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ABSTRACT

Purpose: of this paper is to present the research results of silicon nitride SiNx films used for industrial silicon 
solar cells and for third generation solar cells.
Design/methodology/approach: The SiNx films were deposited using RF- and LF-PECVD methods. The 
optical and structural properties were investigated by spectroscopic ellipsometry, XPS, FTIR spectroscopy and 
X-Ray reflectometry. The passivation properties were investigated by carriers lifetime measurements using a 
photoconductance decay (PCD) technique. For the photovoltaics of third generation the multilayer structures 
of SiNx were deposited and annealed in order to obtain the silicon quantum superlattices. These structure were 
characterized by high-resolution TEM, GI-XRD, photoluminescence, Raman and SPV spectroscopy.
Findings: It is shown that the layers deposited by LF PECVD have more profitable optical and electrical 
properties for industrial silicon solar cells than those deposited by RF PECVD. The other finding is that multi-layer 
structure of SiNx annealed at high temperature shows the properties of the new semiconductor with the gap energy 
broader then the gap of the silicon.
Research limitations/implications: The maximal density of SiNx layers is equal to 2.6 g/cm3. It is too low 
to obtain high efficiency mc-Si cells. The deposition process should be further optimized. The other limitation is 
obtaining a regular structure of quantum superlattice composed of quantum dots with defined diameter and density 
which is a very difficult technological task. This work should be continued in the future.
Practical implications: The results of SiNx investigation can be used to increase the efficiency of mc-Si 
solar cells. The results of multilayer SiNx investigations may be applied to a solar cells based on silicon QDs 
superlatice.
Originality/value: The work present useful methods for optimisation of passivation properties of SiNx films. 
The other value of the paper is obtaining new kind of nanomaterial composed of Si quantum dots embed in the 
dielectric matrix.
Keywords: Amorphous materials; Nanomaterials; Silicon nitride; Silicon Quantum Dots
Reference to this paper should be given in the following way: 
M. Lipiński, Silicon nitride for photovoltaic application, Archives of Materials Science and Engineering 46/2 
(2010) 69-87.
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1. Introduction 

 
The development of technologies from the renewable sources 

is one of the priority task in the all industrialized country around 
word. The most environment-friendly technologies of energy 

production is photovoltaics (PV). Electricity production from PV 
is free of any type of acoustic or radioactive environmental 
pollution and any gaseous emissions. Photovoltaic provide clean, 
quiet, reliable electricity from sunlight. However the PV systems 
are environmental-friendly it is necessary that production of PV 
cells and systems should be environmental-friendly too. 

1.  Introduction
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Therefore, the materials used should have a minimum 
environmental effect, and preferably should be easy recyclable. 
On the other hand, the energy used in production processes should 
be as low as possible, in order to reduce the energy payback time. 

The crystalline silicon is the most environment-friendly basic 
material used for the solar cells. The highest efficiency of silicon 
solar cell equal to 25% obtained at University of New South 
Wales [1] is probably the limit of the industrial silicon solar cells. 
The cells in mass production have considerably lower efficiency. 
For multicrystaline silicon e.g. polycrystalline with large grains 
the efficiency is in the range 15-17 % and for monocrystalline one 
in the range of 17-19 %. However, the cost (per Watt peak) of the 
PV system is too high to compete with traditional sources of 
energy. Therefore, the efficiency of cells should increase and the 
areal cost of the PV system should decrease. The silicon solar 
cells produced today have a potential to increase the efficiency 
and to reduce the price, but there is a limit of the cost which could 
be to high. To overcome this limit, the new concepts of solar cells 
of third generation photovoltaics are developed [2]. One of the 
most important concept is all silicon tandem solar cells based on 
superlattice composed of the quantum dots embedded in an 
dielectric material [3-5]. 

 
 

1.1. Industrial silicon solar cells 
 

Figure 1 shows the scheme of the industrial silicon solar cell 
structure. The basic material is monocrystalline or multicrystalline 
silicon wafers of p-type with a resistivity of 1-5 cm and 0.2 mm 
thickness. The surface of the wafers is texturized in order to 
reduce the optical losses of solar cells. In the top of the cell there 
is a thin n+ - type emitter 0.5 m thick. In the bottom there is a p+- 
type Si layer in order to high low junction formation and back 
surface field (BSF). The top grid contact is from silver paste 
whilst the bottom contact from aluminium paste screen printed 
and co-fired in IR conveyor furnace. The top surface is covered 
with SiNx:H layer (abbreviated to SiNx in the subsequent text) 
which is the antireflection coating and passivation layer as well.  
 

Fig. 1. Scheme of industrial silicon solar cell structure 
 
 
The process sequence of solar cells production is presented in 

the Table 1.  

Table 1. 
Process sequences of silicon solar cells production by screen 
printing method [6-7] 

Step Description 
1 
2 
3 
4 
5 
6 
7 

Chemical etching of mc-Si wafers 
Texturing 
n+ - p junction formation 
Edge wafers etching 
ARC SiNx:H deposition 
Screen printing front and back contacts 
Co-firing the contacts in IR Belt furnace 

 
Recently, the main progress in development of solar cells is 

associated with the replacement of TiOx ARC by SiNx ARC. The 
SiNx layer is essential to receive high efficiency of mc-Si [8-15].  

The SiNx layers are used as very effective antireflective 
coatings [16-18], but the main interest of these films is connected 
with the surface [19-23] and bulk defect passivation of silicon. 
The main interest of SiNx films is connected with the bulk defect 
passivation properties of multicrystalline silicon. It was shown 
that SiNx PECVD films contain hydrogen which can be released 
during annealing passivating the silicon defects [19]. This effect 
can be enhanced by interaction with Al back contact during 
thermal annealing [13]. The passivation properties depend the 
structural properties of the SiNx films. The non-optimized SiNx 
films can not improve the electrical parameters of solar cells. 
During the last decade the SiNx layer deposited by PECVD 
method have been extensively studied in order to understand the 
mechanism of passivation and to find the fundamental 
requirements of these layers [24-35]. 

In this work the results of the research in Institute of 
Metallurgy and Materials Science of Polish Academy of Sciences 
concerning improvement the industrial silicon solar cells and 
silicon nanostructures for third generation of silicon are presented. 

  
 
1.2. Third generation silicon solar cells 
 

The limit of solar cells produced presently, the first and 
second generation, is the Shockley-Queisser limit for single 
junction cell which is equal to either 31% or 41% depending on 
concentration ratio [36].  

The Carnot limit efficiency is equal to about 95 % for Sun 
with 6000 K and the cell with 300 K temperatures [2]. The low 
value of Shockley-Queisser limit in comparison with Carnot limit 
is caused mainly by two factors:  
 photons with smaller energy than energy gap Eg are lost; 
 exited carriers by high energetic photon (Eph > Eg) give excess 

energy to phonons due to thermalisation of photon energy 
exceeding the bandgap.  
The aim of new concepts of solar cells called third generation 

cells is reduction these two loses and by this way to increase the 
efficiency. There are three approaches : 1) increasing the number 
of bandgaps, 2) multiple carrier pair generation per one high 
energy photon or one pair carrier generation by two or more low 
energy photons, or 3) collecting carriers before thermalisation [3]. 
One of the main approaches is tandem solar cell which 
is composed from many cells with different bandgaps. In the limit 

 

of an infinite number of cells the theoretical efficiency for  
one-sun intensity is about max = 86.8 % and 69 % for 
concentrated and non-concentrated sun light [3]. Usually, tandem 
cell is limited to 2 - or 3 cells. The efficiency limit is 42.5% and 
48.6 % for non-concentrated sun light for 2- and 3-bandgaps 
tandem cells, respectively [3]. 

The third generation solar cells are based on the thin films and 
should use abundant, non-toxic material. One of the best material 
for that purpose is silicon and new, silicon based material like 
silicon quantum superlattice. The Si quantum superlatice is 
composed of the quantum dots embedded in the dielectrics (SiNx, 
SiC, SiO2). One of the main requirement is the low barrier height 
and small distance between dots in order to obtain the satisfactory 
small conductivity. The bandgap of the Si quantum superlatice 
depends on the diameter of the quantum dots. For exemple for the 
bandgap 1.7 eV the diameter should be about 2 nm.  

Such superlattices can be used in all-silicon tandem solar cells 
as the higher bandgap cells joined with Si bottom cell (1.12 eV) 
[4,5]. The optimal bandgap is in the range  
1.7 eV-1.8 eV for top cell on Si bottom cell for 2-bandgaps or 
1.5 eV and 2.0 eV for the middle and upper cells on Si bottom cell 
for a 3-cell tandem [3-5].  
 
 

2. Experimental 
 
2.1. Deposition of SiNx layers by PECVD 
 

The SiNx layers were deposited by direct PECVD method 
using Plasmalab System 100 from Oxford Plasma Technology in 
the Institute of Electron Technology in Warsaw. The excitation 
frequency is low frequency (LF) 90-450 kHz. (i.e. well below the 
plasma frequency of about 4 MHz) or high frequency 13.56 MHz 
so called radio frequency (RF). The bottom electrode is a hot plate 
200 mm diameter which temperature can be changed in the range 
100 - 400 oC. The silicon nitride was deposited using 5% SiH4 
(solution in N2), N2 and NH3. The plasma excitation frequency 
has a strong influence on the quality of the Si/SiNx interfaces. For 
the plasma low frequency (below the plasma frequency 4 MHz), 
the ions bombard the surface and produce a surface damage. The 
scheme of direct PECVD is displayed in Fig. 2.  
 
 
2.2. Silicon nitride layer SiNx used for 
industrial solar cell 
 

Two kinds of silicon wafers were used as the substrates: 
 the two side polished monocrystalline FZ-Si, p- type wafers, 

400 cm, resistivity produced by ITME in Warsaw; 
 multicrystalline Si (mc-Si), as-cut, p-type, 1.5 cm, produced 

by SOLSIX for solar cells.  
The as-cut mc-Si wafers were chemically etched in KOH 

solution or in acidic solution in order to remove the saw damage 
layers after cutting. Before deposition SiNx layers, all the wafers 
were etched using CARO solution (2 H2SO4 : 1 H2O2) and finally in 
5% HF. Table 2 shows the parameters of the PECVD processes. 
The layers were deposited in the temperature 300-360 oC using RF 

(13.56 MHz) or LF (100 kHz) generator. The flows of gas 
processes were adjusted to receive the refractive indices n about 
1.9, 2.0 and 2.1 because the optimal refractive index of n 2.0 
[15]. The preliminary measurements of optical parameters n and 
thickness d were performed using elipsometr Gaertner with He-
Ne laser (λ= 632.8 nm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic view of a direct PECVD reactor. The excitation 
of the plasma is in contact with the Si sample. The processing 
gases silane SiH4, ammonia NH3 and/or nitrogen are excited by 
variable electromagnetic field. The electromagnetic field has a 
frequency either: high–frequency 13.56 MHz e.g. radio frequency 
(RF) or low frequency (LF) 100 kHz 
 
Table 2. 
The parameters of PECVD processes used for SiNx deposition 
and preliminary parameters of the layers deposited on the 
polished FZ Si wafers: refractive indices n (for 633 nm) and 
thickness d  

Process 
No. 

