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Abstract 

Amorphous hydrogenated silicon nitride (a-SiNx:H) films deposited at a high rate by an 
expanding thermal plasma (ETP) are studied for the use as antireflection coating (ARC) 
and passivation layer for multicrystalline silicon solar cells. Plasma enhanced chemical 
vapour deposition (PECVD) of silicon nitride films from ammonia and silane results in 
amorphous layers that contain a large amount of hydrogen which can be released during a 
high temperature step. The released hydrogen is capable of passivating defects like 
silicon dangling bonds that are present in multicrystalline silicon solar cells, thereby 
significantly improving the efficiency of the cell. Also by varying the ammonia to silane 
gas-flow ratio the refractive index of the resulting film can be varied and optimised for 
the purpose of an ARC. Thus the deposition of a-SiNx:H films can meet two purposes at 
once, however the mechanism of hydrogen passivation bas not yet been elucidated. 
This study characterizes the growth of a-SiNx:H films deposited by multiple 
industrialised ETP sourees by varying growth parameters like total flow, gas flow ratio, 
pressure, power, and deposition temperature and analysing the resulting silicon nitride 
films. Two regimes are found that provide different layer properties which are designated 
as Ar+ plasma chemistry that results in nitrogen rich a-SiNx:H films and H plasma 
chemistry that results in silicon rich silicon nitride layers. Furthermore, silicon nitride 
layers with a different stoichiometry are annealed at different temperatures in order to 
investigate the layer properties as a function of temperature. The results of that study are 
compared with cell results from solar cells processed with the same silicon nitride layers. 
This reveals the importance of film density and hydrogen bond configuration on 
passivation capability and good ARC performance. The results of the growth 
characterisation and anneal study are then used to optimise ETP deposited silicon nitride 
films for the use as ARC and passivation layer for multicrystalline silicon solar cells. 
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Chapter 1 

Introduetion 

1.1 Solar cell market and technology 

Renewable energy sourees are becoming increasingly more important as an alternate way 
of fulfilling the world's energy demands. A significant part of this renewable energy is 
delivered by solar cells. The photovoltaic (PV) market shows an increasing growth each 
year (see figure 1.1) and with this rate the total world PV production will reach a Giga 
Watt levelalready by the year 2005. 
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Figure 1.1. Worldwide shipments of PV modules from 1975 to 2000. 
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Currently, crystalline silicon (e-Si) solar cells constitute more than 85% of the world PV 
market and have a tendency to increase the market share. To follow the increase in 
production, cell manufacturers are forced to shift from good quality monocrystalline 
silicon wafers to different types of lower quality polycrystalline (poly-Si) substrates like 
multicrystalline silicon (me-Si), silicon ribbons and thin poly-Si films. All these materials 
are characterized by large inhomogeneities caused by grain boundaries and intra-grain 
defects like dislocations. Furthermore, due to the raising demand for silicon wafers, 
supply problems arise and often lower quality silicon is used that contains metallic 
impurities, oxygen, and carbon. These inherent defects can act as recombination eentres 
for electron-hole pairs and cause a very low lifetime of the generated charge carriers that 
deliver the power produced by solar cells. 
There are however several processing techniques that can drastically improve the lifetime 
of the charge carriers and therefore enhance the performance of a solar cell. Impurities 
like oxygen and metallic fast diffusers like iron, copper, and nickel can be efficiently 
extracted or neutralized by external gettering. During a high temperature treatment these 
defects will diffuse to gettering sites, where they are heldor subsequently removed from 
the silicon wafer. In solar cell processing, phosphorus diffusion that is used to form the 
emitter of a cellis a well-established gettering step as wellas the aluminium alloying that 
is performed to create the back surface field of a solar cell. The suggestions that have 
been made on how this gettering action occurs involve dislocations which form in the 
phosphorus or aluminium doped layer and act as sinks for the gettered defects. 1

•
2 

As opposed to the gettering technique, an alternative approach is to introduce a mobile 
species into the wafer which can neutralize the electrooie action of defects and impurities. 
Atomie hydrogen is one species which is very effective in this respect and this is known 
as hydrogen passivation. There are several techniques developed for hydrogen 
passivatien of silicon and the best known are: annealing in a hydrogen gas environment 
(forming gas annealing), H ion implantation, direct and remote plasma hydrogenation, 
and deposition of hydrogen containing silicon nitride layers. 
The hydrogen containing silicon nitride layers are becoming widely introduced in 
industrial e-Si solar cell processing. This is due to the unique possibility of combining 
different processing steps. The deposition of a-SiNx:H films on e-Si solar cells can in 
principle meet three purposes at once. The combination of a good optical transparency 
with a tunable refractive index n which is in the range from 1.8-3.0 makes the material 
very suitable as antireflection coating (ARC). The refractive index of a-SiNx:H can easily 
be optimized for optimal antireflection performance and it makes the material a good 
alternative for the conventionally applied titaniumoxide (TiOx) ARC (n = -2.3) 
fabricated by atmospheric pressure chemical vapor deposition (APCVD). Furthermore, 
silicon nitride films can reduce the recombination of charge carriers at the surface of solar 
cells. Surface passivatien is not obtained by TiOx films and is especially important for 
high efficiency and very thin e-Si solar cells. A thermally grown oxide (Si02) can also 
lead to excellent surface passivatien but is not a good ARC because of its low refractive 
index (n = -1.46) and requires high processing temperatures (>800°C) while PECVD of 
a-SiNx:H can take place at relatively low temperatures (200-500°C). This reduces 
production costs and prevents thermal damage to solar cell devices. Moreover, silicon 
nitride films can also lead to hydrogen passivatien of impurities, defects, and grain 
boundaries in the Si bulk which is important for multicrystalline silicon (me-Si) and 
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ribbon Si solar cells. These types of cells have lower efficiencies compared to 
monocrystalline Si cells, but are the most promising candidates in c-Si solar technology 
because of the lower material costs and the great demand for silicon wafers. The 
hydrogen passivation occurs by atomie hydrogen either present during the deposition 
process of the a-SiNx:H film itself or by hydrogen released from the silicon nitride film 
during a high temperature step after deposition. A picture of a silicon wafer with a silicon 
nitride film suitable for ARC and as passivation layer is shown in tigure 1.2. 

Figure 1.2. Monocrystalline wafer deposited with a 75 nm thick silicon nitride film. 

The properties of silicon nitride depend strongly on the selected deposition technique. For 
solar cell application the most suitable are the deposition processes from the gas phase by 
means of chemica! vapour deposition (CVD) using silane and ammonia, and/or nitrogen 
as the reactant gases. The resulting silicon nitride layers are usually amorphous, non
stoichiometrie, and can contain up to 40 at% of hydrogen and are usually denoted in 
literature as a-SiNx:H (from now on abbreviated to SiN in this work). The three basic 
CVD processes are: atmospheric pressure (APCVD), low pressure (LPCVD), and plasma 
enhanced chemica! vapour deposition (PECVD). APCVD involves reaction of silane and 
ammonia at atmospheric pressure in the temperature range of 700-900°C. LPCVD 
involves the reaction of dichlorosilane and ammonia at reduced pressure ( -0.1 mbar) and 
temperatures around 750°C. PECVD uses plasma enhanced reaction of silane and 
ammonia and/or nitrogen at reduced pressure ( -0.3 mbar) and temperatures below 500°C. 
The PECVD metbod is of particular interests for solar cell application because of the 
lower processing temperature, higher deposition rate, and the possibility to tune the 
refractive index over a wide range. The main reason, however, sterns from the fact that 
there is overwhelmingly strong evidence for the very good surface and bulk passivation 
properties of the PECVD SiN layers. 
Several studies have been devoted to the investigation of the underlying mechanism of 
surface and bulk passivation of Si solar cells by SiN films.3-1 5 Bulk passivation can he 
achieved by a short high-temperature step, the so-called firing process, which is used for 
the application of screen-printed metallization of silicon nitride coated me-Si solar cells. 
A metal paste is then fired through the SiN layer in order to make contact with the silicon 
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substrate. Defect passivation is obtained by hydrogen species that originate from the SiN 
film and diffuse in the silicon wafer. Models have been proposed for the ditfusion of 
these hydrogen species into silicon in the form of atomie hydrogen (H), molecular 
hydrogen (H2), and ammonia (NH3) .

7
'
8 Also vacancy-hydrogen complex generation and 

Al-enhanced void generation have been suggested to occur during the firing process of 
Al-based contacts9

-
13 and it has been considered that enhanced passivation effectscan be 

obtained by the retention of the atomie hydrogen at defect sites during rapid cooling of 
the cells immediately after the firing process.12

•
13 

Although significant progress has been made recently in terms of passivation of solar 
cells by plasma deposited silicon nitride layers, there is still no complete onderstanding of 
the mechanism of bulk passivation by SiN for me-Si solar cells. This is partially due to an 
insufficient onderstanding of the fundamental properties of the silicon nitride films that 
affect hydrogen release and hydrogen ditfusion into me-Si, such as the atomie 
composition, microstructure, density, and hydrogen bonding types. Especially, the 
dependenee of the bulk passivation on these layer properties has not been investigated in 
detail. 

Figure 1.3. An expanding thermal plasma (left) and an ETP-souree (right). 

Another important issue for the application of silicon nitride in the photovoltaic industry 
is the deposition rate of the SiN films. Higher deposition rates can keep investments in 
equipment relatively low reducing the cost per processed wafer in large-scale solar cell 
production. The expanding thermal plasma (ETP) technique has been shown to provide 
bulk passivating silicon nitride layers at high deposition rates. 14

-
17 Deposition rates can be 

raised trom 1.0 to 50 nrnls and are much higher than those of conventional PECVD 
methods which are typically 0.5 to 1.0 nrnls. The ETP technique is a remote PECVD 
technique which allows independent control of the processes in the downstream region, 
decoupling of the plasma parameters and almost no ion bombardment on the substrate. 
Ion bombardment can, however, be applied by the application of an extemal bias voltage 
to the substrate. Pictures of an ETP-source and of an expanding thermal plasma from 
multiple sourees are shown in tigure 1.3. 

4 
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Because of these reasons ETP deposited silicon nitride bas found its way into industry. At 
OTB engineering18 (where this workis performed) it is currently used for the deposition 
of a silicon nitride antireflection coating on silicon solar cells by an inline production 
machine (DEPx). A schematic of this machine is displayed in figure 1.4. 

Figure 1.4. Schematic of the DEP x manufactured by OTB engineering for the deposition 
of a SiN antireflection coating on silicon solar cells. 

1.2 Scope of this work 

This work studies industrial ETP deposited silicon nitride films that are used as 
passivatien layer and antireflection coating for multicrystalline silicon solar cells. First of 
all, an introduetion is given into the field of solar cell science in chapter 2. Then chapter 3 
focuses a bit more on the principles of a solar cell, and reviews the literature that is 
available on hydrogen passivatien in order to show that, although passivatien from a SiN 
layer is not completely understood, the mechanism of hydrogen passivatien of silicon is 
almost unravelled. An overview of PECVD of SiN is given as well. Chapter 4 explains 
the experimental set-up and characterization techniques that are used. Different 
techniques for SiN film analysis are compared and relations between techniques are 
obtained that make faster layer characterization possible. Furthermore, solar cell 
characterization methods are explained that provide an estimate for the amount of 
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passivation achieved. Chapter 5 then characterizes the growth of SiN deposited by an 
industrialized ETP souree by varying the important growth parameters and a model is 
proposed that can explain the observed phenomena. After that the annealing behaviour of 
differently grown SiN films is characterized in chapter 6. The same SiN films are used 
for solar cell processing in order to correlate the observed annealing effects with solar 
cell performance. Chapter 7 then compares layers that provide high efficiency solar cells 
with layers that provide a reduced efficiency. A model is formulated that combines these 
solar cell results with the results obtained for the SiN growth and annealing behaviour, 
and also with the knowledge about hydrogen passivation that is reviewed in chapter 3. 
This model can explain the increase in solar cell efficiency obtained by high quality ETP 
deposited SiN layers. Chapter 8 concludes by predicting how these high quality fims can 
be obtained. 

6 
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Chapter 2 

Solar cells 

This chapter is an introduetion to the field of solar cell science. The reader that is already 
familiar with the principles of solar cell processing, output parameters, and the common 
techniques to improve the efficiency, can move on to the next chapter. Butfora reader 
who is not familiar with solar cell basics, this chapter provides a quick introduetion to the 
principles and techniques that are applied in this area of research. 

2.1 Introduetion 

A solar cell is a photovoltaic device designed to convert sunlight into electrical power 
and to deliver this power in an efficient manner. The most important application in the 
past has been in the space program where they provided electrical power for spacecrafts, 
and more recently they are being used for terrestrial systems. The manufacturing 
technology for these cells improves continuously and the prospects are that solar cells can 
be produced at prices where they could make significant contributions to the world's 
energy demands. The advantages of solar cells lie in their ability to provide nearly 
permanent, uninterrupted power at no operating costs with only heat as a waste product, 
and their conversion of light directly into electricity rather than some intermediate form 
of energy. They also have a high power to weight ratio compared toother power sources, 
but a low power per unit area of sunlight, that necessitates large area arrays, which is one 
of their main disadvantages. Another disadvantage is the relative low efficiency in energy 
conversion, however, the performances improve rapidly. The long energy payback time 
used to be another disadvantage, but with new technologies energy payback times can be 
reduced from 10 years toa fraction of a year. 

2.2 The solar constant 

The radiant power per unit area perpendicular to the direction of the sun outside the 
earth's atmosphere at the mean earth-sun distance is essentially constant. This radiation 
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intensity is referred to as the solar constant or as air mass zero (AMO) radiation and is 
displayed in figure 2.1. 
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Figure 2.1. Speetral distribution of sunlight. 

AMO radiation differs from that of a black body at 6000 K (temperature of the sun's 
photosphere) due to the fact that the radiation has to pass the sun' s atmosphere and is 
attenuated at some wavelengths. Sunlight is further attenuated by at least 30% during its 
passage through theearth's atmosphere because of scattering and absorption. The degree 
of attenuation is mostly determined by the length of the light path through the 
atmosphere. This is shortest when the sun is directly overhead and the ratio of any actual 
path length to this minimum value is known as the optica! air mass. When the sun is 
directly overhead, the optical air mass is unity and the radiation is described by air mass 
one (AM1) radiation. When the sun is an angle 8 to overhead, the air mass is given by 
llcosB. The terrestrial standard that is most widely used is the AM1.5 distribution, also 
plotted in figure 2.1. The total energy content is 832 W/m2

, however, in 1977 the total 
power density of 1 kW/m2 was incorporated as a standard. This is used for the 
comparison of the performances of different solar cells tested at different locations and is 
close to the maximum received at theearth's surface. 

2.3 Principle of a solar cell 

A solar cell is essentially just a very large area diode, that is formed by making a junction 
between n-type and p-type semiconducting materials. When n-type and p-type materials 
are brought together, electrons will flow from the n-type side which has a high 
concentratien of electrons to the p-type si de where the con centration is low, and holes 

8 
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will act similarly. However, electrans leaving the n-type side willleave a positive charge 
bebind (ionized donors) and the holes leaving the p-type side will expose negative 
charge, which is depicted in figure 2.2. 

Photons 

Figure 2.2. Principle of a solar cell. 

These exposed charges will set up an electric field that will oppose the natura! diffusion 
tendency of the electrans and holes and an equilibrium situation will be obtained. When a 
p-n junction is illuminated , excess electron-hole pairs are generated by light throughout 
the materiaL The electric field eneaurages a flow of generated electrans from the p-type 
side to the n-type, and a flow of holes in the opposite direction. When the illuminated p-n 
junction is electrically shorted, a current will flow in the short-circuiting wire. This 
current can be used to extract power from the solar cell and in this way solar energy is 
converted into electrical energy. 

2.4 Solar cell processing 

After the development of the first reasonably efficient silicon solar cells in 1953, these 
cells found a major application in generating electricity for spacecrafts. The requirements 
on performance and reliability led to the development of a standard celi-processing 
sequence which remained virtually unchanged until early 1970. Increased interest in 
renewable energy resources since then led to the production of cells specifically for 
terrestrial use which changed the technique to fabricate cells. The starting material was 
still the ultra pure silicon produced for the semiconductor industry. In transistors and 
integrated circuits, the emphasis is on silicon quality, and material costs are relatively 
unimportant. However, for solar cells it is worthwhile consictering a trade-off between 
performance and cost. 
Virtually all solar cells were used to be made from crystalline silicon (c-Si). The 
approach bas been to forma large single-crystal ingot using the Czochralski (CZ) process 
and then slice thin wafers from this ingot. A simpler (cheaper) approach to producing 
ingots, particular those of square cross section, is to use a process similar to casting 
which is sarnething like solidification by cooling molten material in a mold. This will 
generally result in a polycrystalline (poly-Si) ingot. However, with carefut control over 
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the conditions under which molten silicon solidifies, silicon with a large grain size can be 
formed which is therefore called multicrystalline silicon (me-Si). The quality of this 
material can be enhanced further during solar cell processing by defect passivation which 
will be a topic of chapter 3. 
The production of efficient multicrystalline cells on a large and industrial scale has 
changed in recent years. The normal process steps and the added or improved steps are 
displayed in table 2.1 along with the absolute gain in efficiency. Solar cell efficiencies are 
presented in a percentage and this can be tricky, a 10% increase in efficiency does not 
mean an absolute increase in efficiency from 10 to 20%. This is not a difficult matter, just 
be a ware of it. 

Normal steps Improvements 
Absolute efficiency 

increase (%) 

Saw damage removal 
Saw damage removal and 

0.3 
texturization 

Emitter diffusion Shallow emitter diffusion 0.5 
Parasitic junction removal -

TiOx ARC deposition a-SiNx:H ARC deposition 2.0-3.0 
Front contact metallization -

Back surface field 1.0 
Ohmic back contact -

metallization 
Co-firing contacts -

Max efficiency: 12 % Max efficiency: 16.8 % 

Table 2.1. Typical industrial processing sequence with recent improvements. 

