H. The latter 

approach has been successfully implemented on an Al2O3 layer deposited by TD-ALD. This 

Al2O3/a-SiNX:H passivation stack reduced the surface recombination velocity down to 0.8 cm.s
-1

 

and showed exceptional charge trapping stability after one month of storage in the obscurity. 
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In order to further investigate the degradation of the c-Si/Al2O3 interface adhesion, in situ 

APiC measurements during annealing would be very interesting. The APiC technique might be 

suitable to detect passivation degradation on PERC back surface after firing. Indeed, the acoustic 

wave generation requires aluminium metallisation of the surface. For a more academic 

understanding, coupling in situ APiC with in situ photoluminescence measurements would allow 

linking directly Al2O3/c-Si adhesion quality and passivation level during annealing.  

More generally, an extended study of the TD-ALD process would be of interest. The gas 

release kinetics during TD-ALD might have some limitations. The implementation of the process 

on an industrial tool such as the spatial ALD “Levitrack” from Levitech could be very interesting 

to assess the process compatibility with the industrial deposition throughput.  

At the solar cell level, regarding the use of Al2O3 in a passivation stack for p-type surfaces, 

we strongly recommend replacing the a-SiNX:H by another material containing lower positive 

charge density such as SiONX:H or AlN, or even negative charges. 

It can be interesting to use Al2O3 on the p
+
 surface of an n-PERT exposed to the sunlight to 

ensure a daily charging of the Al2O3 traps and so maximal surface passivation. Then, for the 

n-type back surface passivation, an Al2O3 layer nearly free of charges can be of interest. As this 

back surface will not be exposed to UV radiation, the use of TD-ALD is an easy way to obtain a 

very good surface passivation without the high negative charge density. Moreover, as shown in 

chapter 5, the charges of the capping impact the effective field effect at the c-Si surface. Thus, 

depositing a capping that presents a high density of positive charges on top of an Al2O3 layer that 

is almost free of negative charges might result in an efficient passivation stack for an n-type 

surface. 

Another interesting use of the LIFE2 phenomenon would be the field effect enhancement of 

the Al2O3 deposited on the PERC back surface. Indeed, after full surface metallisation, the back 

surface receives only IR wavelengths. Then, an intense IR laser illumination from the front 

surface of the PERC can inject electrons in Al2O3 through high carrier concentration at the 

Al2O3/c-Si interface. 
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Résumé 
 

 
Ce travail de doctorat se focalise sur les propriétés passivantes octroyées par des couches 

minces d’oxyde d’aluminium déposées par Atomic Layer Deposition (ALD). Ces couches 

synthétisées à partir de trimethylaluminium et d’eau sont destinées aux cellules photovoltaïques 

en silicium ayant des températures de fabrication inférieures à 400 °C. La première étape de ce 

travail a été la caractérisation approfondie des propriétés physico-chimiques des couches d’Al2O3, 

en fonction de leur température de dépôt. Ainsi, les différentes caractéristiques ont été 

quantifiées : la vitesse de croissance et l’indice de réfraction par ellipsométrie spectroscopique, la 

masse volumique par réflexion des rayons-X, la stœchiométrie par spectroscopie de rétrodiffusion 

de Rutherford, la teneur en hydrogène par l’analyse du recul élastique et enfin la teneur en 

carbone grâce à l’analyse par réaction nucléaire. La teneur en hydrogène et la densité de la 

couche mince d’Al2O3 sont les deux paramètres les plus sensibles à la température de dépôt. En 

effet, plus cette dernière augmente, plus la quantité d’hydrogène diminue et plus la masse 

volumique de la couche mince augmente. La suite de ce travail vise à identifier les mécanismes 

de formation des charges électrostatiques négatives, que l’on retrouve dans l’oxyde d’aluminium. 