T 
[0C] generator P 

[W] n d [nm] 

1 300 RF 16 1.9 94.0 
2 300 RF 16 2.05 83.5 
3 300 RF 16 2.1 85.0 
4 300 LF 20 1.91 84.7 
5 300 LF 20 2.03 74.6 
6 300 LF 20 2.11 71.8 
7 340 RF 16 1.89 86.7 
8 340 RF 16 2.07 88.2 
9 340 RF 16 2.14 85.5 
10 340 LF 20 1.93 84.3 
11 340 LF 20 2.02 78.0 
12 340 LF 20 2.11 74.7 
13 360 LF 20 2.01 80.0 

 
The optical and structural properties were investigated by the 

spectroscopic ellipsometry (SE), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy 
(FTIR) and X-ray reflectometry. The effect of Si passivation was 

1.1.  Industrial silicon solar cells

1.2.  Third generation silicon solar cells
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Therefore, the materials used should have a minimum 
environmental effect, and preferably should be easy recyclable. 
On the other hand, the energy used in production processes should 
be as low as possible, in order to reduce the energy payback time. 

The crystalline silicon is the most environment-friendly basic 
material used for the solar cells. The highest efficiency of silicon 
solar cell equal to 25% obtained at University of New South 
Wales [1] is probably the limit of the industrial silicon solar cells. 
The cells in mass production have considerably lower efficiency. 
For multicrystaline silicon e.g. polycrystalline with large grains 
the efficiency is in the range 15-17 % and for monocrystalline one 
in the range of 17-19 %. However, the cost (per Watt peak) of the 
PV system is too high to compete with traditional sources of 
energy. Therefore, the efficiency of cells should increase and the 
areal cost of the PV system should decrease. The silicon solar 
cells produced today have a potential to increase the efficiency 
and to reduce the price, but there is a limit of the cost which could 
be to high. To overcome this limit, the new concepts of solar cells 
of third generation photovoltaics are developed [2]. One of the 
most important concept is all silicon tandem solar cells based on 
superlattice composed of the quantum dots embedded in an 
dielectric material [3-5]. 

 
 

1.1. Industrial silicon solar cells 
 

Figure 1 shows the scheme of the industrial silicon solar cell 
structure. The basic material is monocrystalline or multicrystalline 
silicon wafers of p-type with a resistivity of 1-5 cm and 0.2 mm 
thickness. The surface of the wafers is texturized in order to 
reduce the optical losses of solar cells. In the top of the cell there 
is a thin n+ - type emitter 0.5 m thick. In the bottom there is a p+- 
type Si layer in order to high low junction formation and back 
surface field (BSF). The top grid contact is from silver paste 
whilst the bottom contact from aluminium paste screen printed 
and co-fired in IR conveyor furnace. The top surface is covered 
with SiNx:H layer (abbreviated to SiNx in the subsequent text) 
which is the antireflection coating and passivation layer as well.  
 

Fig. 1. Scheme of industrial silicon solar cell structure 
 
 
The process sequence of solar cells production is presented in 

the Table 1.  

Table 1. 
Process sequences of silicon solar cells production by screen 
printing method [6-7] 

Step Description 
1 
2 
3 
4 
5 
6 
7 

Chemical etching of mc-Si wafers 
Texturing 
n+ - p junction formation 
Edge wafers etching 
ARC SiNx:H deposition 
Screen printing front and back contacts 
Co-firing the contacts in IR Belt furnace 

 
Recently, the main progress in development of solar cells is 

associated with the replacement of TiOx ARC by SiNx ARC. The 
SiNx layer is essential to receive high efficiency of mc-Si [8-15].  

The SiNx layers are used as very effective antireflective 
coatings [16-18], but the main interest of these films is connected 
with the surface [19-23] and bulk defect passivation of silicon. 
The main interest of SiNx films is connected with the bulk defect 
passivation properties of multicrystalline silicon. It was shown 
that SiNx PECVD films contain hydrogen which can be released 
during annealing passivating the silicon defects [19]. This effect 
can be enhanced by interaction with Al back contact during 
thermal annealing [13]. The passivation properties depend the 
structural properties of the SiNx films. The non-optimized SiNx 
films can not improve the electrical parameters of solar cells. 
During the last decade the SiNx layer deposited by PECVD 
method have been extensively studied in order to understand the 
mechanism of passivation and to find the fundamental 
requirements of these layers [24-35]. 

In this work the results of the research in Institute of 
Metallurgy and Materials Science of Polish Academy of Sciences 
concerning improvement the industrial silicon solar cells and 
silicon nanostructures for third generation of silicon are presented. 

  
 
1.2. Third generation silicon solar cells 
 

The limit of solar cells produced presently, the first and 
second generation, is the Shockley-Queisser limit for single 
junction cell which is equal to either 31% or 41% depending on 
concentration ratio [36].  

The Carnot limit efficiency is equal to about 95 % for Sun 
with 6000 K and the cell with 300 K temperatures [2]. The low 
value of Shockley-Queisser limit in comparison with Carnot limit 
is caused mainly by two factors:  
 photons with smaller energy than energy gap Eg are lost; 
 exited carriers by high energetic photon (Eph > Eg) give excess 

energy to phonons due to thermalisation of photon energy 
exceeding the bandgap.  
The aim of new concepts of solar cells called third generation 

cells is reduction these two loses and by this way to increase the 
efficiency. There are three approaches : 1) increasing the number 
of bandgaps, 2) multiple carrier pair generation per one high 
energy photon or one pair carrier generation by two or more low 
energy photons, or 3) collecting carriers before thermalisation [3]. 
One of the main approaches is tandem solar cell which 
is composed from many cells with different bandgaps. In the limit 

 

of an infinite number of cells the theoretical efficiency for  
one-sun intensity is about max = 86.8 % and 69 % for 
concentrated and non-concentrated sun light [3]. Usually, tandem 
cell is limited to 2 - or 3 cells. The efficiency limit is 42.5% and 
48.6 % for non-concentrated sun light for 2- and 3-bandgaps 
tandem cells, respectively [3]. 

The third generation solar cells are based on the thin films and 
should use abundant, non-toxic material. One of the best material 
for that purpose is silicon and new, silicon based material like 
silicon quantum superlattice. The Si quantum superlatice is 
composed of the quantum dots embedded in the dielectrics (SiNx, 
SiC, SiO2). One of the main requirement is the low barrier height 
and small distance between dots in order to obtain the satisfactory 
small conductivity. The bandgap of the Si quantum superlatice 
depends on the diameter of the quantum dots. For exemple for the 
bandgap 1.7 eV the diameter should be about 2 nm.  

Such superlattices can be used in all-silicon tandem solar cells 
as the higher bandgap cells joined with Si bottom cell (1.12 eV) 
[4,5]. The optimal bandgap is in the range  
1.7 eV-1.8 eV for top cell on Si bottom cell for 2-bandgaps or 
1.5 eV and 2.0 eV for the middle and upper cells on Si bottom cell 
for a 3-cell tandem [3-5].  
 
 

2. Experimental 
 
2.1. Deposition of SiNx layers by PECVD 
 

The SiNx layers were deposited by direct PECVD method 
using Plasmalab System 100 from Oxford Plasma Technology in 
the Institute of Electron Technology in Warsaw. The excitation 
frequency is low frequency (LF) 90-450 kHz. (i.e. well below the 
plasma frequency of about 4 MHz) or high frequency 13.56 MHz 
so called radio frequency (RF). The bottom electrode is a hot plate 
200 mm diameter which temperature can be changed in the range 
100 - 400 oC. The silicon nitride was deposited using 5% SiH4 
(solution in N2), N2 and NH3. The plasma excitation frequency 
has a strong influence on the quality of the Si/SiNx interfaces. For 
the plasma low frequency (below the plasma frequency 4 MHz), 
the ions bombard the surface and produce a surface damage. The 
scheme of direct PECVD is displayed in Fig. 2.  
 
 
2.2. Silicon nitride layer SiNx used for 
industrial solar cell 
 

Two kinds of silicon wafers were used as the substrates: 
 the two side polished monocrystalline FZ-Si, p- type wafers, 

400 cm, resistivity produced by ITME in Warsaw; 
 multicrystalline Si (mc-Si), as-cut, p-type, 1.5 cm, produced 

by SOLSIX for solar cells.  
The as-cut mc-Si wafers were chemically etched in KOH 

solution or in acidic solution in order to remove the saw damage 
layers after cutting. Before deposition SiNx layers, all the wafers 
were etched using CARO solution (2 H2SO4 : 1 H2O2) and finally in 
5% HF. Table 2 shows the parameters of the PECVD processes. 
The layers were deposited in the temperature 300-360 oC using RF 

(13.56 MHz) or LF (100 kHz) generator. The flows of gas 
processes were adjusted to receive the refractive indices n about 
1.9, 2.0 and 2.1 because the optimal refractive index of n 2.0 
[15]. The preliminary measurements of optical parameters n and 
thickness d were performed using elipsometr Gaertner with He-
Ne laser (λ= 632.8 nm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic view of a direct PECVD reactor. The excitation 
of the plasma is in contact with the Si sample. The processing 
gases silane SiH4, ammonia NH3 and/or nitrogen are excited by 
variable electromagnetic field. The electromagnetic field has a 
frequency either: high–frequency 13.56 MHz e.g. radio frequency 
(RF) or low frequency (LF) 100 kHz 
 
Table 2. 
The parameters of PECVD processes used for SiNx deposition 
and preliminary parameters of the layers deposited on the 
polished FZ Si wafers: refractive indices n (for 633 nm) and 
thickness d  

Process 
No. 

T 
[0C] generator P 

[W] n d [nm] 

1 300 RF 16 1.9 94.0 
2 300 RF 16 2.05 83.5 
3 300 RF 16 2.1 85.0 
4 300 LF 20 1.91 84.7 
5 300 LF 20 2.03 74.6 
6 300 LF 20 2.11 71.8 
7 340 RF 16 1.89 86.7 
8 340 RF 16 2.07 88.2 
9 340 RF 16 2.14 85.5 
10 340 LF 20 1.93 84.3 
11 340 LF 20 2.02 78.0 
12 340 LF 20 2.11 74.7 
13 360 LF 20 2.01 80.0 

 
The optical and structural properties were investigated by the 

spectroscopic ellipsometry (SE), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy 
(FTIR) and X-ray reflectometry. The effect of Si passivation was 

2.  Experimental

2.1.  Deposition of SiNx layers by PECVD

2.2.  Silicon nitride layer SiNx used for industrial 
solar cell
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studied by the carriers lifetime eff measuring using the 
photoconductance decay (PCD) method in the quasi-steady-state 
photoconductance (QSSPC) mode for eff ≤200 µs or transient 
mode for eff > 200 µs. The lifetime was measured before and 
after annealing in the infra red belt furnace IR LA-310 used for 
solar cells contacts firing. Figure 3 shows the temperature profile 
of annealing process. 
  