Multicrystalline wafers are obtained by slicing a large silicon ingot. The resulting 
substrates have a thickness of typically 300 J.lm. The material is already p-type doped to 
the desired level during the ingot fabrication process. Typically the resistivity is 1 Qcm 
which is obtained by a concentration of 1.5 x 1016 cm-3 of boron. During the slicing ofthe 
wafers, the surface is damaged and some grease can still be present. Therefore, 
approximately 20 J.lm will be chemically etched from each surface side. In practice the 
saw damage removal is basedon a 20-30 wt% aqueous solution of NaOH heated toabout 
90 °C. The removal of silicon occurs according to the reaction: 

Si+ H20 + 2 NaOH ---7 NazSi03 + 2 H2. 

The saw damage removal step is since recently often combined with a texturization step. 
By etching the surface for example in a HN03-HF solution (8% water), certain 
crystallographic directions are exposed, resulting in a pyramid structure (see §2.9). This 
process step reduces the bare silicon reflectance drastically for monocrystalline silicon 
solar cells and can improve the performance of those cells by 1% absolute. 1t also 
increases the efficiency of me-Si cells by -0.3% absolute, which is less than for 
monocrystalline silicon because of differently orientated grains. 

10 
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The n-type layer or emitter is created by the ditfusion of phosphorus into the top surface 
of the cell, thereby overcompensating the boron that is present and forming a p-n 
junction. Usually a phosphorus containing souree (PCh) is applied onto the wafer and 
brought toa high temperature, so phosphorus can diffuse into the silicon wafer. Industrial 
emitters were normally diffused deep (>0.5 J.lm) and with a high phosphorus surface 
concentration (>1020 cm-3

). Shallow emitters are preterred when the emitter can be 
passivated, because most of the solar energy is absorbed in the first micrometer of asolar 
cell (see §2.6). When the emitter is not passivated electron-hole pairs will recombine at 
the defects induced by emitter ditfusion and at the surface. 
The presence of an n-type diffused junction around the edge of the wafer would create a 
direct path between the front contact and the back contact which will be applied in the 
next steps. This shunt path has to be removed since it is a parasitic pathway for the p-n 
junction. This is usually done with HF etching. If not removed, it will lead to a drastic 
decrease of the efficiency. 
The silicon nitride acts as an antireflection coating and passivation layer and is usually 
deposited by PECVD. The passivation of defectscan improve the solar cell performance 
by 2-3% absolute, thus is a crucial step in cell processing. It will be fully discussed in the 
next chapters. The principle of an ARC will be further discussed in paragraph 2.8. 
Front and back contacts are applied by screen printing. For the front contact printing, a 
highly conductive silver paste is used. The paste is applied through the openings of a 
screen onto the wafer and dried at around 200°C to remove solvents that are necessary to 
allow an easy printing of the paste. A classic front metallization pattem consists of 
narrow metal lines (fingers) transporting the collected carriers to wider metal strips 
(busbars). This pattem is a compromise between series resistance in the contact lines and 
shadowing losses due to the metal coverage. The back contact is nowadays applied by 
printing a full aluminium coverage on the back surface. The aluminium is used to form a 
highly doped p-type region (back surface field (BSF), see §2.7) which can shield 
generated electron-hole pairs from recombining at the back surface. It alloys with the 
silicon and can also getter impurities during the alloying. Because aluminium is not 
solderable, the back contact will be printed in two steps. First, two Ag/ Al strips, which 
are solderable, will be printed and then the rest of the back surface will be covered by 
aluminium foreseeing a small overlap with the Ag/ Al strips. 
The co-firing of the contacts normally occurs in a fumace that is heated by intrared 
lamps. The solar cells are placed on a conveyor belt and heated to a temperature in a 
range from 750-1000°C, depending on the silver paste and silicon nitride. During firing 
or sintering of the contacts, a good contact is created between the metal and the silicon. 
Especially the front contact resistance is crucial since the back surface is completely 
covered. The most important parameters to achleve a good contact are the firing 
temperature, the belt speed and the composition of the paste. The firing step acts also as 
the high temperature step that releases hydrogen from the silicon nitride layer and 
introduces it into the silicon wafer to achieve bulk passivation. The effects of this firing 
step are studied in chapter 6. 
After these process steps the solar cell is complete, however still not suited to operate out 
in the open. Usually they are interconnected in a module and encapsulated under glass. 
The cover glass is "glued" on the cells with a transparent adhesive that is called an EVA 
( ethylene-vinyl acetate) foil. A schematic of a completed cellis displayed in figure 2.3. 
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Figure 2.3. Illustration of a completed solar cell. 

2.5 Device parameters 

Solar cell behaviour can be examined through three main parameters: the open circuit 
voltage Vac. which is the voltage output at a very high load resistance; the short circuit 
current lsc• which is the current output at a very low resistance; and the fill factor (FF) 
which is the ratio of maximum power output to the product of Vac and l sc· The voltage 
and current for maximum output are known as Vmp and lmp• respectively and are shown in 
figure 2.4 which displays the I-V curve of a solar cell in the dark and illuminated. 

I 

t 

Dark 

Figure 2.4. Current-voltage characteristics of a solar cell. 

These three parameters determine the solar cell efficiency according to 

(2.1). 
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The open circuit voltage of a p-n junction solar cell is directly related to the bandgap of 
the semiconductor through the energy harrier height at the junction; it is often written as a 
function of the short circuit photocurrent, the dark current 10 of the junction, and the 
junction perfection factor A0: 

(2.2). 

The dark current 10 is mainly determined by the bandgap of the material and the 
temperature: 10 decreases with increasing bandgap or decreasing temperature. The open 
circuit voltage consequently increases with a higher bandgap, and decreases with 
increasing temperature at about a rate of 2.3 m V /°C. A characteristic value for the V oe of 
multicrystalline silicon solar cells is 0.6 V. 
The short circuit current is determined by the spectrum of the light souree and the 
speetral response (electron-hole pairs collected per incident photon) of the cell. In the 
i deal case it is equal to the light generated current (h). A typical value for I se is 4. 7 A for 
a 12.5 x 12.5 cm2 solar cell which results in a short circuit current density CJsc) of around 
30 mA/cm2

• 

The fill factor (FF), is determined by the magnitude of the Voc. the value for A0, and the 
series and shunt resistances Rs and Rsh of the cell (see §2.12 for an equivalent scheme of a 
solar cell). The higher the Voc and Rsh· and the lower Ao and Rs. the larger the FF will be. 
It is normally around 0.75. 
These characteristic values would give an efficiency of 13.5% which is not very high, so 
for a high performance me-Si solar cell the values will be higher. 
These output parameters will be further discussed in chapter 3. 

2.6 Thickness of a solar cell 

When monochromatic light is incident on a solar cell, some of it is reflected from the 
surface, some is absorbed in the bulk of the cell, and some is lost by complete 
transmission through the device (see §2.8 for more about reflection). An absorbing 
material has an index of refraction which can be written as 

nc =n-ik (2.3) 

where k is known as the extinction coefficient. The rate of absorption of light is 
proportional to the intensity fora given wavelength. This leads to an exponential decayin 
intensity of monochromatic light as it passes through the semiconductor which is 
described by Lamhert's law as 

(2.4) 

where a is a function of wavelength and is known as the absorption coefficient. It 
determines how far below the surface of the celllight of a given wavelength is absorbed. 
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The absorption coefficient and extinction coefficient are related: 

4.1lk 
a=--

À 
(2.5). 

If the absorption coefficient is high, as it is for short wavelengths, nearly all the light is 
absorbed near the front surface of the cell and the transmission loss is negligible. For long 
wavelengths, where ais low, a high percentage of the light may be lost. The back contact 
may reflect a portion of this back into the device, but this portion is small. Figure 2.5 
gives an idea of the penetration depth of light at different wavelengtbs in asolar cell. lt 
shows that the radiation at lower wavelengtbs (higher energy) is almost completely 
absorbed in the first micron of the cell. Looking again at figure 2.1, it can be seen that 
AM1.5 radiation contains the most energy at a wavelength of 600 nm, so the 
corresponding penetration depth is the area where most of the electron-hole pairs are 
generated. 

n-type si p-type si 

~o depletion zone 
..... 

0 100 

Penetration depth {!.1m) 

Figure 2.5. Penetration depth of light at different wavelengths. 

Light is absorbed by using its energy to excite electroos from occupied low-energy states 
to unoccupied higher-energy states. Since there are a large number of occupied states 
within the valenee band of a semiconductor separated by the forbidden band from largely 
unoccupied states in the conduction band, absorption will particularly occur when the 
energy of the photons that make up the light is larger than the band gap of the 
semiconductor (Ephoron > Egap). 
When the thickness of a solar cell is reduced, the behaviour is affected in two ways. First, 
the loss due to transmitted light increases; second, the influence of the back contact 
becomes greater. The coneetion efficiency may be reduced and the dark current increased 
due to excess recombination of photogenerated carriers at the back surface. Surfaces are 
very severe defects and act as area's of high recombination veloeities if they are not 
passivated. This influence becomes very important when the diffusion length in the base 
is comparable to or larger than the device thickness. The generated electroos or holes can 
then easily reach this high recombination area. When the thickness becomes less than 
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about two base diffusion lengths, which is 164 J.lm for 1 .Q.cm c-Si, the thickness 
dependenee becomes appreciable. When the back surface is covered by an Ohmic 
contact, the current density starts to decrease when the thickness is reduced below 400 
J.lm. A back surface field however, with its carrier confinement and reduced 
recombination loss, maintains the current density at a relatively constant level for cells 
thicker than 100 J.lm. The difference is that an Ohmic contact acts as a perfect sink for 
minority carriers and a perfect souree for majority carriers, which causes an infinite 
recombination velocity. A back surface field contact acts as a perfect souree for majority 
carriers but blocks minority carriers, the surface recombination velocity is then zero. 
More about majority and minority carrierscan be read in chapter 3. 
The trend nowadays is to thinner cells. lt reduces material costs and can also increase the 
open circuit voltage. As the thickness of the base is reduced, the amount of bulk 
recombination that can take place is reduced proportionally, which tencts to lower the 
dark current and raise Voc· If an Ohmic back contact is present, however, then a surface of 
infinite recombination velocity is brought closer to the junction, resulting in increasing 
surface recombination which will outweigh the reduced bulk recombination at a certain 
point. On the other hand, if a BSF is present, then back surface recombination is 
unimportant and the benefits of reduced bulk recombination on lowering the dark current 
and raising the V oe can be obtained. The optimum thickness will then be -100 J.lm for 
cells with a BSF which is a trade off in decreasing lsc with decreasing thickness and 
increasing V oe, because of less bulk recombination. However, cells that are only 100 J.lm 
thick will give other problems during their processing regarding the handling and heating 
of these solar cells which might provide a restrietion on cell thickness. 

2. 7 Back surface field 

A big impravement in the output voltage of Si solar cells was made with the introduetion 
of a back surface field (BSF). Instead of a metallic Ohmic contact to the moderately high 
resistivity base, a BSF cell contains a very heavily doped region adjacent to the contact. 
Figure 2.6 shows a sketch of a solar cell with a highly doped p + region at the back 
surface. 

Figure 2.6. Sketch of a n + pp + solar cel!. 

This region is typically only a micron or two wide if made by diffusion or alloying. The 
most effective technique for producing the BSF is to screen print an aluminium-based 
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paste onto the rear of the cell and alloy the Al into the silicon in a subsequent firing 
step. 19 The advantage of the extra region is that a potential energy harrier is created 
between the base and the BSF. This harrier tends to confine minority carriers in the more 
lightly doped base, and keeps them away from the Ohmic contact at the back with its 
infinite surface recombination velocity. Hence, some of the electrons that would have 
recombined at the back surface will cross the p-n junction instead, enhancing the short 
circuit current. It also makes it easier to make a low-resistance contact to the silicon at the 
rear of the cell. 
The open circuit voltage of BSF cells is around 10% higher than cells without, which is 
due to the increased short circuit current. and a decreasein 10 (dark current) caused by a 
reduced recombination at the back surface of electrons injected from the n-type region 
into the base. Part of the added Voc might be due to the small built in harrier and the fact 
that some of this harrier voltage might appear in the output. 

2.8 Antireflection coating 

The antireflection coating (ARC) is one of the most important parts of a solar cell design. 
Silicon bas a high index of refraction (3 .8 at 633 nm) and the loss of incident light is 
about 34% for long wavelengtbs (1100 nm) and rises to 54% forshort wavelengtbs (400 
nm). A proper single layer ARC can reduce the reflection to 10% averaged over this 
wavelength range, 8% with the actdition of a cover glass, and a double layer antireflection 
coating (DLARC) under glasscan reduce it to around 3% on the average. The cover glass 
reflects about 4% of the light, so this is always lost. 
The principle of a quarter wavelength antireflection coating is illustrated in figure 2.7. 
Light reflected from the second interface arrives back at the first interface 180° out of 
phase compared to that reflected from the first interface, cancelling it out to some extent. 

no 

Figure 2. 7. Interference effects created by a quarter wavelength ARC. 
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The total reflection of perpendicular incident light of wavelength À from the surface of a 
material covered by a single non-absorbing coating of thickness d1 is given bl0 

(2.6) 

where n and r2 are the individual reflectances 

(2.7) 

where ni represents the refractive indices of the different layers, and e is the phase 
thickness of the optica! coating 

(2.8). 

The reflectivity has a minimum at a quarter wavelength, where n1d1 = }#4, and for odd 
multiples of )#4. This minimum is given by 

(2.9) 

and is equal to zero if n/ = n0n2. Since n0 is equal to 1 for an air medium, the refractive 
index of the film should equal the square root of the index of the semiconductor for zero 
reflectance. The reflection is higher for wavelengtbs either higher or lower than this 
quarter wavelength value due to the eosine function and due to variations in the refractive 
indices with wavelength. Coatings with a higher refractive index than the optimum result 
in only slightly larger reflectances, but low index single layer coatings result in 
considerably higher reflectances, and should be avoided whenever possible. 
Por silicon in air, the optimum refractive index at a wavelength of 633 nm is 1.95 and the 
corresponding optimum thickness is around 80 nm. Cells are normally encapsulated 
under glass or embedded in a material of a similar refractive index to glass (no -1.5). This 
increases the optimum value of the index of the ARC to about 2.4. However, apart from 
having the correct refractive index, the ARC material must be transparent It is usually 
deposited as a non-crystalline or amorphous layer which prevents problems with light 
scattering at grain boundaries. Layers formed by vacuum evaporation generally tend to be 
absorbing at UV wavelengths, in particular higher refractive index materials. The 
extinction coefficient will increase with increasing refractive index and the ARC will 
start to absorb the sunlight at higher n. This means there will be an optimum that is 
determined by a compromise between the lowest reflection and the lowest absorption. 
These effects are studied in reference [21] for amorphous silicon nitride, along with the 
change in short circuit current density as a function of refractive index and layer 
thickness. 
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The refractive index of a range of materials that is used in commercial solar cells is listed 
in table 2.2. 

Material 
MgFz 
SiOz 

A}z03 
SiO 

ShN4 
a-SiNx:H 

Tiûx 
Tazûs 
ZnS 

Refractive index 
1.3-1.4 
1.4-1.5 
1.8-1.9 
1.8-1.9 
-1.9 

1.8-3.0 
-2.3 

2.1-2.3 
2.3-2.4 

Table 2.2. Refractive indices ofmaterials used in single or multiple layer ARC's. 

Lower average reflectivity can be obtained using two ARC's insteadof one, where the 
first layer, next to the semiconductor, has an index of 2.2-2.6 and the top layer has an 
index of 1.3-1.6. The double layer system is a better impedance match between the high 
index of the semiconductor and the low index of air. 

2.9 Textured surface 

As an alternative to the application of an ARC, the reileetion of light can be minimized 
by preparing the surface in the form of pyramids with dimensions and spacings of the 
order of microns. These are produced by etching the silicon surface with an etch that 
etches silicon much more rapidly in one direction through the crystal structure than 
another.22 This exposes certain planes within the crystal. The appearance of these 
pyramids greatly magnified under a scanning electron microscope (SEM) is shown in 
figure 2.8. 

Figure 2.8. Appearance of a textured surface under a scanning electron microscope. 
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In terms of Milier indices, the silicon surface for textured cells is normally aligned 
paralleltoa (100) plane and the pyramids are formed by the intersection of (111) planes. 
Dilute NaOH solutions are a commonly used selective etch. 
Light incident on the side of a pyramid can be reflected onto another pyramid instead of 
being lost, provided that the pyramid base angle is around 45° or more. Figure 2.9 
displays possible light paths for light incident on a textured surface. 

Figure 2.9. Possible light paths for light reflected at a textured surface. 

If 33% is reflected at each point of incidence, as is the case for normal incidence on bare 
silicon, the total reflectance for two reflections is 0.33 x 0.33, about 11% (3.6% for three 
reflections). If an ARC is used as well, reflection of sunlight can be kept well below 3% 
for monocrystalline silicon. Selective etching of multicrystalline Si, however, is not so 
effective due to the different crystallographic orientations of the grains. Only the (100) 
grains would be ideally textured. The ( 11 0) grains would result in slanted pyramids and 
(111) grains would not be textured at all. 
Another desirabie feature is that light is coupled into the silicon at an angle which ensures 
that it will be absorbed closer to the surface of the cell. This will increase coneetion 
efficiency due to carrier generation closer to the junction, which makes the cell less 
dependent on the base diffusion length. 
The disadvantages associated with the use of textured surfaces are that more care is 
required in handling and that the cells run hotter due to more effective coupling of light 
into the cell of all wavelengths. This includes infrared radiation that has less energy than 
is required to generate an electron hole pair and will thus heat up the cell. 