Pour ce faire, les effets de l’illumination post-dépôt (c’est-à-dire, le flux et l’énergie des photons), 

ainsi que la température du substrat ont été étudiés. Grâce à une quantification de la densité de 

charges par caractérisation d’oxyde de semi-conducteur par décharge corona, il a été montré 

qu’au moins 70 % de ce qu’on appelle généralement les « charges fixes » sont, en réalité, des 

charges piégées qui résulteraient de l’injection d’électrons du substrat de silicium dans l’oxyde 

d’aluminium. Par la suite, nous avons étudié l’influence des paramètres de dépôt de l’oxyde 

d’aluminium ainsi que l’impact des traitements post-dépôt sur le piégeage des charges et, a 

fortiori, sur les performances passivantes qui en résultent au sein d’un empilement Al2O3/a-

SiNX:H, déposé sur du silicium cristallin de type p. Les liens entre l’épaisseur de l’oxyde 

d’aluminium, la qualité et la durabilité de la passivation ont pu être établis. De ce fait, le meilleur 

compromis qui en est ressorti, s’est avéré se situer aux alentours de 60 cycles ALD (~6 nm) 

d’oxyde d’aluminium, permettant une durée de vie des porteurs de charges minoritaires allant 

jusqu’à 4500 μs. 

La deuxième partie de ce travail doctoral consiste à étudier, et mettre en évidence, les 

mécanismes de dégradation de la passivation. La formation de cloques à l’interface c-Si/Al2O3 est 

le premier mécanisme de dégradation étudié. Grâce à la microscopie acoustique picoseconde 

colorée (APiC), la dégradation de l’interface Al2O3/c-Si a été confirmée lors de l’épaississement 

de l’oxyde d’aluminium. Cette dégradation a également été mise en évidence lors de la réduction 

de la température de dépôt, c’est-à-dire en augmentant la teneur en hydrogène au sein du film 

d’oxyde d’aluminium. Des mesures de spectroscopie de désorption thermique suggèrent que la 

déshydroxylation de l’oxyde d’aluminium donne de l’eau dans le volume du film, mais du 

dihydrogène à l’interface Al2O3/c-Si. L’activité catalytique des sites d’aluminium en coordination 

tétraédrique, particulièrement présents à cette interface, est proposée comme étant à l’origine de 
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la formation de ce dihydrogène et potentiellement responsable du cloquage observé à cette 

interface. Une dérive thermique pendant l’ALD (TD-ALD) a été utilisée pour résoudre ce 

problème de cloquage. Il a été montré que l’augmentation continue de la température du substrat, 

pendant le dépôt, favorise la libération de l’hydrogène à partir de l’interface c-Si/Al2O3. Ce 

procédé, particulièrement adapté aux réacteurs de dépôt de type ALD spatial, a été utilisé dans un 

réacteur temporel en utilisant le temps de thermalisation nécessaire au porte-substrat pour 

atteindre la température du réacteur de dépôt. Pour 60 cycles ALD, le TD-ALD a permis 

d’augmenter la durée de vie des porteurs de charges jusqu’à 5500 μs et de supprimer le cloquage 

qui était présent pour les plus fortes teneurs en hydrogène. Pour conclure ce travail doctoral, il a 

été mis en évidence, par simulation numérique, l’affaiblissement de la passivation par effet de 

champ résultant des charges positives dans la couche de protection en nitrure de silicium amorphe 

hydrogéné (a-SiNX:H). Les propriétés de l’a-SiNX:H ont été expérimentalement optimisées, grâce 

à une approche par plan d’expérience de type Box-Behnken. Ce plan d’expérience a rendu 

possible la modélisation des paramètres physiques, chimiques et électriques des couches de a-

SiNX:H en fonction des paramètres du dépôt chimique en phase vapeur assisté par plasma. Une 

nouvelle couche mince d’encapsulation d’a-SiNX:H contenant 50 % de charges fixes positives en 

moins a permis d’obtenir une durée de vie des porteurs de charges de 8800 μs pour 60 cycles de 

TD-ALD, c’est-à-dire une vitesse de recombinaison de surface exceptionnellement basse de 0,8 

cm.s
-1

. 

 
 

 

  



Résumé  139 

 

 

  



 

Université Paris-Saclay           

Espace Technologique / Immeuble Discovery  

Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France  

 

Titre : Passivation de la surface du silicium cristallin par l’oxyde d’aluminium synthétisé via atomic layer deposition 

pour la fabrication de cellules photovoltaïques à basse température. 

Mots clés : Passivation ; Al2O3 ; ALD ; Photovoltaïque ; LIFE2  

Résumé : Cette thèse se focalise sur les propriétés 

passivantes octroyées par des couches minces d’Al2O3 

déposées par Atomic Layer Deposition (ALD) à partir de 

TMA et H2O pour les cellules photovoltaïques en 

silicium ayant des températures de fabrication inférieures 

à 400 °C. La première partie de ce travail de doctorat 

vise à identifier les mécanismes de formation des charges 

électrostatiques négatives présentes dans l’oxyde 

d’aluminium. Il a été constaté qu’au moins 70 % de ce 

qui est généralement appelé les « charges fixes » sont en 

fait des charges photo-injectées du c-Si dans l’Al2O3. 