 

 
 
Fig. 3. Temperature profile used for annealing of the SiNx layers 
in infra red belt furnace IR LA-310 

 
Examination of SiNx layers 
 
Spectroscopic ellipsometry measurements  

Ellipsometry is the optical technique in which the sample to 
be characterized is illuminated with a beam of polarized light. The 
ellipsometry measures the change in polarization state of the 
measurement beam induced by the reflection from the sample. 
The change in polarization state is characterized by the 
ellipsometric Ψ and Δ parameters defined in Eqn. (1): 

itg
r
r

s

p exp  (1) 

In this equation, ρ is defined as the ratio of the reflectivity for  
p-polarized light rp divided by the reflectivity for s-polarized light 
rs. The optical parameters: refractive index n and extinction 
coefficient k (or dielectric functions 1, 2) and thickness d of the films 
is measured using Woollam M-2000 variable angle spectroscopic 
ellipsometer VASE in the spectral range 190-1700 nm. The samples 
are measured for three angles of incidence (60º, 65º and 70º). 
They are analyzed using CompleteEASE software. In order to 
determine optical constants in function of wavelength n( k(  
the optical models are developed and fitted to measured data Ψ 
and Δ. The quality of the fitting is characterized by Mean Squared 
Error (MSE) which is defined by the equation [37]: 
 

1000
3

1
1

222n

i
GEGEGE iiiiii

SSCCNN
mn

MSE  (2) 
 

where n is the number of wavelengths, m is the number of fit 
parameters, and N=Cos(2 ), C=Sin(2 ), S= Sin(2 )Sin( ). The 
measured data are parameters with subscript E and model 
generated data are parameters with subscript G.  

The Tauc-Lorentz (TL) model is used for absorbing dielectric 
and semiconductors. It was developed by Jellison and Modine 
[38]. The Tauc-Lorentz experssion for the imaginary part 2 of the 
complex dielectric function is expressed by the equation:  
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where A is an amplitude, Eo is the peak transition energy, C is a 
broadening term and Eg is the optical band gap. The real part of 
the dielectric function 1 is calculated using Kramers-Kroning 
integration.  

It was shown that the TL model produces good fits for SiNx 
film layers [38, 39]. 
 
X-ray reflectivity  

It was shown by Hong [29] and Dekkers [25] that mass 
density is very important parameter of SiNx films which is 
correlated with bulk passivation. Therefore the density 
measurement of SiNx films is very important for optimization of 
these layers. For that purpose the X-ray reflectivity (XRR) 
method was used. It is a powerful method for the determination of 
thin film density, thickness and interface roughness. It is based on 
specular reflectance of an X-ray beam at grazing angle. The index 
of refraction for X-ray can be presented as: 

in 1  (4) 
where >0 and >0 are connected with scattering and absorption 
of the material, respectively [40]. The values of  and  depend 
on the electron density e and linear absorption coefficient . 

Because the refractive index n of a material for X-rays is 
slightly less than unity, the total external reflection of X-rays is 
measured for certain incident angle so called critical angle c. 

The critical angle c is connected with the mass density of the 
material. It can be expressed by the equation [41]: 

2/126 )106.2(c  (5) 
where :  - mass density of the material, λ - wavelength of X-ray.  
 The X’PERT diffractometer (PanAlytical) was used for X-ray 
reflectance measurements using monochromatic X-ray irradiation 
with λK =1.54178 Å. The obtained data were analyzed using the 
WINGIXA software (Fig. 4). 
 

 
 
Fig. 4. X-ray reflectance curve of SiNx layer deposited on Si 
wafer marked critical angle  

 

Fourier Transform Infrared Spectroscopy 
The Fourier transform infrared spectroscopy (FTIR) is used for 

the analysis of the chemical structure of gases, liquids and solids. In 
this work a transmission spectrum of silicon nitride layers deposited 
on silicon were measured with Bruker IFS 48 spectrometer. The 
transmission was measured in the wave number range  = 4000 - 
400 cm-1, which corresponds to the wavelength range  = 2.5 - 25 

m. The absorption coefficient ( ) was calculated from the 
transmission spectrum T( ) using Lambert-Beer law:  
T( ) = e- ( )d (6) 
where d is the measured layer thickness. The typical FTIR 
absorption spectrum of the SiNx contains peaks of chemical bonds 
Si-N, N-H, Si-H which correspond to the different vibration 
modes displayed in Table 3.  

The IR transmission spectra were measured on double side 
mirror polished FZ Si substrates, on which the SiNx layers were 
deposited (Table 2). 

The number of X-Y bonds per volume unit (density of the 
bonds) is determined by the equation (7) where the 
proportionality factors KX-Y were published by Bustarret [42] and 
Giorgis [43] and are presented in Tables 3 and 4.  
 

dKYX YX
)(  (7) 

 
Table 3. 
Proportionality factors Kx-y, mode configuration and maximum of 
absorption peaks for Si-N and N-H bonds. Proportionality factors 
are constant for different compositions of deposited silicon nitride 
layers [42,43] 

Bonding Mode  max[cm-1] Kx-y [1019 cm-2] 

Si-N asym. stretching 850 2.07 
N-H stretching 3450 12 
N-H wag-rocking 1175 2.1 

 
Table 4. 
Proportionality factors KSi-H and bond configuration of the six 
component of local Si-H stretching modes. The maximum of the 
absorption peak max is shifted due to different primary back Si-H 
bonding [42] 

max[cm-1] KSi-H  
[x1019 cm-2] 

Configuration 

2005 7 H-Si-Si3 
2065 11 H-Si-HSi2 
2082 17 H-Si-NSi2 
2140 11 H-Si-SiN2 
2175 40 H-Si-HN2 
2220 20 H-Si-N3 

 
One of the most important parameter of the SiNx layer is the 

hydrogen fraction in the film. The concentration of the hydrogen 
can be calculated from equation (8): 
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XPS technique 

The stoichiometry of the films was defined as x=[N]/[Si] 
ratio, where [N] and [Si] are concentration of nitrogen N and 

silicon Si atoms in SiNx film, respectively. The stoichiometry of 
the films was investigated by the X-Ray photoelectron 
spectroscopy technique (XPS). The MgKα X-ray (1253.6 eV, 
10 kV, 20 mA) generates core excitations and a hemispherical 
analyzer (R4000, Gammadata Scienta) acquires the resulting 
spectra.  
 
The effective carrier lifetime 

The effect of silicon passivation by SiNx films is investigated 
by measurement of effective carrier lifetime in the silicon wafers. 
The effective lifetime is some weighted average of the lifetime of 
carriers determined by the semiconductor material and surfaces by 
the equation:  

sbulkeff

111
 (9) 

where bulk
 is a lifetime in the bulk of the material, and s is a 

lifetime at the surface. The lifetime is measured by monitoring 
photoconductance PCD decay in function of the time. Most of the 
methods commonly used for effective lifetime measuring are the 
quasi-steady-state photoconductance (QSSPC) developed by 
Sinton [44] and transient photoconductance methods.  

The effective lifetime in this work was measured using a 
commercial lifetime tester (WCT-120 Sinton Consulting, Inc.) in 
transient and in quasi-state modes. 

In general case, the effective lifetimes is express by the 
equation [45,46]: 
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where n is injection level of carriers (electrons) and G 
generation of carriers. If n  = p ,  

dq
ttn

pn )(
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where (t) is a measured conductivity of the Si wafer in function 
of time, d the thickness of the Si wafer and µn and µp mobility of 
holes and electrons. 

The measured lifetimes is often overestimated for low level 
injection n due to trapping the carriers. Trapping increases the 
conductivity according to equation [47]: 

 

ntpnw qnnq )(  (12) 
where nt means the concentration of traps.  

The influence of traps can be eliminated by using light bias 
mode during lifetime measurements with lifetime tester WC-120. 
The concentration of the traps is measured, as well.  
In order to determine the effective surface recombination velocity 
of both passivated surfaces the following equation is used: 
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where Seff is effective surface recombination velocity and d is the 
sample’s thickness.  

Knowing the effective lifetimes of carriers 1eff and 2eff for 
two wafers with thicknesses d1 and d2 the surface recombination 
velocity Seff can be calculated using the equation:  
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studied by the carriers lifetime eff measuring using the 
photoconductance decay (PCD) method in the quasi-steady-state 
photoconductance (QSSPC) mode for eff ≤200 µs or transient 
mode for eff > 200 µs. The lifetime was measured before and 
after annealing in the infra red belt furnace IR LA-310 used for 
solar cells contacts firing. Figure 3 shows the temperature profile 
of annealing process. 
  
 

 
 
Fig. 3. Temperature profile used for annealing of the SiNx layers 
in infra red belt furnace IR LA-310 

 
Examination of SiNx layers 
 
Spectroscopic ellipsometry measurements  

Ellipsometry is the optical technique in which the sample to 
be characterized is illuminated with a beam of polarized light. The 
ellipsometry measures the change in polarization state of the 
measurement beam induced by the reflection from the sample. 
The change in polarization state is characterized by the 
ellipsometric Ψ and Δ parameters defined in Eqn. (1): 
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In this equation, ρ is defined as the ratio of the reflectivity for  
p-polarized light rp divided by the reflectivity for s-polarized light 
rs. The optical parameters: refractive index n and extinction 
coefficient k (or dielectric functions 1, 2) and thickness d of the films 
is measured using Woollam M-2000 variable angle spectroscopic 
ellipsometer VASE in the spectral range 190-1700 nm. The samples 
are measured for three angles of incidence (60º, 65º and 70º). 
They are analyzed using CompleteEASE software. In order to 
determine optical constants in function of wavelength n( k(  
the optical models are developed and fitted to measured data Ψ 
and Δ. The quality of the fitting is characterized by Mean Squared 
Error (MSE) which is defined by the equation [37]: 
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where n is the number of wavelengths, m is the number of fit 
parameters, and N=Cos(2 ), C=Sin(2 ), S= Sin(2 )Sin( ). The 
measured data are parameters with subscript E and model 
generated data are parameters with subscript G.  

The Tauc-Lorentz (TL) model is used for absorbing dielectric 
and semiconductors. It was developed by Jellison and Modine 
[38]. The Tauc-Lorentz experssion for the imaginary part 2 of the 
complex dielectric function is expressed by the equation:  

 
)(0

)(1
)(

)(
)( 222

0
2

2
0

2

g

g
g

EE

EE
EECEE

EECAE
E  (3) 

where A is an amplitude, Eo is the peak transition energy, C is a 
broadening term and Eg is the optical band gap. The real part of 
the dielectric function 1 is calculated using Kramers-Kroning 
integration.  

It was shown that the TL model produces good fits for SiNx 
film layers [38, 39]. 
 