2.10 Temperature 

The operating temperature of solar cells in the field can vary over wide extremes, 
therefore it is necessary to understand the effect of temperature on performance. 
The short-circuit current of solar cells is not strongly temperature dependent It tends to 
increase slightly with increasing temperature. This can be partially due to increased light 
absorption, since semiconductor band gaps generally decrease with temperature, and 
partially due to the improvement in base diffusion length. Both improve the long 
wavelength speetral response. 
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The open circuit voltage decreases with increasing temperature in a more-or-less linear 
fashion due to the strongly increasing dark current. Measured open circuit voltages 
decrease with temperature at a rate of about 2.3 mV/°C. 
The FF has an optimum at about -70°C. 23 It decreases with temperatures higher than this 
optimum partially due to the lower open circuit voltage and partially to the increasing 
"roundness" of the /-V curve that occurs when the temperature increases because of the 
exp(qV/kT) term in equation 2.2. The saturation and slight decrease below -70°C might 
be caused by an increasing bulk resistance or contact resistance at low temperatures, 
although other factors may be involved. 
As a result of the decrease of Voc and FF with increasing temperature, which is only 
counteracted by a slight impravement in lsc. the efficiency normally decreases with 
increasing temperature. The rate of change near room temperature is around 0.04-0.06% 
per °C for silicon solar cells. This dependency is reduced for larger band gap materiaL 
For example, GaAs cells are only about half as sensitive to increasing temperature 
compared to silicon cells. 

2.11 Series and shunt resistance 

The simplest equivalent circuit of a solar cell in the operating mode is shown in figure 
2.1 0. The photocurrent is represented by a current generator and is opposite in direction 
to the forward bias current of the diode. Shunt resistance paths are represented by Rsh and 
the series resistance by Rs. 

As t 
V 

I 
Figure 2.1 0. Equivalent circuit of a solar cell. 

There are several physical mechanisms responsible for these resistances. The major 
contributors to the series resistance are the bulk resistance of the semiconductor material 
making up the cell, the bulk resistance of the metallic contacts and interconnections, and 
the contact resistance between the metallic contacts and the semiconductor. The shunt 
resistance is caused by leakage across the p-n junction around the edge of the cell and 
around crystal defects and foreign impurities in the junction region. The effects of series 
and shunt resistances on solar cell behaviour can be easily determined by placing various 
resistors altemately in series and parallel with an otherwise normal solar cell. Figure 2.11 
shows the effect of series resistance and shunt resistance on the output of a cell. 
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Figure 2.11. Effect of series resistance (left) and shunt resistance 
(right) on the output characteristics of solar cells. 

voc 

Changing the series resistance bas no effect on the open circuit voltage but the fill factor 
is seriously reduced. There can also be a reduction in the short circuit current due to the 
forward bias across the diode caused by the voltage drop across the series resistance, 
even though the total output voltage is zero, which results in a significant dark current in 
opposition to the photocurrent. Even small values of Rs, in the 0.5 to 1.0 Q range, are 
enough to cause serious effects. 
In the case of shunt resistances in parallel with the solar cell the short circuit current is 
not affected, but the FF and Voc are reduced with decreasing Rsh· In practical devices, the 
shunt resistance is usually large enough to have a negligible effect at the intensity of one 
sun (a measure of light intensity incident on the cell) or above (experimentally). At low 
intensities however, and to some degree at low temperatures, the shunt resistance 
becomes increasingly important. On the other hand, the series resistance becomes more 
important at high intensities and temperatures. 
The need to minimize the series resistance suggests high doping levels and deep junctions 
which are just the opposite of the necessary conditions for a high short circuit current. 
The cernpromise is to make the diffused region thin but very highly doped, which is the 
n + shallow emitter, and at the same time optimize the design for the Ohmic contact grid 
pattem for the lowest sheet resistance. The latter is obtained by increasing the number of 
fingers while decreasing the finger width and the distance between the fingers (the front 
contact in figure 2.3 consists of a large number of fingers). This reduces the series 
resistance and voltage loss. The contact grid is always a cernpromise between series 
resistance and opticallosses. A metal grid contact blocks 5 to 15% of the incoming light, 
depending on the design. 
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Chapter 3 

Theory and literature 

Now that the solar cell basics are covered, a closer look is taken in the first part of this 
chapter at the principles of a solar cell. Then a review is given on the behaviour of 
hydrogen in silicon. A lot of research has focused on this topic and some striking 
conclusions have been drawn that are important for hydrogen passivatien of 
multicrystalline silicon solar cells. The last part of this chapter deals with the principles 
of plasma enhanced chemica! vapour deposition of silicon nitride and reviews some of 
the literature on ammonia silane plasma's. 

3.1 Solar cell electrical characteristics 

3.1.1 Electrostatics p-n junctions 

A diode can be divided up into an n-type and p-type region and a depletion region where 
the electrans and holes have recombined. Electrans leaving the n-type side expose 
positive charge and holes leaving the p-type side will expose negative charge. These 
exposed charges will set up an electric field that will oppose the diffusion tendency and 
an equilibrium situation will be obtained. The characteristics of the equilibrium situation 
can be found by consictering Fermi levels. A system in thermal equilibrium can have only 
one Fermi level (EF). Far enough away from the junction it can be expected that the 
conditions resembie those in isolated materiaL These conditions are shown in figure 3.1. 
In p-type material EF lies close to the valenee band (VB), the amount of holes in the 
valenee band (p) is equal to the acceptor density (NA), and the amount of electrans in the 
conduction band (n) is equal to the intrinsic concentratien (n/) divided by NA (see 
eguations 3.3 and 3.4). In n-type materialEF lies close to the conduction band (CB), the 
amount of electrans in the conduction band is equal to the donor density (NA), and the 
amount of holes in the valenee band is equal to the intrinsic concentratien (n/) divided by 
the donor density. 
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Figure 3.1. Isolated pieces of p-type and n-type material with corresponding energy-band 
diagrams showing the position ofthe Fermi levels. 

When these pieces are brought together and a junction is formed there must be a 
transition region near the junction in which a potential change, lf/o, occurs. This is shown 
in figure 3.2. 

p N 

Figure 3.2. Energy-band diagram of a p-n junction at thermal equilibrium. 

The value of lf/oCan be found from figure 3.2: 

(3.1) 
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where E1 = EF - Ev = kT ln(Nv!NA) and E2 = Ec - EF = kT ln(Nc/Nv), where k is 
Boltzmann's constant, T the absolute temperature, Ne and Nv the effective density of 
states in the conduction and valenee band, and Eg is the width of the forbidden gap 
between the conduction and valenee bands. Hence, 

(3.2). 

In the idealized case of a pure and perfect semiconductor without surfaces, the total 
number of electrons in the conduction band equals the total number of holes in the 
valenee band because each electron leaves a hole. Hence, 

n =p = ni (3.3) 

(3.4). 

Therefore equation (3.2) becomes 

(3.5). 

The potential change in the transition region near the junction satisties (3.5). An applied 
voltage, Va, will change the potential difference between the two sides of the junction by 
Va, so the potential across the transition region will become ( lf/o-Va). The potential lf/o is 
of course related to the open circuit voltage of a solar cell. The resemblance is seen by 
comparing equation 3.5 with equation 2.2. This gives a good idea about the origin of the 
open circuit voltage, a complete denvation follows in paragraph 3.2. 

The carrier concentrations (n and p) corresponding to tigure 3.2 depend on the 
exponential of the energy difference between the Fermi level and the respective band 
(VB for p, CB for n). These concentrations are plotted in tigure 3.3 on a logarithmic scale 
as a function of the distance, which could correspond with a p-n junction solar cell. The 
left side of this picture corresponds then with the p-type silicon (usually doped with 
boron) of a solar cell, the right side with n-type silicon (usually doped with phosphor), 
and the transition region with the depletion zone. 
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Figure 3.3. Plot of the naturallogarithms of the electron and hole concentration 
corresponding to figure 3.2. 

A corresponding plot of the space-charge density, p, is shown as the dashed line of 
figure 3 .4a. 
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Figure 3.4. (a) Space-charge density corresponding taftgure 3.3. (b) Corresponding 
electrical field strength. ( c) Corresponding potential distibution. 
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The solid line in figure 3.4a represents an assumed distribution where the device is 
divided into quasi-neutral regions where the space-charge density is zero throughout and 
a depletion region where the only contribution to space charge density comes from the 
ionized dopants. With this approximation the electric field and potential distribution 
across the depletion region can be easily found, as shown in figure 3.4b and 3.4c. 
The maximum field strength in the depletion region, Çmax, the width of the depletion 
region, W, and the distance this region extends on either side of the junction, ln and lp, are 
also depicted in the figure and are given by25 

(3.6) 

(3.7) 

(3 .8). 

It can be concluded from figure 3.4 that the depletion region and the generally much 
larger volume of materiallying within a diffusion length of either side of it, is the active 
coneetion region of a p-n junction solar cell. Carriers that are excited at a larger distance 
than a diffusion length from the depletion region will not contribute to the power output 
of asolar cell . 

3.1.2 Output parameters 

Carriers (electrons and holes) can flow by drift and diffusion. Drift is caused by an 
extemal field. Under the influence of an applied field, E, an electron accelerates and will 
collide with atoms and defects. The average time between the collisions is called the 
relaxation time, t" and is determined by the random thermal velocity of electrons, which 
is generally much larger than field imparted velocities. The average velocity increase of 
electrons between collisions caused by the field is called the drift velocity, vd, and the 
corresponding current density flow due to conduction band electrons will be 

(3 .9) 

where e is the electron carrier mobility defined by the ratio veiE. An analogous equation 
for holes in the valenee band is 

(3.10) 

and the total current flow is just the sum of these two components. 
When carriers flow by diffusion the flux of particles is proportional to the negative of the 
concentratien gradient. Since current is proportional to the flux of charged particles, the 
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current density flow corresponding to a one-dimensional concentration gradient of 
electrous is 

(3.11) 

and for holes 

(3.12) 

where De and Dh are the diffusion constants. Drift and diffusion processes are 
fundamentally related and the mobilities and diffusion constauts are interconnected by 
the Einstein relations 

(3.13). 

1t can be shown that minorit~ carriers (holes in n-type region, electrous in p-type region) 
flow primarily by diffusion. 6 Basically the small number of minority carriers compared 
to majority carriers shields them from the effect of an electric field. So on the n-type side 
of the diode the current density flow for holes follows (3.12) and the continuity equation 
for holes is then 

1 dlh 
--=-(U-G) 
qdx 

(3.14) 

where U and G are the recombination and generation rate in the n-type region. The 
recombination rate can be put in the form U = pi h where p is the excess concentration 
of minority-carrier holes and h is the minority carrier lifetime. When no light hits the cell 
there is no generation, so in the dark G = 0. Combining then these equations the 
following expression for p can be found: 

(3.15) 

where Lh =~Dh-rh . The parameter Lh has the dirneusion of lengthand is known as the 

diffusion length. From this expression a particular solution for the minority-carrier hole 
concentration can be found and similarly for the minority-carrier electron concentration. 
Once the carrier distributions are known, the minority-carrier currents can be calculated. 
Assuming that l e and Jh are constant across the depletion region the total current flow in 
the diode is 
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e A h D 

(3.16). 

This is a denvation of the ideal diode law: 

(3.17), 

therefore 

(3.18) 

where Jo is the dark saturation current density. Because solar cells have finite dimensions 
the value of the saturation current has to be modified (in the denvation it was assumed 
that the diode extents an unlimited di stance on either si de). The modified value will 
depend on the surface-recombination veloeities at the exposed surfaces. When this 
velocity is very high, the excess minonty carrier concentration is zero at the surface. 
When it is very low, the minority carrier current flow into the surface is zero. The 
modified expression becomes: 

(3.19). 

If the surface on the p-type side is a high-recombination-velocity surface, Fp has the form 
Fp = coth(Wp/Le) where Wp is the length of the p-type region. A corresponding 
expression will hold for F N· If it is a low-recombination-velocity surface, then F N would 
be given by FN = tanh(Wtv!Lh) and a similar expression would hold for Fp. The smallest 
value for J0 and hence the largest Voc will occur if both surfaces possess low 
recombination velocities. 
When the cell is illuminated G 0 and the current voltage charactenstics become: 

(3.20) 

which are the dark characteristics shifted down by a current h. the light generated current 
which is defined as 

(3.21) 

where A is the cross-sectional area of the diode. The light generated current has a value 
equal to that expected if all the cariers generated by light in the depletion region of the 
diode and within a minonty carrier diffusion length on either side would contnbute to it. 
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Formula 3.21 is basically the condusion at the end of paragraph 3.1 in the form of an 
equation, which defined the active coneetion region in a solar cell. The light generated 
current is in the ideal case equal to the short circuit current Usc) that is used to 
characterize the solar cell output. 
Setting I to zero in the ideal diode law gives an ideal value of a second parameter, the 
open-circuit voltage: 

V = kT ln(!.b_ + IJ 
oe I q 0 

(3 .22). 

The Voc is determined on how the properties of the semiconductor depend on the dark 
current, I0. lf the recombination rate of charge carriers is high, the dark current will also 
be high and the open circuit voltage will be reduced. The open circuit voltage is thus a 
measure of the recombination rate. 
The point of maximum power output (Vmp• Imp) which is displayed in figure 3.5 defines 
with these parameters a third parameter, the fill factor: 

(3.23). 

Since the power output is Vourxlout. the maximum power output can be found by 
differentiating the product and setting the result equal to zero27 

V 
FF = __!!!!!__ 

v oc 

[
qVmp] exp --,;y:- -1 

1---=----=--
exp[ qJc ] -1 

(3.24), 

so ideally the FF is only a function of the open-circuit voltage. In practice it also depends 
on the series and shunt resistances of a solar cell. An empirica! expression descrihing 
relationship 3.23 is28 

FF = V0 c -ln(voc +0.72) 

v oc + 1 
(3.25) 

where Voc is the normalized voltage Vocl(kT/q). For cells of reasonable efficiency the fill 
factor bas a value in the range of 0.7 to 0.85. Figure 3.5 shows the I-V characteristics of a 
solar cell again (same figure as figure 2.4) with the discussed parameters. 
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Figure 3.5. Current-voltage characteristics of a solar cell. 

The energy-conversion efficiency is then given by 

(3.26) 

where Pin is the total fower of the light that is incident on the cell. This power is 
standardized at 1 kW/m which is the value that is used for the comparison of solar cells, 
however the actual AM1.5 radiation amounts to 832 W/m2?9 Todetermine the maximum 
solar cell efficiency, first the limits in the output parameters have to be found. The FF is 
determined by the open circuit voltage, hence only the ideallimits on lsc and Voc need to 
be examined. 
Under ideal conditions, each pboton incident on a solar cell of energy greater than the 
bandgap gives rise to one electron flowing in the extemal circuit (very high energy 
photons can cause the creation of two electron-hole pairs but there are not many such 
photons in sunlight). So to calculate the maximum lsc. the pboton flux in sunlight must be 
known. This can be calculated from the energy distribution of sunlight by dividing the 
energy content at a given wavelength by the energy of an individual pboton (hf or heiA) 
of this wavelength. The results of such a calculation are shown in figure 3.6 for AMO 
radiation and the standard AM1.5 radiation. The maximum lsc is then found by 
integrating these distributions from low wavelengtbs up to the maximum wavelength for 
which electron-hole pairscan be generated. For silicon, the bandgap is about 1.1 eV, so 
the corresponding maximum wavelength is 1130 nm. The resulting upper limit on short
circuit current density is about 40 mA/cm2 for AM1.5 radiation. 
The fundamental limitations on the open circuit voltage are not so clearly defined. In 
order to get a limit on Voc the minimum of the dark current 10 bas to be determined, 
according to equation 3.22. One approach is to assign favorable values to the 
semiconductor parameters in equation 3.18, while keeping them in a range that still 
produces good solar cells.30 This gives a maximum Voc of about 700 mV for silicon. 
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The corresponding maximum fill factor is 0.84. With the upper limit on the short-circuit 
current density of -40 mA/cm2 the maximum energy-conversion efficiency is then about 
24% for silicon under AM1.5 illumination. 
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Figure 3.6. Photonflux in sunlight corresponding to the AMO and AM1.5 distributions 
that we re displayed in figure 2.1. 