Nous avons étudié l’influence des paramètres de dépôt 

de l’Al2O3 ainsi que l’impact des traitements post-dépôt 

sur le piégeage de ces charges au sein d’un empilement 

Al2O3/a-SiNX:H déposé sur du silicium cristallin de type 

p. Les liens entre l’épaisseur de l’Al2O3, la qualité et la 

durabilité de la passivation ont pu être établis. Le 

meilleur compromis s’est avéré être aux alentours 60 

cycles ALD (~6 nm), permettant d’atteindre une durée de 

vie des porteurs de charges minoritaires de 4500 μs. La 

deuxième partie de ce travail doctoral porte sur les  

mécanismes de dégradation de la passivation. Grâce à 

la microscopie acoustique colorée, la dégradation de 

l’interface Al2O3/c-Si lors de l’épaississement de 

l’Al2O3 mais également lors la réduction de sa 

température de dépôt, c’est-à-dire en augmentant sa 

teneur en hydrogène, a été confirmée. L’augmentation 

continue de la température du substrat pendant le dépôt 

ALD (TD-ALD) favorise la libération de l’hydrogène à 

partir de l’interface c-Si/Al2O3. Pour 60 cycles, le TD-

ALD a permis d’augmenter la durée de vie des porteurs 

de charges jusqu’à 5500 μs. Enfin, l’affaiblissement de 

la passivation par effet de champ résultant des charges 

positives dans la couche de protection en a-SiNX:H a 

été mis en évidence par simulation numérique. Une 

nouvelle couche mince d’a-SiNX:H contenant 50 % de 

charges fixes positives en moins a permis d’obtenir une 

durée de vie des porteurs de charges de 8800 μs pour 

60 cycles de TD-ALD, c’est-à-dire une vitesse de 

recombinaison de surface exceptionnelle basse de      

0,8 cm.s
-1

. 

 

 

Title : Silicon surface passivation properties of aluminium oxide grown by atomic layer deposition for low 

temperature solar cells processes. 
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Abstract : This thesis focuses on the passivation 

properties provided by thin Al2O3 films grown by atomic 

layer deposition (ALD) from TMA and H2O for silicon 

solar cells having process temperatures lower than 

400 °C. The first part of this doctoral work aims at 

identifying the formation mechanisms of negative 

electrostatic charges in aluminium oxide. It was found 

that at least 70 % of what are generally named “fixed 

charges” are in fact trapped charges resulting from the 

injection of carriers from the silicon substrate into the 

aluminium oxide. Then, we studied the influence of 

Al2O3 deposition parameters and post-deposition 

treatments on charge trapping and resulting passivation 

performances within an Al2O3/a-SiNX:H stack on p-type 

c-Si. The dependence of passivation performance (and 

stability) on Al2O3 thickness has been highlighted. Best 

compromise has been found to be around 60 ALD cycles 

(~6 nm), providing a lifetime up to 4500 µs. The second 

part of this PhD deals with the degradation mechanisms  

of passivation. Thanks to coloured picosecond acoustic 

microscopy, the Al2O3/c-Si adhesion has been 

confirmed to be reduced by Al2O3 thickening but also 

by the reduction of its deposition temperature, i.e. an 

increase of hydrogen content. A thermal drift during 

ALD (TD-ALD) has been used to solve this blistering 

issue. Gradual increase of the substrate temperature 

during the growth favours the release of hydrogen from 

the wafer/Al2O3 interface. For 60 ALD cycles, TD-

ALD increased the lifetime up 5500 µs. Finally, the 

weakening of the electrostatic passivation arising from 

the positive charges in a-SiNX:H capping layer has 

been underlined by finite element simulations. The a-

SiNX:H properties have been experimentally tuned 

thanks to a design of experiment approach. New a-

SiNX:H capping containing 50 % less positive fixed 

charges resulted in a lifetime of 8800 µs for 60 TD-

ALD cycles, i.e. an outstanding surface recombination 

velocity of 0.8 cm.s
-1

.  
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