X-ray reflectivity  

It was shown by Hong [29] and Dekkers [25] that mass 
density is very important parameter of SiNx films which is 
correlated with bulk passivation. Therefore the density 
measurement of SiNx films is very important for optimization of 
these layers. For that purpose the X-ray reflectivity (XRR) 
method was used. It is a powerful method for the determination of 
thin film density, thickness and interface roughness. It is based on 
specular reflectance of an X-ray beam at grazing angle. The index 
of refraction for X-ray can be presented as: 

in 1  (4) 
where >0 and >0 are connected with scattering and absorption 
of the material, respectively [40]. The values of  and  depend 
on the electron density e and linear absorption coefficient . 

Because the refractive index n of a material for X-rays is 
slightly less than unity, the total external reflection of X-rays is 
measured for certain incident angle so called critical angle c. 

The critical angle c is connected with the mass density of the 
material. It can be expressed by the equation [41]: 

2/126 )106.2(c  (5) 
where :  - mass density of the material, λ - wavelength of X-ray.  
 The X’PERT diffractometer (PanAlytical) was used for X-ray 
reflectance measurements using monochromatic X-ray irradiation 
with λK =1.54178 Å. The obtained data were analyzed using the 
WINGIXA software (Fig. 4). 
 

 
 
Fig. 4. X-ray reflectance curve of SiNx layer deposited on Si 
wafer marked critical angle  

 

Fourier Transform Infrared Spectroscopy 
The Fourier transform infrared spectroscopy (FTIR) is used for 

the analysis of the chemical structure of gases, liquids and solids. In 
this work a transmission spectrum of silicon nitride layers deposited 
on silicon were measured with Bruker IFS 48 spectrometer. The 
transmission was measured in the wave number range  = 4000 - 
400 cm-1, which corresponds to the wavelength range  = 2.5 - 25 

m. The absorption coefficient ( ) was calculated from the 
transmission spectrum T( ) using Lambert-Beer law:  
T( ) = e- ( )d (6) 
where d is the measured layer thickness. The typical FTIR 
absorption spectrum of the SiNx contains peaks of chemical bonds 
Si-N, N-H, Si-H which correspond to the different vibration 
modes displayed in Table 3.  

The IR transmission spectra were measured on double side 
mirror polished FZ Si substrates, on which the SiNx layers were 
deposited (Table 2). 

The number of X-Y bonds per volume unit (density of the 
bonds) is determined by the equation (7) where the 
proportionality factors KX-Y were published by Bustarret [42] and 
Giorgis [43] and are presented in Tables 3 and 4.  
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Table 3. 
Proportionality factors Kx-y, mode configuration and maximum of 
absorption peaks for Si-N and N-H bonds. Proportionality factors 
are constant for different compositions of deposited silicon nitride 
layers [42,43] 

Bonding Mode  max[cm-1] Kx-y [1019 cm-2] 

Si-N asym. stretching 850 2.07 
N-H stretching 3450 12 
N-H wag-rocking 1175 2.1 

 
Table 4. 
Proportionality factors KSi-H and bond configuration of the six 
component of local Si-H stretching modes. The maximum of the 
absorption peak max is shifted due to different primary back Si-H 
bonding [42] 

max[cm-1] KSi-H  
[x1019 cm-2] 

Configuration 

2005 7 H-Si-Si3 
2065 11 H-Si-HSi2 
2082 17 H-Si-NSi2 
2140 11 H-Si-SiN2 
2175 40 H-Si-HN2 
2220 20 H-Si-N3 

 
One of the most important parameter of the SiNx layer is the 

hydrogen fraction in the film. The concentration of the hydrogen 
can be calculated from equation (8): 
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XPS technique 

The stoichiometry of the films was defined as x=[N]/[Si] 
ratio, where [N] and [Si] are concentration of nitrogen N and 

silicon Si atoms in SiNx film, respectively. The stoichiometry of 
the films was investigated by the X-Ray photoelectron 
spectroscopy technique (XPS). The MgKα X-ray (1253.6 eV, 
10 kV, 20 mA) generates core excitations and a hemispherical 
analyzer (R4000, Gammadata Scienta) acquires the resulting 
spectra.  
 
The effective carrier lifetime 

The effect of silicon passivation by SiNx films is investigated 
by measurement of effective carrier lifetime in the silicon wafers. 
The effective lifetime is some weighted average of the lifetime of 
carriers determined by the semiconductor material and surfaces by 
the equation:  
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where bulk
 is a lifetime in the bulk of the material, and s is a 

lifetime at the surface. The lifetime is measured by monitoring 
photoconductance PCD decay in function of the time. Most of the 
methods commonly used for effective lifetime measuring are the 
quasi-steady-state photoconductance (QSSPC) developed by 
Sinton [44] and transient photoconductance methods.  

The effective lifetime in this work was measured using a 
commercial lifetime tester (WCT-120 Sinton Consulting, Inc.) in 
transient and in quasi-state modes. 

In general case, the effective lifetimes is express by the 
equation [45,46]: 
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where n is injection level of carriers (electrons) and G 
generation of carriers. If n  = p ,  
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where (t) is a measured conductivity of the Si wafer in function 
of time, d the thickness of the Si wafer and µn and µp mobility of 
holes and electrons. 

The measured lifetimes is often overestimated for low level 
injection n due to trapping the carriers. Trapping increases the 
conductivity according to equation [47]: 
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where nt means the concentration of traps.  

The influence of traps can be eliminated by using light bias 
mode during lifetime measurements with lifetime tester WC-120. 
The concentration of the traps is measured, as well.  
In order to determine the effective surface recombination velocity 
of both passivated surfaces the following equation is used: 
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where Seff is effective surface recombination velocity and d is the 
sample’s thickness.  

Knowing the effective lifetimes of carriers 1eff and 2eff for 
two wafers with thicknesses d1 and d2 the surface recombination 
velocity Seff can be calculated using the equation:  
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2.3. Silicon nitride layer SiNx used for third 
generation solar cell 
 

Silicon nitride is the very important material for 
photovoltaics. Presently, the SiNx layers are used as antireflection 
and passivation layers for industrial multicrystalline silicon solar 
cells. Silicon nitride is a very promising material for development 
new concepts solar cells of third generation photovoltaic as well.  

This material (besides SiO2 and SiC) can be used for the 
silicon superlattice. The effective band gap of these structures can 
be optimized by adjusting the size of the quantum dots.  

In this work the silicon nitride films were deposited by RF 
(13.56 MHz) plasma enhanced chemical vapor deposition 
(RF PECVD) using Oxford Plasma Technology PLASMALAB 
100 System. 

The multilayer structures consisting of near-stoichiometric 
silicon nitride layerss followed by silicon–rich silicon nitride 
layers were deposited and heated in 1000 and 1100 oC in order to 
obtain the quantum dot superlattices. The method described by 
Zacharias and his co-workers [48] was used. The idea was later 
used by Green and co-workers for the superlattices consisting of 
silicon dots embedded in different dielectric materials like SiO2, 
SiNx, SiCx [49,50]. The scheme of silicon superlattice quantum 
dots formation is presented in Fig. 5. 
 

 
 
Fig. 5. Scheme of formation of quantum dots from SiNx 
multilayer according to Zacharias [48] and Green [49,50]  
 

The alternating layer stock comprises films of a silicon rich 
silicon nitride SiNx(Si) (n=3.2) followed by a near stoichiometric 
nitride rich silicon nitride SiNx(N) layer (n = 1.86 or n = 1.91). 
After annealing the silicon quantum dots precipitate in silicon rich 
SiNx layers..  

The following multilayered structures of SiNx are studied: 
 structure I: Si (100) substrate, the stock of 49 bi-layers film 

(2 nm SiNx(Si)/ 2 nm SiNx(N). 
 structure II: Si (100) substrate – the stock of 20 bi-layers 

(5 nm SiNx(Si)/ 8 nm SiNx(N). The n = 1.84 for SiNx(N) in 
this case. 
In structure A the values of refractive indices of component 

film obtained from ellipsometric measurements are as follows: 
n = 1.91 for SiNx(N), and for SiNx(Si), n = 3.2 and in structure B 
the values of refractive indices are: n = 1.84 for SiNx(N), and for 
SiNx(Si), n = 3.2 consequently. 
 The structures were heated at 500 ºC in order to remove the 
hydrogen from the layers. In the next step the layers were 
annealed at high temperature equal to 1000 oC or 1100 ºC for 
2 hours. In this step the Si nanocrystals crystallize in the silicon 
rich SiNx layer (n = 3.2). 

Examination of SiNx multilayer with Si nanocrystals  
 
 The structures of quantum dots were investigated using high 
resolution transmission electron microscopy HRTEM TECNAI G2 
FEG on the thin foils prepares using focus ion beam (FIB) technique. 
 The additional structural information was obtained from the 
Grazing incidence X-ray diffraction (GI-XRD technique using X-ray 
diffractometer D8 Discover (Bruker). The spectroscopic 
measurements of optical constants was performed using the Woollam 
M-2000 spectroscopic ellipsometer. The photoluminescence 
measurement was performed using the setup consisting of a HeCd 
laser with nm, a monochromator (Jobin Yvon HR 460) and 
CCD camera (Jobin Yvon Symphony BIUV). The phoelectrical 
properties are investigated by surface photovoltage spectroscopy 
(SPV) technique. 
 
 

3. Silicon nitride layer SiNx used for 
industrial solar cell  
 
3.1. Optical properties  
 

Amorphous hydrogenated silicon nitride layers SiNx:H 
(abbreviated to SiNx in the further text) deposited using Plasma 
Enhanced Vapour Deposition (PECVD) are commonly used in 
industrial multicrystalline silicon solar cells. It was shown that 
hydrogen released from the SiNx PECVD layer during the thermal 
treatment of solar cell passivates the silicon defects. 

It is knew that refractive indices of SiNx films can be changed 
in a wide range by gas composition (SiH4:NH3) adjustment. The 
optical parameters of the SiNx films were obtained from 
spectroscopic ellipsometry measurements. The optical functions 
of amorphous SiNx were parameterized using Tauc-Lorentz 
dispersion model (eq. 3) for photon wavelength = 197 - 800 nm. 
As a results the optical constants n( ) and k( ) and four 
parameters (in eq.3) were determined. In this way the optical gap 
Eg which is on of the four parameter was obtained as well. 
Figure 6 shows the spectral dependence of ellipsometric angles 

and  fitted by Tauc-Lorentz for SiNx one of the of the 
investigates films. The values of fitted parameters and error MSE 
for all films are displayed in Table 5.¨ 

 

 
 
Fig. 6. Spectral dependence of ellipsometric angles and  
fitted by Tauc-Lorentz for SiNx film (no2) deposited by RF 
PECVD at 300 oC The angle of measurement is 60o 

 

Figures 7 a-e show the wavelength-dependant refractive index 
n( ) and extinction coefficient k( ) of as-deposited LF-PECVD 
and RF-PECVD SiNx films, for different gas flow ratios  
 

NH3/SiH4 and deposition temperatures Td (Table 2). Figures 7a-b 
show n( ) and k( ) for n  1.9 (λ= 633 nm), 7c,d for n  2.0 and 
7d,e for n  2.1. 