Materials with a lower bandgap can have a higher short-circuit current density because 
more photons have the energy required to create an electron-hole pair. This is opposite to 
the maximum value of Vac which decreases with decreasing band gap. It follows that 
there will be an optimum bandgap for the highest efficiency. This lies in the range of 1.4 
to 1.6 eV and the peak: efficiency is then about 29% for AM1.5 radiation. Silicon's band 
gap is lower than optimum, but maximum efficiencies are still relatively high. GaAs has a 
near optima! band gap of 1.4 eV. 
A major contributor tothese relatively low maximum efficiencies is the fact that almost 
each pboton absorbed creates only one electron-hole pair regardless of its energy. The 
photon's energy may be much larger than the band gap, the resulting electron and hole 
are separated only by the band gap energy. The electron and hole quickly relax back to 
the band edges and use the remaining energy to emit phonons, dissipating energy as heat. 
This effect alone limits the maximum achievable efficiencytoabout 44%.31 

The other major contributor is that even though the generated carriers are separated by a 
potential corresponding to the band gap energy, n-p junction cells are inherently capable 
of giving a voltage output only a fraction of this potential.32 For silicon, the maximum 
value of this fraction is 0. 7/1.1 ::= 60%. 
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3.1.3 Recombination mechanisms 

Light is absorbed by using its energy to excite electrons from occupied low-energy states 
to unoccupied higher-energy states. Fundamental absorption refers to the annihilation or 
absorption of photons by the excitation of an electron from the valenee band up into the 
conduction band. This leaves a hole in the valenee band and generates an electron-hole 
pair. Generated electron-hole pairs can deliver the absorbed energy, however they can 
also recombine again and dissipate their energy as heat. Solar cells should thus be 
designed to avoid recombination as much as possible. 
Recombination of electron-hole pairs can occur by different processes. Radiative 
recombination occurs when an electron occupying a higher energy state than it would 
under thermal equilibrium makes a transition to an empty lower-energy state with the 
energy difference between states emitted as light. In Auger recombination an electron 
recombining with a hole gives the excess energy to a second electron, either in the 
conduction or valenee band, instead of emitting light. This second electron then relaxes 
back to its original energy by emitting phonons. Auger recombination is particularly 
effective in relatively highly doped materiaL For good quality silicon, this is the 
dominant recombination process for impurity levels greater than 1017 cm-3

• Impurities and 
defects in semiconductors can give rise to allowed energy levels within the otherwise 
forbidden gap. These defect levels create a very efficient two-step recombination process 
whereby electrons relax from conduction-band energies to the defect level and then relax 
to the valenee band, annihilating a hole. The highest recombination rate occurs if the 
defect level lies near the middle of the forbidden band gap. Therefore, impurities that 
introduce energy levels near midgap (for example silicon dangling honds) are very 
effective recombination eentres and should thus be neutralized if possible (bulk 
passivation). 
Surfaces represent rather severe defects in the crystal structure and are the site of many 
allowed states within the forbidden gap. The surface states can arise from dangling 
honds, chemica! residues, metal precipitates, and native oxides. The rate at which carriers 
are lost at a surface is described by the surface recombination velocity, S. This rate 
should be kept as low as possible (surface passivation). The recombination velocity at the 
illuminated front surface of a cell is of critica} importance, since the number of carriers 
generated is highest at this surface and decreases exponentially with distance into the cell. 
The recombination velocity at the back of the cell is not as critical, but its importance 
increases as cells are made thinner. Surface recombination veloeities can be as high as 
105-106 cm/s on Si. A dead layer can be present in the top region of a cell and is a region 
near the surface with nanosecond or even subnanosecond lifetime, caused by the strain, 
dislocations, and unwanted impurities that are sometimes introduced during diffusion of 
phosphorous or other processing steps. These recombination losses in the top region can 
be reduced by decreasing the junction depth and by incorporating an aiding drift field in 
the top region; both of these steps improve the photocurrent and the efficiency. 
Decreasing the junction depth moves the edge of the depletion region closer to the 
surface, so that generated carriers have a higher probability of reaching it rather than 
recombining. 
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For multicrystalline silicon, the recombination velocity at the grain boundaries is also 
important. lf the grain size is less than the diffusion length, the effective lifetime and 
diffusion length are greatly reduced below the single crystal values. 
A voiding recombination is of critica! importance for solar cells. Solar cell efficiency can 
be increased significantly if the defects that cause recombination could be neutralized. 
This is possible by hydrogen passivation and this is the topic of the next paragraph. 

3.2 Hydrogen passivation 

lt is generally accepted that the electrical properties of a semiconductor can be 
significantly improved by hydrogen. Hydrogen passivation can be obtained by different 
techniques. In order to fully hydrogenate a wafer, it must be exposed from 30 minutes to 
several hours toa hydrogen plasma excited at low frequency (50kHz) or radiofrequency 
(13.56 MHz) power and heated between 100 and 400°C.33 High doses of ions can be 
introduced, however, energetic ions and electrons (100-1000 eV) damage the surface. 
Low energy ion beam implantation (Kaufman souree) introduces more hydrogen in less 
time, but extensive damage occurs in the near surface region. 34 To avoid surface damage, 
remote plasma techniques could be used like electron cyclotron resonance plasma. 
Hydrogen can also be introduced in silicon after the deposition of a SiN layer by PECVD. 
The hydrogen migrates in the silicon waf er when the structure is fired at 800-1 000°C. 
Although the mechanism of hydrogen passivation from a SiN la~er is still not understood, 
the behaviour of hydrogen in silicon is extensively studied3 

•
36 and some interesting 

discoverles have been made. These discoverles are now discussed. 

3.2.1 Hydrogen in silicon 

In 1956 van Wieringen and Warmholtz37 studied the solubility and diffusivity of 
hydrogen in silicon and they concluded that hydrogen diffuses as monatomic species. 
What they did not consicter was the possibility that the monatomic hydrogen was in other 
than a neutral charge state. Today it is known that one of the most important 
characteristics of interstitial hydrogen in silicon is the fact that it can assume different 
charge states. Hydrogen is an amphoteric impurity, it behaves both as a donor and as an 
acceptor with two levels in the bandgap, and the amount of electrons available determines 
the charge state. The charge state, in turn, determines the most favourable location of 
hydrogen in the lattice. 
Let us first study the behaviour of a single H atom in silicon. One might at first expect 
that hydrogen will only weakly interact with the crystal and prefer to sit in the interstitial 
sites where the crystal charge density is low. This assumption ignores the fact that H bas 
a single electron, so an unfilled shell, and should really be considered to be quite reactive. 
One possibility for hydrogen is to acquire an extra electron, becoming negatively 
charged. The resulting R is similar to a He atom, which would be quite inert. Indeed, H
ends up sitting at a tetrabedral interstitial (T) site. 38 H- can only form under circumstances 
where the crystal bas a reservoir of available electrons, thus in n-type materiaL If no such 
reservoir is available which is the case for intrinsic or p-type material, the hydrogen 
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cannot become negatively charged. With its unfilled shell, it should be expected to 
strongly interact with the Si atoms. The lowest-energy position for hydrogen in a positive 
or neutral charge state is then found to be at the bond-centre (BC) of a Si-Si bond. This 
may not look like a favourable site, because the normal Si-Si distance (2.35 Á) is not 
large enough to accommodate a H atom in the bond. Indeed, the Si atoms have to move 
outwardover more than 0.4 Á, making the Si-H distance equal to -1.59 Á. This distance 
is slightly larger than the Si-H bond length in molecules such as Sil!t. The indoeed strain 
significantly raises the energy, nonetheless, the bond centre configuration is stabie 
because of the large amount of energy gained in forming a Si-H-Si three-centre bond. 

Ir,BC 

(a) 

Figure 3.7. Schematic illustration ofthe location of(a) Ir, (b) lf, and (c) H in the 
silicon lattice. The relaxation of the Si atoms is also indicated. 

lt was already recognised that outward motion of the semiconductor atoms is essential for 
accommodating the H atom, and that such larger bond lengtbs natorally occur in 
amorphous semiconductors. lt was not appreciated that this bonding arrangement is 
actually also favoured in the geometrically more constrained environment of crystalline 

34 



IE'JI ot b ENGINEERING 

materials, until Cox and Symons39 provided compelling arguments based on molecular 
bonding. They pictured the stability as the interaction between the positively charged 
proton and the electron cloud from the Si atoms, which reaches its highest density at the 
bond-centre. The electron is not removed from the hydrogen atom itself in the H+ charge 
state, but rather from a bonding configuration of Si orbitals. The notation H+ is therefore 
only a shorthand for the positive charge state of the Si-H-Si defect complex. The location 
of hydrogen in the different charge states in the silicon lattice is depicted in figure 3. 7. 
Let us discuss these results again: In the positive charge state (H+), the impurity is 
essentially a proton. lt can thus be expected to seek out regions of high electronic charge 
density. This maximum charge density is found at the bond-centre (BC) site and H+ is 
indeed known to be located at this site. lt forms a three-centre bond with the 
neighbouring silicon atoms and to accommodate the H, the neighbouring Si atoms have 
to move outwardover a significanee distance (figure 3.7a). The resulting energy cost due 
to strain is more than compensated by the energy gain due to formation of the three
centre bond. The strength of this bond can be understood within a simple molecular
orbital picture, in which the hydrogen ls orbital overlaps with hybrid orbitals on the 
neighbouring silicon atoms. This is shown in figure 3.8. 

Si H Si 

Figure 3.8. Schematic illustration of orbitals in the bond-centre configuration. 

This picture then shows that the hydrogen-induced defect level actually corresponds to an 
antibonding combination of Si orbitals, hydrogen is located at a node of the 
corresponding defect wave function. In the neutral charge state, the defect level would be 
occupied with one electron; in the positive charge state, it is empty. The defect level 
therefore corresponds to a donor level, it is located in the upper part of the bandgap. The 
stability of the hydrogen charge state depends on the Fermi level in the material, which is 
determined by doping. For hydrogen to acquire a positive charge state, it needs to shed an 
electron. This electron is placed in the reservoir for electrons, which bas an energy 
determined by the Fermi level. The higher the Fermi energy, the more energy it will cost 
to put an electron in the reservoir, and the higher the formation energy of H+. Therefore 
H+ will be most favourable (lowest formation energy) in p-type material, where the Fermi 
level is low in the gap. 
Neutral hydrogen (H0

) also forms a three-centre bond at the BC. The arguments that 
applied to the stability of this bond also apply to neutral hydrogen at the BC. However, its 
stability is slightly less than that of H+ at the BC because the defect level intheupper part 
of the bandgap is now occupied by an electron. The BC site is therefore relatively less 
stable. The energy of the neutral species is (of course) independent of the Fermi energy. 
The atomie configuration is very similar to that for H+ (figure 3.7b), with only small 
differences in the relaxation of the Si atoms. 
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In the negative charge state (K), hydrogen prefers regions of low electronic charge 
density, in which its distance to the host atoms is maximized. K can therefore be found at 
the tetrabedral interstitial (T) site (figure 3.7c). The extra electron in K is acquired by 
transfer of an electron from the Fermi level, the energy of H- decreases as the Fermi level 
rises in the gap. K is therefore the preferred charge state in n-type materiaL 
In silicon the energy of H0 is always higher than that of H+ or K. The neutral charge 
state is never the most stabie state under equilibrium conditions. This behavior can occur 
because hydrogen assumes different configurations in the lattice as the charge state 
changes (BC for H+, T-site for K). Theoretica! calculations40 placed the donor level, 
which is the transition level between the positive and neutral charge states, about 0.2 eV 
below the conduction band (Ec - 0.2 e V) and the acceptor level which is the transition 
level between the neutral and the negative charge states roughly at midgap. These 
positions have also been observed experimentally41

'
42 and are depicted in figure 3.9. The 

energy levels of the conduction band and valenee band are displayed as Ec and Ev. 

----.---------Ec 
- Ev=Ec-0.2eV 
• • • •••••••. <E> = Ec - 0.4 e V 

---- EA =Ec-0.6eV 

____ ._ ________ Ev 

Figure 3.9. Schematic energy-band diagramfor silicon indicating the donor levelED 
and acceptor level EA ofisolated hydragen and the mean energy <E> = (ED + EA)/2. 

So both theoretica! calculations and experimental observations demonstrate that isolated 
hydrogen is an amphoteric impurity in silicon with two charge-state transition energies 
(donor and acceptor levels) in the bandgap. These transition energies are ED z Ec- 0.2 
eV and EA z Ec - 0.6 eV. The density of H0 is always a lot less than that of the 
predominant species (either H+ or K). The dominant species changes quickly from H+ to 
Kas EF passes above the mean value <E> z Ec- 0.4 eV. 

3.2.2 Hydrogen diffusion 

Hydrogen is a small and light impurity and is expected to move quite easily through the 
silicon lattice. Hydrogen introduced into c-Si diffuses primarily as a manatomie species 
by a series of thermally activated random hops between lattice sites. These lattice sites 
are separated by an energy harrier, and hydrogen migration occurs by crossing the harrier 
at a saddle point which is depicted in figure 3.10. 
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Figure 3.10. Motion ofhydrogen through the Si network. 

This concept has been verified for hydrogen diffusion in single crystalline silicon, where 
the saddle point lies 0.2-0.5 e V above the Si-Si bond-center site that is identified as the 
global minimum for hydrogen diffusion. The lower value for the saddle point (0.2 e V) is 
determined from theoretica} calculations43 and the higher value is obtained from high
temperature H diffusion experiments. 37 The theoretica} calculated migration harrier for 
the positive and neutral charge states in single crystalline Si is 0.20 eV, for the negative 
charge state it is 0.25 eV. 

3.2.3 Mechanism of passivation 

The ability of hydrogen to take on either of two charge states, H+ or K, means that it can 
passivate electrically active defects of either sign in a materiaL The structures of the 
passivated defects vary greatly for different materials. Under all circumstances states 
involving either H+ or H- are more stabie than those involving H0

• Neutral hydrogen is 
not the stabie state for any Fermi level. Whether the H+ or H- charge state is more stabie 
depends on the chemica} potential of the reservoir of electrons in the material, the Fermi 
energy, which determines how easily the conversion between an H+ and anK ion can be 
made (by adding or removing two electrons). 
In p-type material, the Fermi level lies near the top of the valenee band and the lowest 
energy state is H+ at BC. This indicates that H+ prefers the high electron density region 
and exhibits donor-like behavior. The proton diffuses easily through the lattice, moving 
from bond-centre to bond-centre, with a migration harrier of at least less than 0.5 eV. 
Hydrogen always counteracts the electrical activity of the dopants. Accordingly, 
passivation of p-type material is due to compensation: the electron from the H annihilates 
a free hole in the valenee band and H+ is formed. Once H+ has been formed, however, its 
high mobility and Coulombic attraction to negatively charged acceptor impurities will 
readily lead to the formation of acceptor-hydrogen pairs: H+ + s- ~ (HB)0

• H+ is 
coulombically attracted to ionized acceptor impurities and when H+ forms a complex 
with the acceptor impurity, the acceptor is passivated (neutralized). Passivation is 
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characterized by the presence of neutral complexes which cause little scattering of 
carriers. 
When the Fermi energy is raised, the stabie state becomes H- which prefers the low 
electron density region. The calculated diffusion harrier for Kin Si is only slightly larger 
than that for H+. Justas H+ passivates acceptors, we expect K to passivate donors. 
These predictions are consistent with experimental evidence. A number of observations 
on shallow impurity passivation showed the occurrence of a positively charged species; 
the fact that this species is H+ (and not free holes) was unambiguously established by 
Johnson and Herring.44 Their results show that hydrogen must have a deep donor level, 
not far from mid-gap. They also found that H in n-type material can occur in a negative 
charge state, with an acceptor level close to the discussed donor level.45 

All this indicates that H behaves as an amphoteric impurity: it can passivate donors as 
well as acceptors, and its preferred charge state is the one that leads to passivation. 
Indeed, in Si, the positive charge state (with a minimum at BC) is preferred in p-type 
material, where it leads to compensation and passivation with the formation of acceptor
hydragen complexes (where H also sits in a bond-center position). Similarly, the negative 
charge state (with a minimum at T) would be preferred in n-type material, again acting as 
a souree of compensation and leading to passivation with donor-hydrogen complexes 
(where H sits at or near T). 

3.2.4 Hydrogen in me-Si 

Multicrystalline silicon is an inhomogeneous material in which identical crystallites are 
separated by grain boundaries. These two dimensional boundaries accommodate high 
concentrations of strained Si-Si bonds and Si dangling bonds. In the grain boundary the 
Si dangling bond defect is located 0.65 +1- 0.15 eV below the conduction band minimum. 
In genera!, the activation energy for diffusion of an impurity along grain boundaries is 
lower than for diffusion within a crystal grain.46 Therefore, it was believed that grain 
boundaries act as diffusion pipes for hydrogen. However, it was recently demonstrated47 

that H migration is extremely sensitive to the presence of trap states like the state that is 
caused by a dangling bond. In fact, comparing H diffusion in single crystalline Si with 
diffusion in disordered silicon showed that grain boundaries act as efficient sinks for H, 
effectively reducing the diffusivity. This indicates that hydrogen diffusion in me-Si is a 
complex mechanism which will now be further investigated. 
An important constituent of me-Si is disorder, which gives rise to a distribution of 
harriers between hydrogen transport sites and a distribution of hydrogen-trapping sites. 
Experimental data indicate the presence of a band of shallow H traps and a band of deep 
H traps separated in energy (two-band model). The energetic positions of the shallow and 
deep trap levels can be determined from the activation energy of the hydrogen diffusion. 
The activation energy for high H con centration is -0.6 e V for me-Si. In the two-band 
model, this energy corresponds to the shallow trap levels at the bond-center energy. The 
bond-center sites are located on the order of 0.4-0.6 e V below the migration saddle point 
(EM). This activation energy is quite similar to the value of 0.48 eV observed for 
hydrogen diffusion in single crystalline Si.37 Because the activation energy roughly 
represents the difference between the migration saddle point and the Si-Si bond center 
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position, the diffusion appears to be independent of the disorder or structure of the lattice 
at high H concentrations. Typically, the concentratien of bond-center sites vastly exceeds 
the number of deep hydrogen traps. Thus, at high H concentrations, the low-energy sites 
are occupied, and the average trap configurations available to H atoms are independent of 
the lattice structure. For low H concentrations, the diffusivity is thermally activated with 
an activation energy of approximately 1.7 eV. The deep hydrogen traps are located 1.7 
eV below the saddle point energy, so for low hydrogen concentrations the diffusion is 
trap dominated. The key energies that play a role in the diffusion of hydrogen in silicon 
are illustrated in figure 3.11 and will now be further discussed. 

Energy per H atom (eV) 
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Figure 3.11. Energies relevant for H interactions with silicon. The various quantities are 
described in the text. 