 

  
  

  
  

  
 
Fig. 7. Wavelength-dependent refractive index n( ) and extinction coefficient k( ) of SiNx films obtained by LF- and RF-PECVD for  
n  1.9 (a, b), n  2.0 (c, d) and n  2.1 obtained by Tautz-Lorentz model fitting 

2.3.  Silicon nitride layer SiNx used for third  
generation solar cell

3.  Silicon nitride layer SiNx used  
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2.3. Silicon nitride layer SiNx used for third 
generation solar cell 
 

Silicon nitride is the very important material for 
photovoltaics. Presently, the SiNx layers are used as antireflection 
and passivation layers for industrial multicrystalline silicon solar 
cells. Silicon nitride is a very promising material for development 
new concepts solar cells of third generation photovoltaic as well.  

This material (besides SiO2 and SiC) can be used for the 
silicon superlattice. The effective band gap of these structures can 
be optimized by adjusting the size of the quantum dots.  

In this work the silicon nitride films were deposited by RF 
(13.56 MHz) plasma enhanced chemical vapor deposition 
(RF PECVD) using Oxford Plasma Technology PLASMALAB 
100 System. 

The multilayer structures consisting of near-stoichiometric 
silicon nitride layerss followed by silicon–rich silicon nitride 
layers were deposited and heated in 1000 and 1100 oC in order to 
obtain the quantum dot superlattices. The method described by 
Zacharias and his co-workers [48] was used. The idea was later 
used by Green and co-workers for the superlattices consisting of 
silicon dots embedded in different dielectric materials like SiO2, 
SiNx, SiCx [49,50]. The scheme of silicon superlattice quantum 
dots formation is presented in Fig. 5. 
 

 
 
Fig. 5. Scheme of formation of quantum dots from SiNx 
multilayer according to Zacharias [48] and Green [49,50]  
 

The alternating layer stock comprises films of a silicon rich 
silicon nitride SiNx(Si) (n=3.2) followed by a near stoichiometric 
nitride rich silicon nitride SiNx(N) layer (n = 1.86 or n = 1.91). 
After annealing the silicon quantum dots precipitate in silicon rich 
SiNx layers..  

The following multilayered structures of SiNx are studied: 
 structure I: Si (100) substrate, the stock of 49 bi-layers film 

(2 nm SiNx(Si)/ 2 nm SiNx(N). 
 structure II: Si (100) substrate – the stock of 20 bi-layers 

(5 nm SiNx(Si)/ 8 nm SiNx(N). The n = 1.84 for SiNx(N) in 
this case. 
In structure A the values of refractive indices of component 

film obtained from ellipsometric measurements are as follows: 
n = 1.91 for SiNx(N), and for SiNx(Si), n = 3.2 and in structure B 
the values of refractive indices are: n = 1.84 for SiNx(N), and for 
SiNx(Si), n = 3.2 consequently. 
 The structures were heated at 500 ºC in order to remove the 
hydrogen from the layers. In the next step the layers were 
annealed at high temperature equal to 1000 oC or 1100 ºC for 
2 hours. In this step the Si nanocrystals crystallize in the silicon 
rich SiNx layer (n = 3.2). 

Examination of SiNx multilayer with Si nanocrystals  
 
 The structures of quantum dots were investigated using high 
resolution transmission electron microscopy HRTEM TECNAI G2 
FEG on the thin foils prepares using focus ion beam (FIB) technique. 
 The additional structural information was obtained from the 
Grazing incidence X-ray diffraction (GI-XRD technique using X-ray 
diffractometer D8 Discover (Bruker). The spectroscopic 
measurements of optical constants was performed using the Woollam 
M-2000 spectroscopic ellipsometer. The photoluminescence 
measurement was performed using the setup consisting of a HeCd 
laser with nm, a monochromator (Jobin Yvon HR 460) and 
CCD camera (Jobin Yvon Symphony BIUV). The phoelectrical 
properties are investigated by surface photovoltage spectroscopy 
(SPV) technique. 
 
 

3. Silicon nitride layer SiNx used for 
industrial solar cell  
 
3.1. Optical properties  
 

Amorphous hydrogenated silicon nitride layers SiNx:H 
(abbreviated to SiNx in the further text) deposited using Plasma 
Enhanced Vapour Deposition (PECVD) are commonly used in 
industrial multicrystalline silicon solar cells. It was shown that 
hydrogen released from the SiNx PECVD layer during the thermal 
treatment of solar cell passivates the silicon defects. 

It is knew that refractive indices of SiNx films can be changed 
in a wide range by gas composition (SiH4:NH3) adjustment. The 
optical parameters of the SiNx films were obtained from 
spectroscopic ellipsometry measurements. The optical functions 
of amorphous SiNx were parameterized using Tauc-Lorentz 
dispersion model (eq. 3) for photon wavelength = 197 - 800 nm. 
As a results the optical constants n( ) and k( ) and four 
parameters (in eq.3) were determined. In this way the optical gap 
Eg which is on of the four parameter was obtained as well. 
Figure 6 shows the spectral dependence of ellipsometric angles 

and  fitted by Tauc-Lorentz for SiNx one of the of the 
investigates films. The values of fitted parameters and error MSE 
for all films are displayed in Table 5.¨ 

 

 
 
Fig. 6. Spectral dependence of ellipsometric angles and  
fitted by Tauc-Lorentz for SiNx film (no2) deposited by RF 
PECVD at 300 oC The angle of measurement is 60o 

 

Figures 7 a-e show the wavelength-dependant refractive index 
n( ) and extinction coefficient k( ) of as-deposited LF-PECVD 
and RF-PECVD SiNx films, for different gas flow ratios  
 

NH3/SiH4 and deposition temperatures Td (Table 2). Figures 7a-b 
show n( ) and k( ) for n  1.9 (λ= 633 nm), 7c,d for n  2.0 and 
7d,e for n  2.1. 

 

  
  

  
  

  
 
Fig. 7. Wavelength-dependent refractive index n( ) and extinction coefficient k( ) of SiNx films obtained by LF- and RF-PECVD for  
n  1.9 (a, b), n  2.0 (c, d) and n  2.1 obtained by Tautz-Lorentz model fitting 
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Table 5.  
Values of fitted parameters and values of Mean Squared Error 
(MSE) from Tauc-Lorentz model for films from Table 2 

No A C Eo Eg MSE 
1 73.36 6.81 9.62 3.06 10.75 
2 89.62 10.77 8.41 2.47 5.81 
3 96.83 11.23 7.94 2.42 6.09 
4 146.54 6.03 9.29 4.78 10.50 
5 86.67 5.98 9.16 3.05 9.33 
6 85.02 7.45 8.72 2.52 5.17 
7 91.07 6.49 9.57 3.69 10.20 
8 90.94 10.52 8.48 2.48 5.41 
9 99.88 10.99 7.78 2.37 5.84 
10 148.66 5.85 9.23 4.77 10.13 
11 99.45 6.01 9.30 3.47 10.15 
12 83.72 6.92 8.93 2.60 6.48 

 
 

One can see that there is a big difference between extinction 
coefficient for SiNx films obtained by LF and RF-PECVD for the 
similar n( ). The values of k are lower for LF-PECVD compared 
to the RF-PECVD. Because the absorption coefficient is 
connected with extinction coefficient by the equation: 

k4  (15) 

the absorption of the films deposited with LF PECVD is lower 
than deposited with RF PECVD. From theses results one can 
conclude that the layers deposited with LF-PECVD are more 
convenient than deposited with RF PECVD as ARC for solar cell 
(for used Plasmalab System 100). 

Figure 8 shows the refractive index versus Tauc-Lorentz band 
gap Eg determined from fits to the SE data displayed in Table 5. 
 
 

 
 
Fig. 8. Refractive index (for =630 nm) versus Tauc-Lorentz 
band gap determined from fits to the SE data of SiNx layers grown 
by RF(13.56 MHz) and LF (100 kHz) PECVD for deposition 
temperature 300 oC and 340 oC 

3.2. Stoichiometry and density of the films 
 
 

The stoichiometry of the films was investigated by the X-ray 
photoelectron spectroscopy technique (XPS). The parameters 
x=N/Si versus refractive index are presented in Fig. 9. Figure 10 
shows the parametr x=N/Si in function of Tauc-Lorentz band 
gaps. 
 
 

 
 
Fig. 9. Nitrogen to silicon ratio X=N/Si obtained with X-ray 
photon spectroscopy (XPS ) versus refractive index for SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC, 340 oC and 360 oC. For 
comparison the curve obtained from empirical equation obtained 
by Lelièvre [34] 
 
 
 

 
 
Fig. 10. Nitrogen to silicon ratio X=N/Si ratio versus Tauc-
Lorentz band gap determined from fits to the SE data of SiNx 
layers grown by RF(13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 

 

In Figure 9 the curve which fits experimental data obtained by 
Lelièvre for LF PECVD (440 kHz) [34] is presented according to 
equation: 

 
n = 1.2 + 0.61 [Si]/[N] (16) 
 

The stoichiometry of the films differ significantly from these 
obtained by Lelièvre. It is seen that the smallest difference is for 
the films deposited with LF PECVD for Td =300 oC.  

Figure 11 shows the mass density of the SiNx films. The films 
deposited with LF PECVD have higher density than films 
deposited with RF PECVD. From this figure and Fig. 12 it is seen 
that increase deposition temperature Td increases the density. The 
maximal density  = 2.56 g/cm3 is obtained for LF PECVD and 
Td=360 o C.  
 
 

 
 
Fig. 11. The mass density obtained from X-ray reflectometry 
of SiNx layers grown by RF(13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC, 340 oC and 360 oC  
 
 

 
 
Fig. 12. The mass density obtained from X-ray reflectometry 
of SiNx layer with n ≈ 2.0 deposited by LF PECVD versus 
temperature of deposition  

3.3. Density of the bonds in the SiNx films 
 

The FTIR absorption spectra of SiNx layers with n  1.9 are 
displayed in Fig. 13. Visible are the absorption peaks of different 
chemical bodnings. The highest peaks are at approximately  = 
850 cm-1 and are connected with the Si-N asymmetric bond-
stretching mode. The others peaks are associated with vibrations 
modes of Si-H and N-H bonds. The Figures 14 and 15 show the 
Si-N, Si-H and N-H absorption bands of the all SiNx films.  
 

 
 
Fig. 13. FTIR absorption spectra of a SiNx layers n  1.9 
deposited by LF and RF PECVD (Tab. 2) 
 
 

Figures 16, 17 and 18 show the Si-N, Si-H and N-H bond 
density calculated from absorption spectra obtained by FTIR 
measurements of the SiNx films. From Fig. 16 one can observe 
that maximal value of Si-N density equal to 1.2 x 1023 cm-3 is 
obtained for the films deposited by LF PECVD at Td=340o C. This 
value is comparable with value 1.3 1023 cm-3 which according to 
Romijn [26-28] should be obtained for the optimal SiNx layer.  

The Si-H bond density increases and N-H bond density 
decreases with refractive index n as is shown on the Fig. 17 and 
Fig. 18, respectively. The lowest value of Si-H bond density was 
obtained for films deposited by LF-PECVD and Td=340 oC. 