The hydrogen chemica} potential f.lH determines the occupancy of various configurations, 
states with energies below f.lH are (mostly) occupied with hydrogen and those above are 
(mostly) empty. The energy difference between mobile hydrogen (Es) and f.lH determines 
the number of hydrogen atoms that can participate in diffusion. The diffusion activation 
energy EA ( 1.4-1.5 e V in undoped material) therefore should be associated with Es- f.lH· 48 

Hydrogen diffusion experiments in c-Si37 as well as H diffusion in a-Si49 when all deep 
traps are saturated, indicate that the migration energy EM =Es- E8 c is about 0.5 eV. On 
the other hand, first-principles calculations40 indicate that EM is only about 0.2 eV (this is 
the difference discussed earlier in theoretica} calculations and experiment). Therefore, a 
range of values, 0.2-0.5 eV, is normally used for EM. Analysis of solubility data in c-Si50 

places E8c at about 1 eV below the energy of a H atom in free space. The energy 
difference between Esi-H and f.lH can be associated with the dangling-bond formation 
energy, since the removal of H from Si-H results in a dangling bond. Measurements of 
equilibrium-defect densities indicated that ED = f.lH- Esi-H is about 0.2-0.5 eV.51

•
52 
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So hydrogen diffusion is govemed by trapping and release of H from shallow and deep 
traps. In me-Si, a prominent deep hydrogen trap predominantly located at grain 
boundaries is the silicon danglinf bond. These defect states are located 1.9-2.5 eV below 
the hydrogen transport levels5 and have been detected and identified by electron 
paramagnetic resonance (EPR).54 lt is shown with EPR that hydrogen effectively 
passivates dan~ling bond defects by measuring the spin density before and after 
hydrogenation. 5 

3.2.6 Recent discoveries 

Very recently it was found that H-passivation of silicon is just one aspect of a much more 
general behaviour of hydrogen. What we just discussed seems to be an universal 
mechanism that also occurs in for example liquids. Van de Walle and Neugebaue~6 

propose a theory that there is an universal alignment of the chemical potential for the 
change of charge state of hydrogen complexes across a wide range of materials. There 
seems to be a relation between the H+ and OR ions dissolved in liquid water and the 
hydrogen bonded to defects in strongly bonded solids. The transition point that was 
discussed in this paragraph where, by raising the Fermi level H+ converses into R, bas 
almost the same value for a wide range of materials. The explanation for the universal 
alignment that is proposed is based on the dangling bond that is left bebind. In an overall 
neutral state, the energies of the hydrogen bonds are almost the same, whether hydrogen 
is bond to the anion (acceptor) or to the cation (donor) in a materiaL The primary factor 
determining the transition-point energy is the "dangling bond" that remains: the R charge 
state binds to the cation, teaving an unfulfilled, dangling bond on the neighbouring anion 
(and vica versa for H+). The dangling bond accepts an electron, or, for H+ bound to an 
anion, it gives up an electron. This fixes the transition energy at mid-gap position which 
is effectively an average of the energies necessary to add or subtract an electron, and 
leads to a natural alignment of transition energies that is not sensitive to the details of the 
band structure of the materiaL This remarkable alignment might help understanding more 
about the physics at interfaces between different materials, and shows that hydrogen 
passivation of me-Si is basedon an universal mechanism. 
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3.3 PECVD of a-SiNx:H 

3.3.1 Introduetion 

One of the most important steps in the manufacturing of me-Si solar cells is the cost
effective fabrication of an antireflection coating. Ideally, this coating should not only 
drastically reduce optica! losses but simultaneously provide a reasanabie degree of 
surface and bulk passivation. In recent years it has become clear that the best candidate 
for this taskis silicon nitride deposited by PECVD. These SiN films act as a surface and 
bulk passivating ARC which is a unique combination that is not met by the former 
standard coatings on e-Si solar cells: thermal Si02 and TiOx fabricated by APCVD do not 
contain the hydrogen that is required for the bulk passivation of me-Si wafers and 
furthermore, the refractive index of Si02 (n = 1.46) is too low for an optima! ARC, while 
TiOx provides no surface passivation. 
There are two fundamentally different PECVD methods: direct PECVD and remote 
PECVD. The direct method is widely used in the laboratory as well as for industrial 
applications, while the remote method is only since recently used for industrial 
applications. In direct PECVD reactors all processing gasses are excited by an 
electromagnetic field and the samples are located within the plasma. The electromagnetic 
field has a frequency of either 13.56 MHz (high-frequency method) or in the 10-500 kHz 
range (low-frequency method). The plasma excitation frequency has astrong impact on 
the electronic properties of the resulting Si-SiN interfaces. The reason is that below the 
so-called plasma frequency (- 4 MHz) ions are able to follow the plasma excitation 
frequency and therefore produce a strong surface bombardment. Due to the resulting 
surface damage, SiN films fabricated with low-frequency direct PECVD only provide an 
intermediate-quality surface passivation on silicon surfaces.57 Furthermore, the surface 
passivation is not stabie against UV light58 resulting in decreasing solar cell performance 
over time. This problem can be largely eliminated as for excitation frequencies above 4 
MHz the acceleration periods are too short for the ions to absorb a significant amount of 
energy. Hence, SiN films prepared by direct PECVD at high frequency (13.56 MHz) 
provide a much better surface passivation and a much better UV stability than SiN films 
preparedat low frequency.57 

In the remote-plasma technique the excitation of the plasma is spatially separated from 
the sample. A number of different plasma excitation approaches exist like using 
microwaves, hollow cathode, are jet, etc. In this work the cascaded are technique is used 
to create an expanding thermal plasma (ETP) that enhances the chemica! vapor 
deposition of SiN from the reaction gasses NH3 and Si~. The advantage of the remote
plasma approach is that much higher plasma densities, and hence much higher deposition 
rates, can be achieved compared to direct PECVD. This is especially true for the ETP 
technique by which deposition rates can be achieved from -1 to 50 nrnls. 
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3.3.2 Expanding thermal plasma technique 

The cascaded are plasma souree is invented by Maecker in 195659 and modified by 
Kroesen et al. 60 as argon plasma source. The souree has since then been further 
industrialized and is currently used for the deposition of a silicon nitride ARC on a high 
throughput in-line production machine.61 The plasma-souree is depicted in figure 3.12. 

Ar gas inlet 
cathode 

electrode 

isolating plates 

} •• --... • cascade plates (4x) 

anode plate 
nozzle with NH3 injection 

Ar/NH3 plasma expansion 

SiH4 injection ring 

Figure 3.12. Schematic of the cascaded are plasma-source. 

The plasma-souree operates on argon which is injected in the catbode and ignited with a 
short high voltage pul se (-30 kV) by a tungsten electrode. A current of 40 A requires 
about 80 V to maintain the plasma, depending on the amount of cascade plates. The 
pressure in the catbode can vary between 0.3 and 5 bar. The lowest pressure is 
determined by the plasma because it is difficult to maintain it at lower pressures, whereas 
too high a pressure can cause a leak. The pressure in the chamber at the nozzle is around 
0.3 mbar and this pressure difference causes a supersonic flow directed to the chamber. 
Ammonia is injected in the nozzle and reacts with the ionized argon. The plasma channel 
has a diameter of a few millimetres and consists of four water cooled molybdenum plates. 
The cooling is necessary because of the interaction of the plasma with the walls of the 
plasma channel. The molybdenum plates form the cascade that spreads the voltage 
between the catbode and the grounded anode which is the end of the arch. The maximum 
voltage drop is -40 V per plate. The plates will not be electrically isolated with a higher 
voltage drop and damage. The number of plates necessary is determined by the distance 
the plasma requires to achieve an equilibrium. The combination of a sufficient high 
pressure in the catbode and a small channel diameter creates a thermal plasma which 
means that the electron temperature equals the gas temperature. The plasma expands 
supersonically in the vacuum chamber. 
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The cascade plates are electrically isolated by boron nitride rings. This makes the plates 
electrically floating and they become charged by the plasma according to V=IRplasma· The 
current can vary between 30-100 A with a power from 1-10 kW. The electron density (ne) 
for an argon plasma is -1023 m-3 with anatomie density of around 1024 m-3

• The degree of 
ionization is 1-15%. The cascaded are is a so called wall stabilized discharge. The 
electron density and temperature (Te) form an increasingly flat radial profile with 
increasing current that bas large gradients near the walls. The temperature is 12.000 K in 
the center and 500 K at the walls. The plasma is close to equilibrium with only the lowest 
energy levels over occupied (partially local thermadynamie equilibrium). The emission 
spectrum is closetoa Planck radiation with a black-body temperature of 12.000 K. 
The electron temperature drops from 1.0 eV to 0.2 eV in the expansion and ne drops from 
1022 to 1019 m-3

• The first part of the expansion is supersonic and after an adiabatic shock 
the flow is around 500 mis for pure argon. Silane is injected after the shock in the 
expanding subsonic plasma which is a recombining plasma with a low electron 
temperature. The dissociation mechanism is different from the active ionizing plasma in 
the souree with a high Te. 

3.3.3 Plasma chemistry and SiN film growth 

First of all, the argon is ionized in the are according to 

Ar+e Ar++ 2e (3.27) 

and these particles will ionize ammonia into NHx + (x 3) and H radicals, and these 
radicals will react with silane. lf the NH3 flow is relatively low, some ionized argon 
atoms might be left that can also react with silane which will depend on the argon flow 
and plasma-souree power that is used as well. So depending on those parameters the 
following reactions can occur secondly: 

Ar+ + NH3 Ar+ NH/ + .. (x 3) (3.28) 

Ar+ + Si~ Ar + SiH/ + .. (x 3) (3.29) 

andreaction (3.29) will only occur if there are argon ions left from reaction 3.28 which 
will depend on the NH3 flow. lt is not clear if there is a significant influence whether 
reaction 3.29 occurs or not, but there might be a transition when not enough NH3 is 
available to consume the ionized argon and that silane is directly ionized by Ar+. 
The reactions that follow can be very different. An important reaction involves neutral 
hydrogen, which is not known to react with NH3 but does react with SiH4 according to 

(3.30). 

This reaction produces SiH3 which is presumed to be very important for film growth.62 

The SiH3 radical bas a low reaction rate with silane and seems to be very beneficia! for 
the layer quality regarding film density and dangling honds. SiH3 can have several 
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reflections on the surface before sticking which means it can fill valleys, instead of 
growing in columns and incorporating voids, which is the growth behaviour for radicals 
with a high sticking probability. SiHx (x 2) radicals have a high reactivity with silane 
and can form polysilane radicals which have a high sticking probability before reaching 
the substrate or reactor wall. When polysilane radicals contribute significantly to film 
growth, inferior film properties are obtained. A relatively large contribution of these 
species leads to void-rich, colurnnar films but a high substrate temperature could 
compensate for these poor structural film properties. At higher deposition rates a higher 
substrate temperature will be necessary for this compensation which is related to "failing" 
hydrogen eliminating reactions that arise at high deposition rates. This refers to the time 
that is necessary for the decomposition of higher surface hydrides into lower surface 
hydrides: SiH3 SiH2 SiH. Physisorbed SiH3 radicals can chemisorb on a surface 
dangling bond and then cross-link with each other, which is thermally activated, but has 
only a low activation energy because of the energy release at the chemisorption (-2 e V). 
When the thermal energy that is available is to low or the time scale to short, no cross
linking will occur (failing H-elimination) and this will result in H-incorporation and the 
built in of surface dangling honds as defects. 
When depositing amorphous silicon from silane with the actdition of hydrogen, it was 
found that the Sil-4 consumption increases with total H flow, but is relatively higher for 
lower flows.62 The amount of H available for the dissociation of SiH4 seemed to be the 
limiting factor. This can also be the case for the deposition of silicon nitride from silane 
and ammonia. The hydrogen can then originate from the dissociation of NH3• It was also 
found that there are relatively more silane ions (SiHx +) present in the plasma at low 
hydrogen flows and their recombination leads to SiHx radicals (x 2) which can govem 
film growth at these low flows instead of the preferred SiH3 radicals. At higher H flows 
the contribution of SiH3 for layer growth seemed to increase and becomes constant for 
hydrogen flows higher than a critica} flow. lt was concluded that both the supply of the 
"right" growth parameters to the surface and the "proper" conversion of these precursors 
by surface reactions into bulk films are essential for obtaining good quality films. 
Other important growth precursors are tetra-aminosilane, Si(NH2) 4, and the 
triaminosilane radical, Si(NH2) 3, the latter being the dominant precursor species for film 
growth with a glow discharge plasma. 63 These precursors arise if the plasma power is 
sufficiently high and when there is also a sufficient excess of NH3. During film growth 
the triaminosilane radical decomposes on the surface and an NH2 and a H from 
neighboring precursor radicals combine to form an NH3 molecule, which evolves back 
into the plasma. The resulting silicon and nitrogen dangling honds pull together to 
propagate the Si-N network and this creates tensile stress. These films are rich in nitrogen 
(Si/N < 0.75) and the hydrogen is completely bonded to nitrogen (no Si-H honds). If a 
relatively higher silane flow is used, above the flow below which sufficient active NH3 is 
present to completely saturate the Si honds with NH2, polysilane radicals (SinH2n+2) will 
be formed which can react with the surface and forms films which are richer in silicon 
(Si/N 0.75). This will be the case with the films that are presented in this work because 
Si-H honds are always detected. The plasma chemistry is often difficult to analyze and is 
in this work studied indirectly by characterizing the resulting silicon nitride layer 
properties. Nevertheless important conclusions can be obtained and analyzing the 
resulting layers is necessary for understanding the plasma chemistry. 
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Chapter 4 

Experimental 

This chapter starts with explaining how the experimental work is performed and which 
characterization methods are used. First the experimental set-up is shown and then the 
different techniques that are used for the silicon nitride characterization are described. 
Then different techniques for SiN film analysis are then compared and relations between 
the techniques are obtained that make a fast determination of important layer properties 
possible. At the end of the chapter solar cell characterization methods are shown that can 
measure the performance of a cell and the degree of passivation. 

4.1 Experimental Set-up 

POP3 

The experimental set-up that is used is called POP3 (proof of principle #3) and is 
depicted in figure 4.1. It consists of a load lock-in (1), a pre-heat section (2), the 
deposition chamber (3), a cooling section (4), and a load lock-out (5). 

Figure 4.1. Schematic ofthe POP3 experimental set-up. 
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Substrates are inserted via the load lock-in which is then pumped down to -0.1 mbar 
before it gives access to the vacuum chamber. The wafers are placed on a carrier that can 
move from load lock-in to load lock-out by means of an electmmotor driven pulley. The 
heating takes place in the pre-heat section and also in the deposition chamber by infrared 
lamps. They can heat up the substrates to -500°C in the pre-heat section and maintain a 
temperature of 400°C during deposition. The deposition is performed by three expanding 
thermal plasma (ETP) sourees that can deliver a plasma-power of 3500 W each. The 
power is delivered by three current suppliers that can be individually adjusted, thus each 
plasma-souree can be separately regulated. Also the gas leads to the sourees that contain 
the argon, ammonia, and silane can all be separately regulated by mass flow controllers, 
so each plasma-souree has its own gas supply and each gas flow can be adjusted 
individually. The gas flow range for argon can be regulated from 0 to 3.0 sim (standard 
liter per minute), for ammonia from 0 to 1.5 sim, and for silane from 0 to 0.5 sim. The 
total set-up has cooling water running through its steel plating and the plasma-sourees are 
separately water-cooled by two chillers. After the deposition the samples are inactively 
cooled by passing a water-cooled section and they can be taken out of the vacuum 
chamber by means of the load loek-out. Theset-upis pumped down by an Alcatel A300 
pre-pump and two Edwards roots blowers which are linked together and provide a base 
pressure of 10-3 mbar. The load locks are both pumped down by oil pumps. 
The temperature is determined with a datapaq, which is a data logger that can be placed 
inside the carrier and can register the temperature in the vacuum chamber. The 
temperature measurement is not in reai-time but the logger is downloaded after the 
registration. 
The operation of POP3 is performed with a computer through human machine interface 
(HMI) software. lt controts the load locks, carrier movement, and the power delivered to 
the infrared lamps and is also used for controlling the gas flows to the plasma sources. 
The pressure is monitored with three pressure gauges, one for each load loek, and one for 
the deposition chamber. The pressure can be varied by changing the pump-rate of the 
roots blowers. The deposition pressure under normal conditions (three plasma-sourees on 
with Ar-flow: 2.0 sim, NH3 flow: -0.6 sim, SiH4 flow: -0.15 sim for each source) can be 
varied from 0.20 to 0.50 mbar. 

4.2 SiN layer Characterization 

4.2.1 FTIR analysis 

One of the most important characterization methods for silicon nitride is Fourier 
transform infrared spectroscopy (FTIR). An example of an FTIR measurement is shown 
in figure 4.3. lt shows that first a wavelength dependant interference pattem 
(interferogram) is obtained by using a Michelson interferometer. The interferogram 
contains the basic information of frequencies and intensities characteristics of a spectrum 
but in a form that is not directly interpretable. Thus the information is converted to a 
more familiar form, a spectrum, using Fourier transform methods. More information 
about this technique can be found in reference [64]. 
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Figure 4.2. Measurement set-up of an FTIR spectrometer. 

FfiR spectroscopy detects the vibrations of the different asymmetrical bonds that can be 
present in a SiN film. Only asymmetrical bonds because molecular vibrations give rise to 
IR bands only if they change the dipole moment of a molecule. Thus for example 0 2 and 
N2 molecules from the atmosphere will not show any IR bands, however C02 has a 
stretching vibration where one 0 moves in and the other out, and thus will be seen in the 
spectrum. This is shown in tigure 4.3. 

~ ..... 
N=N No change in dipale moment. 

~ ... ~1---

0=C=O Dipale moment changes 
during vibration. 

Figure 4.3. Difference between symmetrical and asymmetrical vibrations. 

The FfiR measurements are performed with a Broker Vector 22 spectrometer. During 
the measurement the sample chamber is purged with nitrogen to reduce the partial C02 
and H20 pressures, from which unwanted absorption peaks can arise in the FfiR 
spectrum. The transmission of the films is measured in the range of 4000-370 cm-I with a 
resolution of 4 cm-I. The obtained FfiR spectra are shown as a function of wavenumber 
(V), insteadof frequency or wavelength, which has the unit cm-I. This is the preferred 
way of data presentation because it facilitates distinguishing different absorption peaks. 
Displaying the spectrum as a function of wavelength would compress the interesting data 
region. 
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The conversion from wavelength to wavenumber is given by 

1 1·104 

V= = 
A( cm) A(f.Jm) 

(4.1). 

Also not the transmittance is presented but the absorbance of a SiN layer. The absorbance 
as a function of frequency is calculated from the transmitted intensity as 

A(v) =-log l(v) 
l 0 (V) 

(4.2) 

where in this work I( v) is the measured transmitted intensity from a SiN film on a silicon 
substrate and lo( v) is the measurement of a bare silicon substrate. The absorbance is an 
easier parameter to work with because it depends linearly on the path length (b), specific 
absorption ( ), and the concentration ofthe measured species (c), according to Beer's law 

A=E·b·c (4.3). 

The molecules can show different types of vibration, depending on the molecular 
symmetry. The wavelength that is absorbed corresponds with a specific vibration mode 
of the group. The possible different modes are depicted in figure 4.4. 

A ö A 
Symmetrie stretehing (v J seissoring (S) wagging (ro) 

A & A 
Asymmetrie stretehing (v aJ roeking (p) twisting ('t) 

Figure 4.4. Qualative analysis of the vibrations that are detected. 

The Greek letters are often used as shorthand for the different modes. 
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For silicon nitride different modes can be detected in the FfiR spectrum. Figure 4.5 
displays a spectrum obtained from a SiN film deposited at a relatively low deposition 
temperature of 250°C. Because of the lower temperature it contains a large amount of 
bonded hydrogen and the corresponding peaks can be clearly distinguished. 
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Figure 4.5. FTIR spectrum of a SiN layer deposited at 250 CC. 

The assignment of the different peaks that are visible in the SiN spectrum can be found in 
literaturé5 and is given in table 4.1. 

VVavenumber(cm-) 
490 

630-650 
790 
850 
1020 
1150 
1540 

2080-2100 
2100-2150 
2150-2180 

3340 
3450 

Assignment 
NSh symmetrie stretching 

SiH wagging 
SiNn stretching 

NSh asymmetrie stretching 
H-SiN3 stretching 

NHbending 
NH2 bending 

SiH2, SiH in clusters stretching 
H2SiN2, HSiN3 stretching 
H2SiN2, HSiN3 stretching 

NH stretching 
NH2 stretching 

Table 4.1. lnfrared absorption modes detected in a SiN film and their assignment. 

1t can beseen that there is a variety of Si-H stretching modes. The Si-H stretching peak in 
fact consists of six components. It is best described over the whole composition range as 
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the sum of six Gaussian contributions of constant width. 66 The peak frequencies and 
assignments of these components are given in table 4.2. 

VVavenumber(cm-) 
2005 
2065 
2082 
2140 
2175 
2220 

Assignment 
HSiSh 
H2Si Sh 
HSi NSh 

H2Si NSi & HSi N2Si 
H2Si N2 
HSi N3 

Table 4.2. The six components of the Si-H stretching-mode absorption band. 

So the Si-H absorption peak shifts with different layer compositions. This is an important 
fact, it means that the position of the Si-H absorption peak can be used to determine the 
composition of the SiN layer. Apparently the wavenumber of the Si-H band shifts from 
2005 cm-1 for very silicon-rich layers to 2220 cm-1 for layers that contain a high 
concentration of nitrogen. This observation will be used in the next chapters to determine 
the silicon to nitrogen ratio of a SiN film. 

4.2.2 Ellipsometry 

Single wavelength and spectroscopie ellipsometry are used to measure the layer thickness 
and optica! constants (refractive index and extinction coefficient) of a SiN film. 
Ellipsometry measures the change in the polarization state of light reflected from the 
surface of a sample. The measured values are expressed as and . These values are 
related to the ratio of Presnel reflection coefficients, Rp and Rs for pand s-polarized light 
as 

. R 
tan(':P)e"1 = _P 

R. 
(4.4). 

Prom equation 4.4 it can be seen that the ratio is a complex number, thus it contains 
phase information that is contained in , which makes the measurement very sensitive. In 
figure 4.6, a linearly polarized input beam is converted to an elliptically polarized 
reflected beam. Por any angle of incidence greater than 0° and less than 90°, p-polarized 
and s-polarized light will be reflected differently. The reflection coefficients are a 
function of the angle of incidence and are related with the complex refractive index of the 
measured sample. Por a detailed description of the measuring metbod see reference [67]. 
Spectroscopie ellipsometry measurements were performed with a VV ooilam M2000 
spectrometer in the range from 250 to 1650 nm (0.75 to 5.0 eV). The model used for 
fitting the obtained data is know as the Tauc-Lorentz formalism which is proposed by 
Jellison and Modine.68 
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p-plane 

s-plane 

Figure 4.6. Schematic of the geometry of an ellipsometry experiment. 

The surface rougness of the layer is modelled with the Bruggeman approximation69 

which means it is described as consisting of 50% bulk material and 50% voids. The layer 
build up is then modelled as depicted in figure 4.7. 

surface roughness 

Figure 4. 7. Model of the sample structure used for ellipsometry measurements. 

The refractive index is determined at an energy of 1.96 eV which corresponds with a 
wavelengthof 633 nm. This the wavelengthof the He-Ne laser used in single wavelength 
ellipsometry but is also close to the wavelength that contains the most energy in a AM1 .5 
spectrum of sunlight (figure 2.1) which is 600 nm. The extinction coefficient can only be 
measured with spectroscopie ellipsometry and is determined at 3.44 eV (360 nm). Asolar 
cell normally operates under a cover glass which is "g1ued" to the cell with an EVA foil 
and this combination absorbs light with a wavelength < 360 nm, so the value of the 
extinction coefficient is only relevant at higher wavelengths. Another parameter that can 
be determined from k is the optica! bandgap E04• This is the energy that corresponds with 
a value for the absorption coefficient a of 104

• The ex ti netion and absorption coefficient 
are related according to equation 2.5 ( a=4rtk/ A), thus E04 can then be determined. 
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4.2.3 RBS and ERD 

Rutherford backscattering spectroscopy (RBS) and elastic recoil detection (ERD) are 
used to determine the elemental composition of the silicon nitride films. Figure 4.8 
displays the measurement geometries of these ion beam analysis techniques. 

a.RBS 

sample 

Figure 4.8. Scattering geometry in a. RBS and b. ERD. 

RBS is an analytica! technique for the non-destructive anylisis of absolute concentrations 
of heavy elements in thin films. A high energy beam (2-4 Me V) of i ons with a low mass 
(usually He) is directed at a sample, and a detector is placed such that particles which 
scatter from the samples close to a 180° angle will be collected. The energy of these ions 
will depend on their incident energy and on the mass of the sample atom from which they 
are scattered. Thus, measuring the energy of scattered ions indicates the chemica} 
composition of the sample. Furthermore, when the incident ions scatter from deeper 
atoms, they loose energy gradually as they pass though the solid and when they leave the 
sample. This means that also a depth profile can be obtained of the sample composition. 
ERD is an ion beam analysis technique for quantitative analysis of light elements in 
solids. The sample that has to be analyzed is irradiated with anion beam (usually He) of 
several MeV energy. Light elements (like hydrogen) from the sample are scattered in 
forward directions an can be detected. From the measured energy spectrum of the recoils 
a concentration depth profile can be calculated. 
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4.3 FTIR and ellipsometry compared with RBS and ERD 

In literature FfiR and ellipsometry data are often compared with data obtained from RBS 
and BRD measurements to find correlations between the different techniques. lf these 
correlations exist, then FfiR and ellipsometry measurements can be used to predict SiN 
layer characteristics like Si/N ratio, H-content, and film density, that can normally only 
be obtained from the more cumhersome and time-consuming RBS and BRD 
measurements. This strategy is applied here as well. There were already some samples 
available from earlier experiments on which RBS and BRD measurements were 
performed and, although the range of the layer properties was limited for these samples, 
relationships are found between the RBS and BRD measurements, and the data obtained 
from FfiR and ellipsometry measurements. These relations make a very fast and easy 
characterization of a SiN layer possible. 

4.3.1 n compared with the Si/N ratio 

The refractive index of a a-SiNx:H layer varies with x, the N/Si ratio. It will change from 
1.9 for stoichiometrie silicon nitride films (a-ShN4) to -4.3 for amorphous hydrogenated 
silicon (a-Si:H). For layers oflow density n can be lower than 1.9 which will be shown in 
the next chapter. In tigure 4.8 the variation with Si/N ratio is investigated by plotting the 
refractive index measured at a wavelengthof 633 nm (1.96 eV) against the Si/N ratio (x-1

) 

determined by RBS measurements. 
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Figure 4.8. Refractive index as ajunetion of Si/N ratio determined by RBS. 

The refractive index depends on other layer characteristics, like the film density and 
hydrogen content as well, which can partially explain the spread of the data points. Still a 
clear linear dependenee is observed which can be expressed as 

53 



Si 
n = 0.71X-+ 1.41 

N 

IE'JI ot b ENGINEERING 

(4.5). 

This is in good agreement with the relations that are obtained by others, which can be 
found in literature: 

Ciaassen et al. 70 

Lenkeit et al. 71 

Si 
n=0.70x-+1.39 

N 
Si 

n=0.76x-+1.33 
N 

Table 4.3. Relations between n and Si/N ratio that can be found in literature. 

Equation 4.5 can also be written as 

Si 
- = 1.41xn -1.99 
N 

(4.6), 

so an expression is obtained for the Si/N ratio as a function of the refractive index. The 
range for which equation 4.6 holds, still has to be investigated. It is at least not valid for n 
<< 1.9 because values for n around 1.4 would produce negative values for Si/N, or n 
4.3 which is the transition from amorphous silicon nitride to amorphous silicon. Ciaassen 
and Lenkeit both obtained a data range from 0.6 to 1.7 for the Si/N ratio, which 
corresponded with a refractive index from 1.8 to 2.6. The fits they obtained seemed to be 
valid in that range of data. 

4.3.2 Si/N ratio compared with the Si-H/N-H absorbance ratio 

FfiR determines the absorbance of a film at different energies, which is determined by 
the vibration modes of the atomie bonds that are present in the layer. In a silicon nitride 
film the vibrations of N-H, Si-H, and Si-N bonds are detected. The N-H and Si-H 
absorbances are a measure of the amount of hydrogen that is bonded to silicon compared 
to the amount that is bonded to nitrogen. This ratio will also depend on the Si/N ratio of a 
film, so the ratio of the Si-H and N-H absorbances can be a measure of the silicon to 
nitrogen ratio. This is investigated in figure 4.9 where the Si/N ratio determined by RBS 
is displayed as a function of the Si-H/N-H ratio determined by FfiR. 
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Figure 4.9. Si/N ratio determined by RBS versus Si-HIN-H ratio determined by FTIR. 

The rather big spread is caused by the sometimes difficult determination of the N-H 
absorbance, the Si-H absorbance is easier to determine. The absorbance depends on layer 
thickness, specific absorption, and the concentration of the measured species, according 
to Beer's law (equation 4.3). The specific absorption for N-H is 1.4 times lower than for 
Si-H, so the intensity of the N-H absorbance peak is also lower. This makes the 
determination of the N-H absorbance more difficult than for Si-H, especially when also 
the concentration of N-H boncts is lower, which is the case for films with a high Si/N 
ratio. Working with thick layers could eliminate these problems, however, the available 
samples have a relatively low average thickness of -80 nm. 
The linear fit corresponds with 

Si = 0.085x Si- H + 0.72 
N N-H 

(4.7), 

which is still in good agreement with Ciaassen et al.70 who found the relation 

Si = 0.084x Si- H + 0.70. The range for which equation 4.7 holcts is only investigated 
N N-H 
for the range that is shown. They obtained a data range from 0.7 to 1.2 for the Si/N ratio, 
which still produced a good correspondence with the Si-H/N-H absorbance ratio. 

The results from paragraphs 4.3.1 and 4.3.2 provide us now with two independent ways 
that can be used to determine the Si/N ratio of a silicon nitride film. Another indication 
for this ratio can be given by the observation that the wavenumber of the Si-H band shifts 
with changing SiN layer composition (§ 4.2.1). The position of this peak depends on the 
bonding configuration of a SiN film and thus on the Si/N ratio as well. 
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The obtained relations can also be combined and used to get a good indication for the 
refractive index from the measurement of the Si-H/N-H ratio absorbance: 

Si-H 
n = 0.06x + 1.92 

N-H 
(4.8). 

This can help the determination of the refractive index with ellipsometry. Measuring n 
with ellipsometry is not always straightforward because a mathematica! model has to be 
fitted with the obtained data, which can sametimes be difficult. A good indication for n is 
then very helpful for obtaining a good fit. 
The refractive index and the layer thickness of a film can also be determined from the 
fringe pattem of an IR-transmission spectrum72

'
73

• However, these fringes can only be 
distinguished well enough for layers that are much thicker than 100 nm, which is the 
average layer thickness used in this work, so this technique can not be applied with a 
good accuracy. 

4.3.3 SiN layer density 

lt is presumed that the density of a silicon nitride layer is an important parameter and is 
related with the passivation capability of a SiN film16

, so it would be very useful if this 
film property could be determined. The density of a SiN film depends on the Si/N ratio 
and the total amount of silicon and nitrogen atoms (the amount of hydrogen atoms can be 
ignored because of their low mass). The Si and N atoms can be either bonded toeach 
other (Si-N), or to themselves (Si-Si, N-N), with more Si-Si honds in a high Si/N ratio 
film or more N-N honds in a low Si/N ratio film, although the low bond energy of N-N 
honds might suggest that their presence is unlikely. The Si-N bond density is proportional 
with the Si-N absorbance which can be measured with FTIR. Symmetrical vibrations like 
that of Si-Si and N-N hondscan not be detected with FTIR, so the density of these honds 
has to be determined in another way. The Si/N ratio is a measure of the Si-Si and N-N 
bond densities and depends on the refractive index, so the density of a film could be 
proportional to a combination of the Si-N absorbance and the refractive index. To 
investigate this the Si-N absorbance normalized for layer thickness is divided by the 
refractive index of the film and is plotted versus the density of the film calculated from 
RBS measurements in figure 4.10. 
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Figure 4.10. Normalized Si-N absorbance compared with the layer density calculated 
from RBS measurements. 

The very low density films in figure 4.10 were grown with a relatively low deposition 
temperature and were partially oxidized when the RBS measurements were performed. 
The calculation of the density of these layers from the RBS data did not include the 
oxygen atoms in order to obtain a fit that is based only on the silicon and nitrogen atoms. 
This can explain the occurrence of these very low densities. A linear least-squares fit is 
added to the data with the origin included as a data point for the fit, following Landford 
and Rand74 who calibrated the commonly used proportionality constants for the Si-Hand 
N-H stretching modes. The linear relationship that is found can be expressed as: 

Asi-N = 2.15 ·10-4 x P 
nt 

where Asi-N is the Si-N absorbance and t the SiN layer thickness (in nanometers). 

The density of a SiN filmcanthen be estimated (± 0.15 g/cm3
) with 

p = 4660x Asi-N 
nt 

(4.9) 

(4.10). 

Errors can arise from uncertamtles in the determination of n and t and from the 
determination of the background of an FTIR spectrum that is necessary to obtain the Si-N 
absorbance. This background can vary a great deal for FTIR measurements on different 
samples depending on the substrate used, the layer thickness of the SiN film, and the 
signal to noise ratio of the measurement. In order to minimize this error the background 

57 



m tb 1UJ 0 ENGINEERING 

used for the determination of the Si-N absorbance is defined in this work as depicted in 
figure 4.11. The baseline could also be calculated using exact equations 72

•
73

, however the 
calculations require the correct values for n and t, which are then usually determined by 
fitting them with the fringe pattem of the FfiR spectrum. However these fringes can only 
be distinguished with much thicker films than the average film thickness that is used in 
this work. So a first order linear approach is applied here. 
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Figure 4.11. Baseline used for determination of the Si-N absorbance. 

Only the base of the Si-N absorbance peak is displayed in this figure. The smaller peak 
next to the Si-N peak corresponds with the Si-N "breathing" mode which is the 
symmetrical stretching of NSh clusters. This should scale with the larger Si-N 
absorbance peak which corresponds to the asymmetrical stretching of the same cluster 
and thus will provide a constant point (the height of the shoulder) that can be used to 
define a baseline. However, the Si-H wagging mode is located at approximately the same 
position (650-630 cm-1

) as the shoulder and can lift the constant point a little, causing a 
small error in determining this baseline. This error becomes larger for Si-rich films but 
will be negligible for near stoichiometrie layers. The same kind of error could arise on the 
left side of this peak where the N-H bending mode is situated (1150 cm-1

) and this error 
would become larger for N-rich films. However, the baseline there can be easily 
extrapolated from the correct position at -1300 cm-1 where no peaks are situated. 
Fortunately bending and wagging modes usually only cause small peaks in the spectrum, 
so the errors stay limited. 
Another disadvantage of this method can arise when the wavenumber of the Si-N band 
(Si-N peak position) is determined from a spectrum "corrected" with this baseline. The 
Si-N band will shift a little to higher wavenumbers because of this baseline subtraction, 
with respect to a baseline correction that uses the actual background, which lies more 
under the constant point. A peak that is actually positioned at 850 cm-1 will then beseen 
at 852 cm-1

. Because of the relatively small effect (1 to 3 cm-1
) and the fact that it occurs 

constantly, it is not tried to correct for this error in this work. 
In the results of the next chapters, calculated densities will be shown that are based on 
equation 4.10. 
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4.3.4 Hydrogen content 

The total hydrogen content of a SiN film is often calculated from FfiR measurements by 
actding the hydrogen content bonded to silicon to the hydrogen content bonded to 
nitrogen. The concentration of hydrogen bonded to nitrogen or silicon is usually written 
as [N-H] or [Si-H] and the total hydrogen concentration is then simply [N-H] + [Si-H]. 
The [N-H] and [Si-H] concentrations are commonly determined from FfiR 
measurements using the proportionality constants proposed by Landford and Rand74

• If 
the total H-content is determined by actding these concentrations then only the bonded 
hydrogen is calculated. The actual H-content, including molecular hydrogen and clusters 
of hydrogen that could be present in the SiN layer, can be determined with elastic recoil 
detection (ERD). To compare the results of these two methods the H-concentration 
determined by FfiR is plotted as a function of the H-content determined by ERD in 
figure 5.5. The line that would show a one to one correspondence is displayed as well. 
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Figure 4.12. H-content determined by FTIR compared with the H-content determined 
with ERD. Also indicated is the line that would correspond with a one to one relation. 