Based on the estimated bond density, the concentration of 
bonded hydrogen in the films was calculated. Figure 20 shows the 
hydrogen fraction versus the refractive index of SiNx. The highest 
hydrogen concentration about 22 % is in the SiNx layers deposited 
with RF PECVD at lowest temperature Td=300 oC. The films 
deposited using LF PECVD have the lowest hydrogen 
concentration, about 11% for n  2.0.  

Hydrogen can be distributed in many configuration of local 
Si-H stretching modes for maximum absorption in the range 
2005-2220 cm-1. 

Figure 19 shows that films deposited by RF PECVD have 
maximum absorption for  = 2160 -2170 cm-1 whilst for films 
deposited by LF PECVD the maximum absorption is shifted in to 
higher values of wave number = 2180-2200 cm-1. The peak 
position depends on the back bonding of the stretching mode of 
Si-H bond (Fig. 20) and is determined by the large difference of 
electronegativity of N and Si atoms [51-53].  

3.2.  Stoichiometry and density of the films
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Table 5.  
Values of fitted parameters and values of Mean Squared Error 
(MSE) from Tauc-Lorentz model for films from Table 2 

No A C Eo Eg MSE 
1 73.36 6.81 9.62 3.06 10.75 
2 89.62 10.77 8.41 2.47 5.81 
3 96.83 11.23 7.94 2.42 6.09 
4 146.54 6.03 9.29 4.78 10.50 
5 86.67 5.98 9.16 3.05 9.33 
6 85.02 7.45 8.72 2.52 5.17 
7 91.07 6.49 9.57 3.69 10.20 
8 90.94 10.52 8.48 2.48 5.41 
9 99.88 10.99 7.78 2.37 5.84 
10 148.66 5.85 9.23 4.77 10.13 
11 99.45 6.01 9.30 3.47 10.15 
12 83.72 6.92 8.93 2.60 6.48 

 
 

One can see that there is a big difference between extinction 
coefficient for SiNx films obtained by LF and RF-PECVD for the 
similar n( ). The values of k are lower for LF-PECVD compared 
to the RF-PECVD. Because the absorption coefficient is 
connected with extinction coefficient by the equation: 

k4  (15) 

the absorption of the films deposited with LF PECVD is lower 
than deposited with RF PECVD. From theses results one can 
conclude that the layers deposited with LF-PECVD are more 
convenient than deposited with RF PECVD as ARC for solar cell 
(for used Plasmalab System 100). 

Figure 8 shows the refractive index versus Tauc-Lorentz band 
gap Eg determined from fits to the SE data displayed in Table 5. 
 
 

 
 
Fig. 8. Refractive index (for =630 nm) versus Tauc-Lorentz 
band gap determined from fits to the SE data of SiNx layers grown 
by RF(13.56 MHz) and LF (100 kHz) PECVD for deposition 
temperature 300 oC and 340 oC 

3.2. Stoichiometry and density of the films 
 
 

The stoichiometry of the films was investigated by the X-ray 
photoelectron spectroscopy technique (XPS). The parameters 
x=N/Si versus refractive index are presented in Fig. 9. Figure 10 
shows the parametr x=N/Si in function of Tauc-Lorentz band 
gaps. 
 
 

 
 
Fig. 9. Nitrogen to silicon ratio X=N/Si obtained with X-ray 
photon spectroscopy (XPS ) versus refractive index for SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC, 340 oC and 360 oC. For 
comparison the curve obtained from empirical equation obtained 
by Lelièvre [34] 
 
 
 

 
 
Fig. 10. Nitrogen to silicon ratio X=N/Si ratio versus Tauc-
Lorentz band gap determined from fits to the SE data of SiNx 
layers grown by RF(13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 

 

In Figure 9 the curve which fits experimental data obtained by 
Lelièvre for LF PECVD (440 kHz) [34] is presented according to 
equation: 

 
n = 1.2 + 0.61 [Si]/[N] (16) 
 

The stoichiometry of the films differ significantly from these 
obtained by Lelièvre. It is seen that the smallest difference is for 
the films deposited with LF PECVD for Td =300 oC.  

Figure 11 shows the mass density of the SiNx films. The films 
deposited with LF PECVD have higher density than films 
deposited with RF PECVD. From this figure and Fig. 12 it is seen 
that increase deposition temperature Td increases the density. The 
maximal density  = 2.56 g/cm3 is obtained for LF PECVD and 
Td=360 o C.  
 
 

 
 
Fig. 11. The mass density obtained from X-ray reflectometry 
of SiNx layers grown by RF(13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC, 340 oC and 360 oC  
 
 

 
 
Fig. 12. The mass density obtained from X-ray reflectometry 
of SiNx layer with n ≈ 2.0 deposited by LF PECVD versus 
temperature of deposition  

3.3. Density of the bonds in the SiNx films 
 

The FTIR absorption spectra of SiNx layers with n  1.9 are 
displayed in Fig. 13. Visible are the absorption peaks of different 
chemical bodnings. The highest peaks are at approximately  = 
850 cm-1 and are connected with the Si-N asymmetric bond-
stretching mode. The others peaks are associated with vibrations 
modes of Si-H and N-H bonds. The Figures 14 and 15 show the 
Si-N, Si-H and N-H absorption bands of the all SiNx films.  
 

 
 
Fig. 13. FTIR absorption spectra of a SiNx layers n  1.9 
deposited by LF and RF PECVD (Tab. 2) 
 
 

Figures 16, 17 and 18 show the Si-N, Si-H and N-H bond 
density calculated from absorption spectra obtained by FTIR 
measurements of the SiNx films. From Fig. 16 one can observe 
that maximal value of Si-N density equal to 1.2 x 1023 cm-3 is 
obtained for the films deposited by LF PECVD at Td=340o C. This 
value is comparable with value 1.3 1023 cm-3 which according to 
Romijn [26-28] should be obtained for the optimal SiNx layer.  

The Si-H bond density increases and N-H bond density 
decreases with refractive index n as is shown on the Fig. 17 and 
Fig. 18, respectively. The lowest value of Si-H bond density was 
obtained for films deposited by LF-PECVD and Td=340 oC. 

Based on the estimated bond density, the concentration of 
bonded hydrogen in the films was calculated. Figure 20 shows the 
hydrogen fraction versus the refractive index of SiNx. The highest 
hydrogen concentration about 22 % is in the SiNx layers deposited 
with RF PECVD at lowest temperature Td=300 oC. The films 
deposited using LF PECVD have the lowest hydrogen 
concentration, about 11% for n  2.0.  

Hydrogen can be distributed in many configuration of local 
Si-H stretching modes for maximum absorption in the range 
2005-2220 cm-1. 

Figure 19 shows that films deposited by RF PECVD have 
maximum absorption for  = 2160 -2170 cm-1 whilst for films 
deposited by LF PECVD the maximum absorption is shifted in to 
higher values of wave number = 2180-2200 cm-1. The peak 
position depends on the back bonding of the stretching mode of 
Si-H bond (Fig. 20) and is determined by the large difference of 
electronegativity of N and Si atoms [51-53].  

3.3.  Density of the bonds in the SiNx films
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Fig.14. Si-N absorption bands from SiNx layers deposited by LF 
and RF PECVD for n  1.9 (a), 2.0 (b) and 2.1 (c) 

 
 
 
 

 
 
 
 

 
 
 

Fig. 15. Si-H and N-H absorption bands from SiNx layers 
deposited by LF and RF PECVD for n  1.9 (a), 2.0 (b), 2.1 (c) 

 

 
 
Fig. 16. The Si-N bonds density versus the refractive index 
of SiNx layers grown by RF (13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC and 340 oC 
 

 
 
Fig. 17. The Si-H bond density versus the refractive index of SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 
 

 
 
Fig. 18. The N-H bond density versus the refractive index of 
SiNx:H layers grown by RF (13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC and 340 oC 

 
 
Fig. 19. The hydrogen concentration calculated from the Si-N,  
Si-H and N-H bond density versus the refractive index of SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 

 

 
 
Fig. 20. The Si-H peak of the stretching mode versus the 
refractive index of SiNx layers grown by RF (13.56 MHz) and LF 
(100 kHz) PECVD for deposition temperature 300 oC and 340 oC 
 
 
3.4. Effective lifetime of carriers 
 
Surface passivation of FZ- silicon wafers 
 

Figure 21 present the effective lifetimes in FZ silicon with 
SiNx layers deposited with LF- and RF PECVD. The highest 
lifetimes are obtained for the films deposited by LF PECVD for 
temperature deposition Td =300 oC. The maximal value of eff is 
about 1.6 ms - 2.0 ms depending the thickness of FZ Si wafer 
(0.3 mm or 0.5 mm) and refractive index. These values are very 
high and show the that a high level of surface passivation is 
reached.  

Based on the effective lifetimes of carriers for wafers with 
two different thicknesses the effective surface recombination 
velocity Seff was calculated.  
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Fig.14. Si-N absorption bands from SiNx layers deposited by LF 
and RF PECVD for n  1.9 (a), 2.0 (b) and 2.1 (c) 

 
 
 
 

 
 
 
 

 
 
 

Fig. 15. Si-H and N-H absorption bands from SiNx layers 
deposited by LF and RF PECVD for n  1.9 (a), 2.0 (b), 2.1 (c) 

 

 
 
Fig. 16. The Si-N bonds density versus the refractive index 
of SiNx layers grown by RF (13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC and 340 oC 
 

 
 
Fig. 17. The Si-H bond density versus the refractive index of SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 
 

 
 
Fig. 18. The N-H bond density versus the refractive index of 
SiNx:H layers grown by RF (13.56 MHz) and LF (100 kHz) 
PECVD for deposition temperature 300 oC and 340 oC 

 
 
Fig. 19. The hydrogen concentration calculated from the Si-N,  
Si-H and N-H bond density versus the refractive index of SiNx 
layers grown by RF (13.56 MHz) and LF (100 kHz) PECVD for 
deposition temperature 300 oC and 340 oC 

 

 
 
Fig. 20. The Si-H peak of the stretching mode versus the 
refractive index of SiNx layers grown by RF (13.56 MHz) and LF 
(100 kHz) PECVD for deposition temperature 300 oC and 340 oC 
 
 
3.4. Effective lifetime of carriers 
 
Surface passivation of FZ- silicon wafers 
 

Figure 21 present the effective lifetimes in FZ silicon with 
SiNx layers deposited with LF- and RF PECVD. The highest 
lifetimes are obtained for the films deposited by LF PECVD for 
temperature deposition Td =300 oC. The maximal value of eff is 
about 1.6 ms - 2.0 ms depending the thickness of FZ Si wafer 
(0.3 mm or 0.5 mm) and refractive index. These values are very 
high and show the that a high level of surface passivation is 
reached.  

Based on the effective lifetimes of carriers for wafers with 
two different thicknesses the effective surface recombination 
velocity Seff was calculated.  