From the figure it can be seen that the hydrogen concentration calculated from FfiR 
measurements is often different from the H-content determined by ERD. This can be 
partially explained by measurement errors that occur in determining the N-H and Si-H 
absorbances, however, the larger differences indicate the presence of unbound hydrogen 
in the layer that could be present as molecular hydrogen or as H-clusters. This is 
supported by the fact that in most cases a greater amount of H is found with ERD than 
with FfiR. This difference is also observed for example with low frequency PECVD 75

• 

However the difference then occured only after a 15 minute post-deposition anneal step 
at 500°C and was not observed in as-deposited layers. 
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Thus, in this work only the bonded hydrogen is studied instead of the total amount of 
hydrogen in a SiN layer, because only the bonded H-content can be determined with 
FfiR. The hydrogen concentrations are determined using the parameters proposed by 
Lanford and Rand74 for the absorption cross sections (cr) for [Si-H] and [N-H] that are 
displayed in table 4.4. 

2 crsi-H (cm) 
2 

ON-H (cm) 

Area units 
7.4 x w-18 

5.3 x w-18 

Absorbance units 
5.7 x w-20 

4.8 x 10-20 

Table 4.4. Absorption cross sections for calculation of [Si-Hl and [N-H]. 

The area units are used when the total area of a peak can be determined and the 
absorbance units are used when only the height ofthe peak (the absorbance) is available. 

4.3.5 Condusion of comparison measuring techniques 

So now it is possible with these simple relations to find the Si/N ratio, film density, and 
bonded H-content of a SiN layer from FfiR and ellipsometry measurements, along with 
the layer thickness, refractive index, extinction coefficient, optical band gap, and 
bonding-arrangements. The available RBS and ERD data had a small range regarding the 
relevant film properties, making it more difficult to get an accurate fit. However, good 
agreement was found with literature which indicates a good reliability of the data. 
The accuracy of the predictions of SiN layer properties with these techniques, in the 
discussed ranges, can be determined from the fits and is displayed in table 4.5. 

Si/N ratio 
n 

Bonded H -content 

Si-H/N-H 

±0.07 
±0.05 

n 

±0.04 

Asi-N 

nt 
[Si-H] + [N-H] 

±1.0 x 1021 (bonds/cm3
) 

Table 4.5. Accuracy of the obtained relations. 

The uncertainty in predicting absolute values for layer properties is relatively large, but 
the relations that are found can be excellently used to monitor the change in certain film 
properties after different experiments. They provide a very fast and accurate way of 
cernparing similarly grown SiN films. The obtained relations are used in the next 
chapters to analyze the growth of ETP deposited SiN films and to study the influence of 
an annealing step at different temperatures on these layers. 
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4.4 Solar cell characterization 

4.4.1 Output parameters 

Solar cells are characterized by measuring the /-V curve of the cell. From that curve the 
solar cell parameters l sc. V0 c, FF, and 1J can be obtained according to figure 3.5 and 
equations 3.23 and 3.26 

for the fill factor and the efficiency respectively, which gives a direct measure of the 
performance of a cell. In order to be able to compare differently processed solar cells it is 
important to eliminate other effects that can influence the solar cell characteristics, like 
the starter quality of the wafers and the properties of the connections that are made. The 
fill factor is very dependant on the quality of the connections, thus to compare results it is 
best to avoid calculations that include the fill factor. To exclude the FF and still have a 
measure of the cell performance the parameter Vocxlsc could be used to characterize the 
cell properties. To also exclude effects that originate from different wafer qualities it is 
common to use wafers that are "nearest neighbours" in the silicon ingot. These are 
neighbouring silicon wafers that are sliced from the same piece of multicrystalline 
silicon. They have exactly the same grains and can thus be used for the comparison of 
different processing schemes. 
In paragraph 3.1 it was shown that the open circuit voltage depends on the dark current /0 

which is a measure of the recombination rate of minority carriers. The recombination rate 
is particularly determined by the amount of defects (like dangling honds) in a cell. When 
these defects are neutralized (passivated) the dark current will be reduced and the open 
circuit voltage will increase. The Voc can thus be used as a measure of passivation. The 
short circuit current is directly related to the light generated current which of course 
depends on the amount of light that enters the cell. This is thus a measure of the quality 
of the antireflection coating. A better passivated cell has also a higher l sc. so these 
parameters are interdependent as well. Thus to evaluate the passivatien and ARC 
capabilities of different SiN layers that are used for solar cell processing it is best to 
compare the V0 cxlsc obtained from the different cells. 
To determine the amount of passivatien achieved, cells that are processed with 
passivating SiN coatings can be compared with nearest neighbour cells processed with 
non-passivating TiOx coatings. The TiOx layer has excellent ARC properties but does not 
contain any hydrogen that could provide defect passivation. A gain in Vocxlsc from a SiN 
processed cell compared to a TiOx processed cell could then be attributed to defect 
passivation. Another (better) possibility is to use the samesilicon nitride ARC on nearest 
neighbour solar cells that are used for the comparison and process these cell in a reversed 
order. One set of wafers is then processed with the normal scheme, which means first the 
SiN deposition and then the firing step that releases the hydrogen into the cell. The other 
set is then fully processed as well except for the SiN deposition which is performed at the 
end, so without the firing step that can release hydrogen for defect passivation. The ARC 
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performance of these two sets will then be exactly the same, thus an increase in Vacxlsc 
canthen be fully attributed to passivation. This is the "reverse scenario" method. 
The amount of passivation that can be achieved depends on the quality of the SiN layer. 
However, it depends on the starter quality of the me-Si wafers as well. Wafers that 
contain a high concentration of defects can show a relatively greater impravement than 
wafers with a low concentration of defects. There are just more defects to passivate, thus 
a higher relative increase is attainable. Figure 4.13 illustrates this by showing the Vacxlsc 
gain that would be obtained by the same passivating silicon nitride layer deposited on 
cells with a different starter quality. 
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Figure 4.13. Relative increase in Vacxlsc versus starter quality of wafer. 

The starter quality of the wafer is determined as the Vacxlsc value that would be obtained 
if the cell is processed with a reverse scenario. So a high quality wafer with a starter 
quality of 2.8 Vx.A can show a gain of 5%, while a lower quality wafer passivated by the 
same SiN layer can show a gain of 15%. Hydrogen passivation thus tightens the 
production yield instead of largely increasing the efficiency of all the silicon solar cells 
that are processed. The average efficiency, though, will be significantly raised. 

(Figure 4.13 would imply that a wafer with a value of -3.0 W forthereverse scenario 
Vacxlsc can not be passivated anymore, and thus contains no defects. This corresponds 
with a V oe of 620 m V and a l sc of 4.8 A which then would be the limiting values for those 
parameter. With a highest FF attainable of 0.8 and a cell area of 12.5x12.5 cm2 this 
would give a maximum efficiency of 15.2% for this wafer quality, assuming that the 
silicon nitride layer provides maximum passivation and that other processing steps can 
not be further improved.) 
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4.4.2 IQE 

Another way of determining the arnount of passivation is by internal quanturn efficiency 
(IQE) rneasurernents. By rneasuring the speetral response of a cell before and after 
passivation the relative IQE irnprovernent can be determined. Figure 4.14 shows an 
exarnple of such a rneasurernent. 
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Figure 4.14. Example of an IQE measurement befare and after passivation (top) and the 
relative IQE (bottom). 

The speetral response of a cell is the photocurrent collected at each wavelength relative to 
the nurnber of photons incident on the surface. This is also known as the quanturn 
efficiency at each wavelength. The internal quanturn efficiency (IQE) is defined as the 
nurnber of electron-hole pairs collected under short circuit conditions relative to the 
nurnber of photons entering the rnaterial, while the external quanturn efficiency (EQE) is 
just the internal one rnodified by the reflection (R) of light frorn the surface of the device: 
EQE = (1-R) x IQE. The speetral response of a cell can be divided in three cornponents, 
the base (usually p-type Si), the diffused top region (n-type), and the depletion region 
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contributions. At low energy most of the carriers are generated in the base because of the 
low absorption coefficients, but as the pboton energy increases above -2.4 eV (518 nm), 
the diffused top region of the junction takes over. This can beseen in figure 4.14 (top): 
from right to left, the speetral response begins at the bandgap energy 1.1 eV (1130 nm) in 
the base, reaches a maximum in the area around the depletion zone from -1.6 to 2.8 e V 
(800 to 450 nm), and decreases with increasing energy due to a combination of shorter 
lifetime in the diffused top region and a high surface recombination velocity. If the 
junction depth is made smaller than 0.5 J.lm, the contribution from the base would 
increase slightly and the crossover moves to slightly higher energies, but more important, 
the contribution from the diffused side at high energies is enhanced because of reduced 
losses that were due to surface and bulk recombination (beneficia} effect of a shallow 
emmiter). Most cells have junction deptbs of 0.3-0.5 J.lm. The contribution from the 
depletion region is considerable in the 2.0 to 2.8 eV (620 to 450 nm) range. lt becomes 
greater at higher base resistivities and narrower junction depths, and less for lower 
resistivities and larger depths. lt never becomes as large as the diffused top region 
component under any practical conditions because of the very high value of the silicon 
absorption coefficient above 3.2 eV, which causes almost all the light at high energies to 
be absorbed in the first micrometer. 
IQE measurements are not used further in this work but could not be omitted in this 
chapter because of its importance in solar cell characterization. The measurement shown 
in figure 4.14 is obtained from a cell with an ETP deposited antireflection coating, thus is 
the first indication in this work of the passivation capability of silicon nitride deposited 
by an expanding thermal plasma. 
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Chapter 5 

Growth of ETP deposited SiN 

The relations that were obtained in the previous chapter for the quick and accurate 
monitoring of the change in SiN film properties (not the absolute values) are now used to 
investigate the growth of silicon nitride layers by varying the important growth 
parameters. During the experiments it appeared that the total gas flow of ammonia and 
silane has a major influence on the silicon nitride layer composition. Layer properties 
seem to vary differently when growth conditions are changed at a relatively low flow 
compared with the change in layer properties at a higher flow. Because of this 
observation, other growth parameters are now studied as a function of the total flow. First 
of all, the ammonia to silane gas ratio is varied as a function of total flow. Then the 
influence of the plasma-souree power, deposition temperature, and deposition pressure 
are also investigated which are the growth parameters known to influence the SiN film 
properties the most. These measurements are then used to formulate a model that can 
explain the growth of a silicon nitride layer that is deposited by an expanding thermal 
plasma source. 

5.1 NH/SiH4 ratio at different total flows 

5.1.1 Results 

The ammonia to silane ratio is varied at four different total flows while the argon flow is 
kept constant at 2.0 slm. The depositons are performed at a temperature of 350°C and 
with a plasma souree current of 50 A. The voltage across the are is around 50 V, so this 
results in a plasma power of 2500 W. The pump-rateis kept constant (maximum) what 
provides a constant deposition pressure per total flow, however the pressure increases if a 
higher total flow is used because of the larger gas load on the pumps. In literature the 
ammonia to silane ratio is often described with the parameter R = NH:Y(NH3+Si~), 
which is the partial ammonia flow. This parameter facilitates the data presentation 
because it is always in a range from zero to one, so this parameter is used in this work as 
well. A change in a layer property that is measured in this paragraph is often explained 
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by a changing layer characteristic presented in a different figure, so first all the results are 
shown and then they are discussed in paragraph 5.1 .2. 
Figure 5.1 shows the results for the refractive index measured at 1.96 eV and the Si/N 
ratio determined by FTIR (equation 4.7). 
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Figure 5.1. Refractive index (left) and Si/N ratio determined by FTIR (right) versus Rfor 
different total flows. 

The refractive index displayed is an average from different measurements. lt is measured 
with a single wavelength ellipsometer (at OTB Engineering and at the Fraunhofer 
institute for solar energy systems) and with a spectroscopie ellipsometer (Eindhoven 
university of technology). The different measurement are performed to eliminate errors 
that can arise by fitting the data to the mathematica! model, which is not always 
straightforward. Particular for lower values for R the data could not be easily fitted, so a 
cross-check is performed. The Si/N ratio (right figure) is obtained by equation 4.7 and 
could not always be determined at lower R because of the then decreasing N-H 
absorption peak which could not be measured accurately enough at a certain point. 
Figure 5.2 displays the results for the deposition rate and the film density. 
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Figure 5.2. Deposition rate (left) and density (right) versus Rfordifferent totalflows. 
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The deposition pressure is also displayed in figure 5.2 and is constant for each flow but 
varles as indicated with higher total flows. The deposition pressure is only shown in this 
figure but is of course the same for the same total flows in each figure in this paragraph. 
The film density is obtained by equation 4.1 0. The reader is reminded again that the 
density presented here is calculated from a fit and might not represent realistic values 
particular in the range where no data points were gathered for the fit ( < 1.0 g/cm3). 
This might explain the extreme low values that are sometimes obtained. 

18.-.-~-.~--.-~~~----~ 

16 
.,~ 14 
E 
0 

;;; 12 
0 

::::. 10 
:i: 
~ 8 
+ 
:i: 6 

tt 4 

• 

.. -
2~~~~~--~~~~~--~ 

16.-.-~-.~--.-~-.~--.-~~ 

14 

12 

"E 10 
0 

b 8 ::::. 
=f 
~ 

6 

4 

.. -
2~~~~~--~~~~--~~~ 

10 

8 

2 

• · 0.35 slm 
---•-- 0.70 slm 
___ .., ___ 1.10slm 

---•--- 1.50 slm 

~~ 
'. 

' ' ' . 
,' Jt,' 

' ' . ' . . 
i /! 

,' : ;. 
' ' ' ' ' ' ' ' ' 

. ... o:::J:oo':~:::-:~." ... ~~,:~:.:•' 
..., _____ _.. ..... . ... 

0.5 0.6 0.7 0 .8 0.9 

p 

1.0 

Figure 5.3. [N-H], [Si-H], and the total bonded H versus Rfor different totals flows. 

Figure 5.3 displays [N-H], [Si-H], and the total bonded hydrogen concentration as a 
function of R for different total flows. The N-H concentration is determined by using area 
units for the absorption cross section (table 4.4) and the Si-H concentration by using 
absorbance units. The area of the Si-H absorption peak is more difficult to determine 
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because of a C02 stretching peak that is present in the same region. It is not present in the 
region of maximum absorption which defines the absorbance, thus for [Si-H] the 
absorbance units are used. The total bonded hydrogen is just the sum of the N-H and Si-H 
concentrations. 

5.1.2 Discussion 

In figure 5.1 it can be seen that the refractive index continuously increases with 
decreasing R for the lowest flow. This is the "normal" behaviour that can also be found in 
literature for other PECVD techniques. It is attributed to the incorporation of more silicon 
atoms in the layer because of the higher relative silane flow. The refractive index of a 
stoichiometrie Si)N4 film is -1.9 (at 1.96 eV) and for amorphous siliconnis 4.3. So by 
increasing the relative Si~ flow more silicon will be incorporated in the layer and the 
refractive index increases towards the value of a-Si. This is also in agreement with the 
Si/N ratio displayed in figure 5.1 that starts (from right to left) at 0.75 which is the 
stoichiometrie value and then increases with decreasing R. 
However, at higher total flows n starts to increase faster with decreasing R, with a higher 
rate for higher total flows. Then it reaches a higher maximum for higher flows, and 
decreases with a rate that also depends on the total flow, decreasing faster at higher 
flows. The higher rate of increase is also seen for the Si/N ratio and might be explained 
by the higher silane flow for higher total flows. There will be more SiH4 available at 
higher flows to incorporate and this will increase the Si/N ratio and n, if the assumption is 
made that there already is an excess of NH3. 
Another explanation might be given by the reactions 3.28, 3.29, and 3.30 that were 
discussed in§ 3.3.3: 

Ar+ + NH3 Ar+ NH/ + .. (x 3) (3.28) 

Ar++ Si~ Ar+ SiHx+ + .. (x 3) (3 .29) 

(3.30). 