3.4.  Effective lifetime of carriers
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Fig. 21. Measured effective lifetimes (for ∆n = 1015 cm-3 versus 
the refractive index of SiNx deposited with LF – and RF PECVD 
for two temperature of deposition 
 

 
 
Fig. 22. Effective surface recombination velocity Seff versus the 
injection level n for FZ-Si wafers with resistivity  = 100 kΩcm 
and two thicknesses 0.3 mm and 0.5 mm with SiNx layers 
deposited using LF PECVD (no. 4, 5, 6) for Td = 300 oC 
 

Figure 22 shows very small effective surface recombination 
for FZ-Si wafers with SiNx layers deposited by LF PECVD for 
temperature deposition Td =300 oC. The lowest value of Seff is 
obtained for refraction index n = 2.0 (no 5). 
 
Passivation of mc-Si wafers 
 

Figure 23 shows the effective lifetime eff of mc-Si wafers 
KOH etched (a) and acidic etched (b) with SiNx before heating. 
The high value of the eff >10 s (for n = 1 x 1015 cm-3 are 
obtained only for the LF-PECVD (no. 4,5,6 i 10, 11, 12). For the 
layers SiNx deposited by RF PECVD the eff <5 s. It is seen that 
for the low concentration of injection level n < 9x1014 cm-3 the 
measured values of eff are overestimated due to trap carriers 
which increases the measured photoconductance.  

 
 

 
 
Fig. 23. Measured effective lifetimes versus excess carrier density 

n for p-type silicon mc-Si KOH etched with SiNx deposited by 
LF PECVD (a) and RF-PECVD (b), before annealing of the 
samples  
 

 
 
Fig. 24. Measured effective lifetimes versus excess carrier density 

n for p-type silicon mc-Si acidic etched with SiNx deposited by 
LF PECVD before annealing the samples 

 

The high effective lifetime was obtained only for SiNx 
deposited with LF PECVD (nos. 4,5,6,10,11,12). The lifetime of 
mc-Si with RF SiNx are very low (no : 1-3,7-9, eff < 5 µs) 

As can be observed from Fig. 24 that the SiNx deposited with 
LF PECVD shows better passivation properties than RF PECVD. 
This confirms that the chemical etching of the surface before 
deposition is important as well.  

The effective lifetimes eff (for injection level of n = 1015 cm-3) 
versus the refraction index of SiNx deposited with LF- and RF- 
PECVD for Td = 300 oC and Td =340oC are presented in the Figs. 25 
and 26.  
 
 
 

 
 
Fig. 25. Measured effective lifetimes versus refractive index n for 
mc-Si KOH etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  
 
 
 

 
 
Fig. 26. Measured effective lifetimes versus refractive index n for 
mc-Si acidic etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  

Figures 27 and 28 show the effective lifetime eff of mc-Si 
wafers with SiNx layers after heating in IR belt furnace (LA-310) 
with temperature profile presented in Fig. 3. 

The values of eff are reduced after heating but for the low 
concentration of injection level the effect of trapping carriers 
disappears which can be explained by bulk passivation.  
 
 

 
 
Fig. 27. Measured effective lifetimes versus refractive index n for 
mc-Si acidic etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  
 
 

 
 
Fig. 28. Measured effective lifetimes versus excess carrier density 

n for mc-Si acidic etched with SiNx films deposited by LF and 
RF-PECVD after heating  
 
 

The trap density in mc-Si wafers with SiNx layers versus mass 
density of SiNx layers after firing is presented in Fig. 29. One can 
see that the high density films obtained by LF PECVD reduce the 
trap density very effectively. Figure 30 presents the trap density 
ratio NT0/NTw versus mass density of SiNx layers, where NT0 and 

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


81

Silicon nitride for photovoltaic application

Volume 46    Issue 2   December 2010

 
 
Fig. 21. Measured effective lifetimes (for ∆n = 1015 cm-3 versus 
the refractive index of SiNx deposited with LF – and RF PECVD 
for two temperature of deposition 
 

 
 
Fig. 22. Effective surface recombination velocity Seff versus the 
injection level n for FZ-Si wafers with resistivity  = 100 kΩcm 
and two thicknesses 0.3 mm and 0.5 mm with SiNx layers 
deposited using LF PECVD (no. 4, 5, 6) for Td = 300 oC 
 

Figure 22 shows very small effective surface recombination 
for FZ-Si wafers with SiNx layers deposited by LF PECVD for 
temperature deposition Td =300 oC. The lowest value of Seff is 
obtained for refraction index n = 2.0 (no 5). 
 
Passivation of mc-Si wafers 
 

Figure 23 shows the effective lifetime eff of mc-Si wafers 
KOH etched (a) and acidic etched (b) with SiNx before heating. 
The high value of the eff >10 s (for n = 1 x 1015 cm-3 are 
obtained only for the LF-PECVD (no. 4,5,6 i 10, 11, 12). For the 
layers SiNx deposited by RF PECVD the eff <5 s. It is seen that 
for the low concentration of injection level n < 9x1014 cm-3 the 
measured values of eff are overestimated due to trap carriers 
which increases the measured photoconductance.  

 
 

 
 
Fig. 23. Measured effective lifetimes versus excess carrier density 

n for p-type silicon mc-Si KOH etched with SiNx deposited by 
LF PECVD (a) and RF-PECVD (b), before annealing of the 
samples  
 

 
 
Fig. 24. Measured effective lifetimes versus excess carrier density 

n for p-type silicon mc-Si acidic etched with SiNx deposited by 
LF PECVD before annealing the samples 

 

The high effective lifetime was obtained only for SiNx 
deposited with LF PECVD (nos. 4,5,6,10,11,12). The lifetime of 
mc-Si with RF SiNx are very low (no : 1-3,7-9, eff < 5 µs) 

As can be observed from Fig. 24 that the SiNx deposited with 
LF PECVD shows better passivation properties than RF PECVD. 
This confirms that the chemical etching of the surface before 
deposition is important as well.  

The effective lifetimes eff (for injection level of n = 1015 cm-3) 
versus the refraction index of SiNx deposited with LF- and RF- 
PECVD for Td = 300 oC and Td =340oC are presented in the Figs. 25 
and 26.  
 
 
 

 
 
Fig. 25. Measured effective lifetimes versus refractive index n for 
mc-Si KOH etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  
 
 
 

 
 
Fig. 26. Measured effective lifetimes versus refractive index n for 
mc-Si acidic etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  

Figures 27 and 28 show the effective lifetime eff of mc-Si 
wafers with SiNx layers after heating in IR belt furnace (LA-310) 
with temperature profile presented in Fig. 3. 

The values of eff are reduced after heating but for the low 
concentration of injection level the effect of trapping carriers 
disappears which can be explained by bulk passivation.  
 
 

 
 
Fig. 27. Measured effective lifetimes versus refractive index n for 
mc-Si acidic etched with SiNx films deposited by LF PECVD and 
RF-PECVD before heating  
 
 

 
 
Fig. 28. Measured effective lifetimes versus excess carrier density 

n for mc-Si acidic etched with SiNx films deposited by LF and 
RF-PECVD after heating  
 
 

The trap density in mc-Si wafers with SiNx layers versus mass 
density of SiNx layers after firing is presented in Fig. 29. One can 
see that the high density films obtained by LF PECVD reduce the 
trap density very effectively. Figure 30 presents the trap density 
ratio NT0/NTw versus mass density of SiNx layers, where NT0 and 
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NTw are the trap density before and after firing, respectively. The 
SiNx obtained by LF PECVD reduces the trap density above 100 
times after firing. This means that SiNx layers deposited with LF 
PECVD for Td =340 oC or 360 oC passivate the bulk of mc-Si 
wafers.  
 
 

 
 
Fig. 29. Trap density versus mass density after firing of mc-Si 
wafers covered with SiNx layers. The trap density obtained from 
QSSPC lifetime measurements 
 
 

 
 
Fig. 30. Trap density ratio NT0/NTw versus mass density of SiNx 
layers, NT0 and NTw trap density before and after firing, 
respectively 
 
 
3.5. Electrical parameters of silicon solar cells 
with SiNx ARC layer 
 

The SiNx layers deposited by LF PECVD LF (100 kHz) were 
applied to silicon solar cells technology. The temperature of 
substrates during deposition is 360 oC in order to obtain high 

density of the films. The electrical contacts were fired in IR belt 
furnace LA-310.  

Figure 31 shows the I-V characteristics of mc-Si solar cells 
with SiNx layer and with TiOx ARC for comparison. Table 3 
shows the electrical parameters of solar cells determined from I-V 
characteristics measured for AM1.5 (1kW/m2) solar spectrum 
at 25 oC.  

 
 
 

 
 
Fig. 31. Current-Voltage I-V characteristics of silicon solar cells: 
with 1) SiNx, 2) TiOx ARC  
 
 
 
Table 3. 
Electrical parameters of solar cells mc-Si with SiNx and with TiOx 
antireflection coatings. The size of the solar cell is 10 cm x 10 cm. 
The SiNx layers are deposited using LF PECVD at deposition 
temperature Td =360oC. The last column shows the pseudo-
efficiency PEff obtained by “Suns-Voc” measurement 

No ARC Jsc 
[mA/cm2] 

Voc 
[mV] 

FF 
[%] 

Eff 
[%] 

PEff 
[%] 

1 SiNx 32.9 593 72.1 14.1 15.2 

2 TiOx 28.9 576 75.4 12.6 13.2 

 
 
 

The solar cells were additionally measured using “Suns-Voc” 
method (Sinton Consulting). Figure 32 shows the effective 
lifetimes of two solar cells with SiNx ARC and reference cell with 
TiOx ARC. The effective lifetime of solar cell with SiNx layer is 
7.5 s and with TiOx layer about 5.8 s (for n = 5×1013 cm-3 
corresponding 1-Sun illumination - 1kW/m2). The value 
of pseudo- efficiency (for ideal contact) for solar cell with SiNx 
is equal to 15.2% while for cell with TiOx PEff = 13.2%. These 
values can be obtained if the contact will be improved. Further 
increase of efficiency can be obtained if alkaline texturization will 
be replaced by the acidic texturization. 

 

 
 
Fig. 32. The effective lifetimes for mc-Si solar cell with SiNx 
ARC and reference cell with TiOx layer measured using “Suns-
Voc” method (Sinton Consulting). Injection level n = 5×1013 
cm-3 obtains for solar illumination 1 sun (1 kW/m2) 
 

4. Silicon nitride layer SiNx used for 
third generation solar cell  
 
4.1. Structural properties 
 

Figure 33 shows the cross-section HRTEM images of the 
multilayer structure type I-A consisting of 50-bilayer SiNx(Si) 
(2nm)/SiNx(N) (2nm)).  

The refractive index of silicon rich SiNx(Si) layer is n =3.2. 
Figure 33a shows QDs at small magnification whereas Fig. 34b 
presents a high resolution TEM image. The visible dark objects in 
 Fig. 34b are Si quantum dots. Their estimated size ranges 
from 4 nm to 5 nm. Besides quantum dots of the 5 nm size we 
have also observed a large twined nanocrystals with 10 nm 
diameter (Fig. 34c). Although it is an interesting question what is 
the real size distribution of the new objects, even quantifying the 
exact average size of the nanoparticles from the HRTEM images 
is an impossible task, because only very small number of 
nanoparticles give a sufficient good contrast.  

 

   
 

Fig. 33. Cross-sectional TEM images of multilayer type I-A (50-bilayer SiNx (Si) (2nm) / SiNx(N) (2nm)) (a) low and (b, c) high 
magnification, c) nanocrystal (100) Si crystal planes of big twins crystal about 10 nm diameter 

 

 
 

Fig. 34. Cross-sectional TEM images of multilayer structure type II: (20-bilayer SiNx(Si) (5 nm)/ SiNx(N)(8 nm)) (a) low and (b) high 
magnification 

3.5.  Electrical parameters of silicon solar cells 
with SiNx ARC layer
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NTw are the trap density before and after firing, respectively. The 
SiNx obtained by LF PECVD reduces the trap density above 100 
times after firing. This means that SiNx layers deposited with LF 
PECVD for Td =340 oC or 360 oC passivate the bulk of mc-Si 
wafers.  
 
 

 
 
Fig. 29. Trap density versus mass density after firing of mc-Si 
wafers covered with SiNx layers. The trap density obtained from 
QSSPC lifetime measurements 
 
 

 
 
Fig. 30. Trap density ratio NT0/NTw versus mass density of SiNx 
layers, NT0 and NTw trap density before and after firing, 
respectively 
 
 
3.5. Electrical parameters of silicon solar cells 
with SiNx ARC layer 
 

The SiNx layers deposited by LF PECVD LF (100 kHz) were 
applied to silicon solar cells technology. The temperature of 
substrates during deposition is 360 oC in order to obtain high 

density of the films. The electrical contacts were fired in IR belt 
furnace LA-310.  

Figure 31 shows the I-V characteristics of mc-Si solar cells 
with SiNx layer and with TiOx ARC for comparison. Table 3 
shows the electrical parameters of solar cells determined from I-V 
characteristics measured for AM1.5 (1kW/m2) solar spectrum 
at 25 oC.  

 
 
 

 
 
Fig. 31. Current-Voltage I-V characteristics of silicon solar cells: 
with 1) SiNx, 2) TiOx ARC  
 
 
 
Table 3. 
Electrical parameters of solar cells mc-Si with SiNx and with TiOx 
antireflection coatings. The size of the solar cell is 10 cm x 10 cm. 
The SiNx layers are deposited using LF PECVD at deposition 
temperature Td =360oC. The last column shows the pseudo-
efficiency PEff obtained by “Suns-Voc” measurement 

No ARC Jsc 
[mA/cm2] 

Voc 
[mV] 

FF 
[%] 

Eff 
[%] 

PEff 
[%] 

1 SiNx 32.9 593 72.1 14.1 15.2 

2 TiOx 28.9 576 75.4 12.6 13.2 

 
 
 

The solar cells were additionally measured using “Suns-Voc” 
method (Sinton Consulting). Figure 32 shows the effective 
lifetimes of two solar cells with SiNx ARC and reference cell with 
TiOx ARC. The effective lifetime of solar cell with SiNx layer is 
7.5 s and with TiOx layer about 5.8 s (for n = 5×1013 cm-3 
corresponding 1-Sun illumination - 1kW/m2). The value 
of pseudo- efficiency (for ideal contact) for solar cell with SiNx 
is equal to 15.2% while for cell with TiOx PEff = 13.2%. These 
values can be obtained if the contact will be improved. Further 
increase of efficiency can be obtained if alkaline texturization will 
be replaced by the acidic texturization. 

 

 
 
Fig. 32. The effective lifetimes for mc-Si solar cell with SiNx 
ARC and reference cell with TiOx layer measured using “Suns-
Voc” method (Sinton Consulting). Injection level n = 5×1013 
cm-3 obtains for solar illumination 1 sun (1 kW/m2) 
 

4. Silicon nitride layer SiNx used for 
third generation solar cell  
 
4.1. Structural properties 
 

Figure 33 shows the cross-section HRTEM images of the 
multilayer structure type I-A consisting of 50-bilayer SiNx(Si) 
(2nm)/SiNx(N) (2nm)).  

The refractive index of silicon rich SiNx(Si) layer is n =3.2. 
Figure 33a shows QDs at small magnification whereas Fig. 34b 
presents a high resolution TEM image. The visible dark objects in 
 Fig. 34b are Si quantum dots. Their estimated size ranges 
from 4 nm to 5 nm. Besides quantum dots of the 5 nm size we 
have also observed a large twined nanocrystals with 10 nm 
diameter (Fig. 34c). Although it is an interesting question what is 
the real size distribution of the new objects, even quantifying the 
exact average size of the nanoparticles from the HRTEM images 
is an impossible task, because only very small number of 
nanoparticles give a sufficient good contrast.  

 

   
 

Fig. 33. Cross-sectional TEM images of multilayer type I-A (50-bilayer SiNx (Si) (2nm) / SiNx(N) (2nm)) (a) low and (b, c) high 
magnification, c) nanocrystal (100) Si crystal planes of big twins crystal about 10 nm diameter 

 

 
 

Fig. 34. Cross-sectional TEM images of multilayer structure type II: (20-bilayer SiNx(Si) (5 nm)/ SiNx(N)(8 nm)) (a) low and (b) high 
magnification 

4.  Silicon nitride layer SiNx used for third 
generation solar cell

4.1.  Structural properties
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Figure 34 shows the multilayer structure “II” consisting of  
20-bilayers: SiNx(Si) (5nm)/SiNx(N) (8 nm)). It displays that the 
shape of these nanocrystals is not spherical. 

Figure 35 shows the post-anneal GI-XRD spectra of 
multilayer structure type I -B. An average size of nanoparticles 
estimated using Scherrer’s equation is 4.5 nm.  
 

 
 
Fig. 35. The X-ray diffraction scan for a multilayer type I-A annealed 
at 1100 oC. The average size of the crystallites is d =4.5 nm 
 
 
4.2. Optical properties  

 
Figure 36 presents photoluminescence characteristics for the 

sample I-A (a) and I-B (b) before and after annealing. One can 
observe that the annealing procedure causes structural changes 
which lead to the diminishing of the main photoluminescence 
peak. The same effect was reported by Scardera et al. [54]. 

The maxima PL of multilayer after annealing: for a λ = 550 
nm (2.2 eV) and λ = 670 nm (1.8 eV). 

Figure 37 shows the Raman spectrum from I-B structure 
before and after annealing. It is seen that after annealing at 
1100 oC the amorphous phase disappears while the peak 
corresponding the crystalline phase increases. 

Figure 38 shows the absorption spectra of I-B structure before 
and after annealing for temperatures: 1000 oC, 1050 oC and 1100 oC.  

It is seen that the edges of optical absorption moves to shorter 
wavelength due to high temperature annealing 1100 oC which can 
be interpreted as nanocrystals Si creation.  
 
 
4.3. Electrical properties 
 

The photoelectrical properties are investigated by surface 
photo-voltage spectroscopy (SPV) method. Fig. 39 shows the SPV 
spectra for I-A and II-A structures after annealing at 1000oC and 
1100oC, and for Si-reference sample with single layer 80 nm SiNx.  

The SPV spectra for multilayer structures type I shows a 
blueshift of the absorption edge. This fact can be interpreted as a 
result of nanocrystals formation which give the additional SPV 
signal. It is seen that the blueshift is bigger for the type I structure, 
for two temperatures annealing (for 1000oC and 1100oC). 

 
 

 
 
Fig. 36. Photoluminescence measured for I-A and I- B structures 
before and after annealing 
 
 

 
 
Fig. 37. Raman spectrum of I-B structure before and after 
annealing After annealing at 1100 oC amorphous phase 
disappears, the crystalline silicon phase signal increases 

 

  
 

Fig. 38. Absorption spectra of I-B structure before and after 
annealing for temperatures: 1000oC, 1050oC and 1100oC 
 
 

 
 
Fig. 39. Photovoltage spectrum (SPV) for two structures type 
I and type II after annealing at 1000oC and 1100oC and reference 
Si with SiNx sample  
 
 

This effect and SPV signal reduction for 1.1 eV indicate that 
quantum thin film (type I) is electrically active and have the 
properties of semiconductor with a broader energy gap then the 
gap of the silicon.  

The amplitude signal exhibits that the density of the 
nanocrystals is enough high and the not very broad peak indicate 
the small size distribution of Si QDs in SiN film.  
 
 

5. Conclusions 
 

The layers deposited with LF PECVD have lower values of 
extinction coefficient for the same refractive indexes value. This 
means that LF PECVD layers have lower absorption and are 
more suitable as ARC for solar cells. It is shown that X-Ray 

reflectometry is a very suitable method for mass density of SiNx 
layers. The mass density is important parameter which 
determine the passivation properties. The layers deposited by 
LF PECVD have larger mass, than deposited by RF PECVD. 
There is a correlation between the traps density after annealing 
and mass density of these layers. FTIR characterization shows 
that LF PECVD layers have highest Si-N bond density equal to 
1x1023 cm-3, which is value considered as optimal in the other 
publications.  

The maximal density of the film deposited by LF PECVD 
at temperature deposition 360oC is equal 2.6 g/cm3. It is lower 
then value (2.8-3 g/cm3) according to Dekkers to obtain high 
efficiency solar cell with high value of voltage about 610 mV. 
The solar cells made in this work with LF PECVD at 360 oC has 
efficiency 14.1 % with Voc = 590 mV. The lifetime is equal 8 s. 
These result indicates that the cells can be improved to 15.1 % 
if the metallization will be improved. Moreover, the further 
improvement will obtained if higher lifetime will be obtained. 
In order to obtain this, the passivation properties should be 
improved. This can be reached by density increasing of the layers. 
It was shown that multilayer structure of SiNx after annealing in 
high temperature (1100 oC) have the properties of semiconductor 
with a broader energy gap then the gap of the silicon.  

The multilayer SiNx structure used for Si QDS superlattice 
should be further optimized in order to obtain the QDs with the 
shape of sphere with the suitable density. 

The results of investigation of SiNx layers can be used for 
increasing the efficiency of mc-Si solar cells produced in 
Photovoltaic Laboratory IMMS PAS in Krakow. The results of 
multilayer SiNx investigations can be used in the further work 
concerning high efficiency solar cells based on silicon QD 
superlatices. 
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Figure 34 shows the multilayer structure “II” consisting of  
20-bilayers: SiNx(Si) (5nm)/SiNx(N) (8 nm)). It displays that the 
shape of these nanocrystals is not spherical. 

Figure 35 shows the post-anneal GI-XRD spectra of 
multilayer structure type I -B. An average size of nanoparticles 
estimated using Scherrer’s equation is 4.5 nm.  
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Fig. 37. Raman spectrum of I-B structure before and after 
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disappears, the crystalline silicon phase signal increases 

 

  
 

Fig. 38. Absorption spectra of I-B structure before and after 
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