At low flows there might be not enough NH3 available to fully consume Ar+ andreaction 
3.29 canthen occur. By reducing R the ammonia flowwilleven be lower and the silane 
will be ionized according to reaction 3.29 resulting in the continually increasing 
refractive index observed for the lowest flow. At higher total flows the Ar+ will be 
completely consumed by NH3 preventing reaction 3.29 to occur. Silane will then be 
cracked differently and this might occur for example by reaction 3.30. This will then 
result in a different plasma chemistry involving H which might result in incorporating 
relatively more silicon in the film explaining the steeper increase at higher total flows. 
Raising the total flow means raising also the ammonia flow which might act as a 
hydrogen souree for reaction 3.30 to occur and this hydrogen plasma chemistry results 
then in higher n and Si/N ratio, compared to the Ar+ plasma chemistry of equation 3.29. 
The sudden drop in refractive index is explained by the also occurring decrease in film 
density with decreasing R which can beseen in figure 5.2 that also shows the deposition 
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rate as a function of R. The deposition rate increases with decreasing R and increases 
faster at higher total flows and deposition pressures. The increasing rate is caused by a 
higher partial silane flow at lower R and by the higher deposition pressure. Silane radicals 
are very reactive and have a high sticking coefficient which means they react 
immediately with or on the surface of the substrate, whereas ammonia mostly reacts with 
the silane radicals and does not for example forms a nitrogen layer on the substrate at 
these temperatures. So increasing the partial silane flow will increase the deposition rate. 
A higher pressure will also increase the deposition rate, because it causes a higher plasma 
density. lt reduces the diameter of the plasma jet and confines the growth precursors in a 
smaller space. This will affect the homogeneity of the deposited layer as well. The fact 
that both the partial silane flow and the deposition pressure increase with increasing total 
flow can explain the steeper increase in deposition rate with higher total flows. 
Figure 5.2 displays the density as a function of R for total flows. The highest density 
would occur for stoichiometrie ShN4 layers. Amorphous silicon has a density of -2.4 
g/cm3 and ShN4 has a density of 3.44 g/cm3 (not amorphous), so the decreasein density 
with decreasing R is partially explained by moving from stochiometric layers that have a 
Si/N ratio of 0.75 to silicon rich films with a Si/N ratio of 1.6, which can be seen in figure 
5.1. The extreme decreasein density with decreasing R, however, is not only caused by 
forming layers that are less stoichiometrie, but is also attributed to the very high 
deposition rates obtained. The growth precursors will probably not be able anymore to 
fully react with each other on the substrate surface. They will not have the time to fully 
reconstruct, relaxate, cross-link, and to form a network, but are piled up too quickly, 
resulting in the incorporation of voids and thus low density layers. This effect is larger for 
higher total flows and pressures, because the deposition rates are then much higher. 
Increasing the deposition temperature will counteract this effect and this is investigated in 
paragraph 5.3. The drop in refractive index is thus caused by the drastically decrease in 
film density. The fact that films deposited with the lowest flow have overall the highest 
density is also caused by the overall lower Si/N ratio, which is thus closer to the right 
stoichiometry. 
Figure 5.3 displays the [N-H] and [Si-H] concentration as a function of R for different 
total flows. It can beseen that [N-H] continuously increases with increasing R, due to the 
relatively increasing NH3 flow. The increase is also caused by the higher film density 
with increasing R, because adenserfilm contains more honds. The [Si-H] concentration 
increases with decreasing R and then decreases after a maximum is reached. The increase 
is attributed to the effects of a relatively higher silane flow and the decrease is caused by 
the drop in film density. The highest maximum is obtained fora flow of 0.70 sim and the 
position of the maximum seems to shift to lower values for R with decreasing total flow. 
The increasing maximum is also caused by the increase in density for films obtained with 
a lower total flow, again because there are more Si-H honds in a denser film. However, 
this does not explain the lower maximum for the film obtained with the lowest total flow. 
This might be explained by the fact that at lower flows and thus at lower deposition rates 
the precursors have more time to forma networkof Si-N honds by cross-linking of Si-H 
and N-H honds. They can loose hydrogen during this reaction which is supported by the 
fact that the total bonded H-content is lowest for the lowest flow. So three mechanisms 
are at work that determine the [Si-H]: the incorporation of more Si-H honds with a 
relatively higher silane flow, the increase in Si-H bond concentration with increasing film 
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density, and the hydrogen percentage that is incorporated in a film. The shift of the 
maximum to lower R values with decreasing flow is then attributed to the later 
occurrence of the density drop at lower total flows. This is indirectly caused by the higher 
deposition pressure, because it causes a higher deposition rate, but the pressure might 
also directly affect the formed SiN layers by its influence on plasma density. This could 
also partially cause the shift for the maxima. The effects of increasing deposition pressure 
are investigated in paragraph 5.4 and it will be shown that a higher pressure indeed 
causes a lower film density and also a similar trend for [Si-H], which is first an increase 
and then a decrease. 
The total bonded hydrogen concentratien seems to be determined by [Si-H] for lower 
values of R, but is continuously more determined by [N-H] for higher R values. The 
maximum in total H-content for the total flow around 1.0 sim can be attributed to a 
combination of the fact that the most hydrogen is incorporated for a film with the highest 
[Si-H] which is determined by R, and the relaxation/reconstruction time available 
consictering the deposition rate, i.e. the combined effects of increasing silane flow, and 
hydrogen eliminatien by cross-linking time. 

5.2 Plasma-souree power at different total flows 

The plasma power is important because it determines the energy that is available for the 
argon ionization and thus the amount of Ar+. It is varied in this work by varying the 
souree current. The current is changed from 40 to 70 A at an average voltage of -50 V, so 
this gives a range of plasma-power from 2000 to 3500 W. The layer properties are 
investigated as a function of total flow for different plasma-powers. The samples are 
grown with a deposition temperature of 350°C and an argon flow of 2.0 sim. The 
NHySil4 ratio is kept constant at 4/1 which results in a value for R of 0.80 for each flow, 
thus only the effects of total flow are studied (and pressure) at different plasma-power, 
and not the silane to ammonia ratio. Figure 5.4 shows the results for the refractive index 
measured at 1.96 e V and also the Si/N ratio determined by FfiR, the deposition rate, and 
the film density. They are all shown in one figure because of their interdependency. The 
deposition pressure varied with the total flow but also with plasma-power, it is indicated 
next to the corresponding deposition rate for the minimum and maximum plasma-powers. 
The layer properties are determined in the same manner as in paragraph 5.1, which means 
an averaged refractive index and the Si/N ratio and film density obtained by equation 4.7 
and 4.10, respectively. 
From tigure 5.4 is can be seen that n first increases with increasing total flow for each 
plasma-souree current and then drops again to lower values at higher flows. The 
maximum that is reached seems to shift to higher flows with increasing plasma power. 
The Si/N ratio shows the same behaviour with the same order of the maxima. So 
apparently, more silicon is incorporated in the layer with increasing total flow until a 
maximum is reached. The silane to ammonia ratio is kept constant, so the increase can 
only be caused by a mechanism that favours the increasing silane flow and neglects the 
also increasing ammonia flow. It could be that there is already an excessof ammonia and 
that increasing the total flow effectively means increasing the silane flow. Silicon ticher 
films are then grown because relatively more silane is cracked, because ammonia is 
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already excessively available. The maximum could then occur because the point is 
reached that also silane becomes excessively available and is not relatively more ionized. 
The incorporation of relatively more silicon would then seize and the ammonia could 
become more dominant again, which would explain the stahilizing or even decreasing 
Si/N ratio at higher total flows. The refractive index then also starts to decrease, and even 
at a higher rate because of the also decreasing film density and probably also by the 
increasing pressure. The shift in maximum n and Si/N ratio with increasing plasma
power can then be explained by a later occurrence of the silane saturation, because more 
power is available to ionize the higher silane flow. This could also explain the lower 
values for n and the Si/N ratio for higher plasma-powers at low total flows: If there is an 
excess in ammonia, increasing the plasma-power results in ionizing relatively more NH3 
because silane is not yet excessively available, which would result in layers that are 
richer in nitrogen. However, all these explanations are based on the assumption that there 
is already an excess of ammonia, even at the lower total flows, and this assumption is 
very disputable. 
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Figure 5.4. The n, Si/N-ratio, deposition rate, andfilm density versus totaljlow for 
different plasma-souree currents. 

An extra difficulty with explaining these result is caused by the also increasing deposition 
pressure with higher flows and plasma-powers. As is shown later in paragraph 5.4, the 
pressure has a large influence on the resulting SiN films as well. lt even causes the same 
behaviour as increasing the total flow which is first an increase in n and Si/N ratio, and 
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then a decrease. lt also causes the deposition rate to increase and the film density to 
decrease. This effect will thus amplify the behaviour that is now investigated and might 
even be the cause of it. However, the maximum that is reached (for n and Si/N ratio) at 
each flow, occurs sooner for the films deposited at a relatively lower pressure, which is 
the opposite effect from what the increasing pressure would create (the 40 A deposited 
films are grown with a relatively lower pressure than the 70 A films, but reach the 
maximum sooner). Thus other mechanisms must be more dominant. 
Another explanation can be the change in plasma chemistry involving equation 3.29 
again. The ionization of Si~ by Ar+ might occur at a low total flow and might stop 
occurring at higher flows. The dominant factors are then the partial NH3 flow and the 
plasma-power. Increasing the total flows means also a higher ammonia flow and the extra 
NH3 will consume the available Ar+ ions. This will result in a more hydrogen dominated 
plasma chemistry by which equation 3.30 might prevail. So lower flows and higher 
plasma-power then result in cracking Si~ with Ar+ (equation 3.29), and higher flows and 
lower plasma-power result in ionizing silane by hydrogen (equation 3.30). The plasma 
chemistry according to equation 3.29 then appears to create N-rich layers and equation 
3.30 then appears to form Si-rich films which is in agreement with the results obtained in 
the previous paragraph with this proposed mechanism, and also with the relative 
positions of the n and Si/N ratio for the different plasma-power grown films at the lowest 
total flow (more power then means N-richer thus lower n and Si/N ratio). The increase in 
n and Si/N ratio is then caused by changing the plasma chemistry from an Ar+ dominated 
chemistry to a H dominated chemistry. The maximum is then the point where the 
hydrogen chemistry has completely taken over the Ar+ chemistry, i.e. the Ar+ is entirely 
consumed by ammonia. The shift in maximum is then explained by maintaining the Ar+ 
chemistry longer at higher plasma powers and delaying the transition point where the H 
plasma chemistry takes over. The decrease in Si/N ratio can not be explained by this 
mechanism. However, this might be caused by effects arising from the also increasing 
pressure. The pressure effect could also partially explain the drastic decrease in refractive 
index at higher flows, together with the reducing effect caused by the decrease in film 
density. 
An interesting observation is the increase in film density with increasing flow for the SiN 
layer grown with the highest plasma-power. Films grown with a lower plasma-power all 
show a continuous decrease in film density when the total flow is raised, however this 
film first increases in density with increasing total flow until a maximum is reached and 
only then starts to decrease. Furthermore, films grown with a higher plasma-power show 
a higher deposition rate, but also overall the highest density. This is the opposite effect 
compared to the relation observed in the previous paragraph. Higher deposition rates then 
meant overall a lower density and was explained by more time available for cross-linking 
at the substrate surface ("failing" H eliminatien occurs less) and thus forming a denser 
layer. An explanation could be given by a dominating H plasma chemistry at higher 
flows and the formation of SiH3 according to equation 3.30. First of all, the decrease in 
film density for layers grown with a lower plasma-power has to be explained. This can be 
caused by the increase in Si/N ratio and thus moving from the stoichiometrie ratio (high 
density for ShN4, low density fora-Si) to silicon richer films. This canthen also explain 
the higher density for higher plasma-power deposited films, because they are closer to the 
stoichiometrie ratio. Apparently the decreasein density caused by less cross-linking time 
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at higher deposition rates starts to dominate after the maximum in n and Si/N ratio is 
reached, because the Si/N ratio then stahilizes or starts to decrease (moving closer to 
stoichiometrie value again) and still the density is reduced further. Or the decrease is 
caused by an effect that arises from the also increasing pressure. Paragraph 5.4 will show 
that increasing the deposition pressure will also reduce the density. 
The increase in density for the highest plasma-power film might be caused by changing 
from an Ar+ toa H plasma chemistry. More SiH3 will be formed which is as discussed in 
paragraph 3.3.3 a better "building block" for high quality, denser layers, because it can 
have multiple reflections on the substrate-surface and will fall into valleys instead of 
providing colurnnar growth. Why only the highest plasma-power film shows the increase 
can be explained by the fact that it starts at a lower density than the other films. This 
might be caused by a very dominant Ar+ plasma chemistry for this high plasma-power 
resulting in nitrogen rich layers that could even contain N-N bonds. 
This is supported by tigure 5.6 that shows the [N-H], [Si-H], and total bonded hydrogen 
as a function of total flow for the different plasma powers. The highest plasma-power 
deposited film contains a very large concentratien of N-H boncts at the lowest flow, 
indicating the N-rich Ar+ chemistry. One example of the reactions that might occur at 
these condition is first a form of reactions 3.28 and 3.29: 

(5.1) 

and 

(5.2) 

followed by 

(5.3) 

or 

(5.4) 

which thus would form the tri-aminosilane radical and tetra-aminosilane that were also 
discussed in paragraph 3.3.3. Acording to Smith et al.63

, Si(NH2)3 and Si(NH2) 4 form in a 
glow discharge plasma (only ammonia and silane, not argon) when the power is 
sufficiently high and when there also is a sufficient excess of ammonia. They designate 
the tri-aminosilane radical as the dominant precursor for film growth and describe the 
film formation as the cross-linking of NH2 radicals from neighbouring tri-aminosilane 
radicals to NH3 which evolves back into the plasma and the remaining atoms pull 
together creating tensile stress. Tensile stress is also detected in our case, which will be 
shown in paragraph 6.3. Their films are very rich in nitrogen (Si/N < 0.75) and do not 
show any Si-H bonds. The highest plasma-power deposited film could have been formed 
in similar conditions, although we do see some Si-H bonds. Nevertheless these films 
could be very N-rich and the density of the discussed film could increase with total flow 
by moving from a layer that contains too much nitrogen to a better stoichiometry. The 
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reason for this elaborate discussion is the importance of this density increase for the 
passivation capabilities of the SiN layers that will be discussed in chapter 7. 
The behaviour of [Si-H] that can beseen in figure 5.6 with increasing total flow, supports 
the changing plasma chemistry hypothesis by first increasing with total flow and reaching 
the maximum at a later point for higher plasma-powers. The drastic decrease can be 
attributed to the also reducing density and might be partially due to pressure effects. The 
total bonded H-content follows almost the sametrend as [Si-H], except the films formed 
with the lowest flow, which contain more N-H bonds then Si-H bonds for higher plasma
souree currents, what is in agreement with the proposed mechanisms. The highest 
hydrogen concentration is obtained with a flow of 1.10 sim, which is probably 
determined by the trade off of failing hydrogen elimination at higher deposition rates 
which causes an increase in H-content, and the decreasein hydrogen bond density with 
film density which causes a decrease in the total bonded hydrogen concentration. 
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Figure 5.6. [N-H], [Si-H] and the total bonded H versus the totalflow for different 
plasma-souree currents. 
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As a final proof for the proposed mechanism, the wavenumbers of the Si-H and Si-N 
band are shown in figure 5.7 as a function of total flow. 
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Figure 5. 7. Position of the Si-Hand Si-N absorption peaks as a function of the total flow 
for different plasma-powers. 

lt was explained in paragraph 4.2.1 that the wavenumber of the Si-H absorption band 
shifts with Si/N ratio. 1t shifts from -2000 cm-1 for almost amorphous silicon like films to 
-2220 cm-1 for stoichiometrie ShN4 films. Thus figure 5.7 indicates that the Si/N ratio 
decreases with increasing total flow for each plasma-power, reaches a maximum and then 
stahilizes or decreases with even higher flows, depending on the plasma-souree power. 
This is thus exactly the behaviour that we already saw for the Si/N ratio determined by 
equation 4.7 and the refractive index displayed in figure 5.4. Including the overall N
richer films and the shifting of the maxima to higher total flows, for higher plasma
powers. 
The change in wavenumber of the Si-N band with changing layer properties is not well 
documented in literature, but can nevertheless be used to observe a transition in the film. 
lt can beseen that it first decreases and then increases with increasing total flow. Similar 
thus to the behaviour of the Si-H band. Furthermore, the positions of the minima shift 
with increasing plasma power to higher total flows. So we have another indication for the 
later occurrence of the transition point in plasma chemistry with higher plasma-powers. lt 
seems that the wavenumber of the Si-N band moves to higher wavenumbers for lower 
density films. Wavenumbers are nothing more than normalized frequencies ( equation 
4.1), thus an increasing wavenumber means that the Si-N vibration absorbs more energy. 
The increase in Si-N wavenumber could then be caused by the lower density of the SiN 
films at higher flows, which gives the Si-N bond more room to vibrate (larger bond 
lengths) and the ability to absorb more energy. The strong decreasein Si-N wavenumber 
for the highest plasma-power deposited film from 0.30 to 1.10 sim could then be 
subsenbed to the layer densification observed in figure 5.4, because this would reduce the 
ability to absorb energy (less room to vibrate ). A similar mechanism could explain the 
shifting for the Si-H band to higher frequencies when going from a low density a-Si like 
film to a high density Si3N4 film, because it takes more energy to excite the stronger Si-N 
bond than the weaker Si-Si bond, which are then the changing neighbouring bonds.These 
are however just speculations. 
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5.3 Deposition temperature at different total flows 

The SiN layer properties are now studied as a function of deposition temperature for two 
different total flows. The deposition temperature is varied by varying the power that is 
de livered to the IR lamps which are used for heating the substrates (§ 4.1 ). The samples 
are also heated by the radiation that originates from the plasma sourees which can 
contribute significantly to the heating power at relatively low temperatures. To study the 
change in layer characteristics with deposition temperature, SiN layers are deposited in 
the maximum range of 125-375°C. The minimum temperature is determined by the heat 
load from the plasma sourees and the maximum by the limits on the IR lamps. The 
temperatures are obtained by first applying no additional power to the IR lamps, thus 
only the plasma sourees heat up the substrate, which resulted in a deposition temperature 
of l25°C (measured with the datapaq, see again § 4.1), and then increasing the power to 
the IR lamps until the maximum was reached. The samples are grown with an argon flow 
of 2.0 sim, a plasma-souree current of 70 A (3500 W), and a constant deposition pressure 
of 0.22 mbar. The NH:VSiH4 ratio is kept constant at 4/1 which results again in a value for 
R of 0.80 for each flow. Figure 5.8 shows the results for the refractive index measured at 
1.96 eV, the Si/N ratio determined by equation 4.7, the deposition rate, and the film 
density determined by equation 4.10. 

2.3 

> 2.2 
Q) 

CD 
a> 
,...: 2.1 

'C 

~ 2.0 
~ 
Q) 

~ 1.9 

- --• --- 0.60 slm 
---.&.--- 1.00 slm 

' ' 

' ' ' 

;. 

~ ... 
;.-- -- .

.,' , .... .. ... ... , ... .. 
~~~~ ... ... _, ...... :: .. ----.. -

1.8 ,__.......__._~__._-~...L.-~-'-~---"'--......___, 
10r-~~~~-~~~-r~-r-~ 

~ 
8 

..s 
~ 6 
c::: 
0 

~ 4 
8. 
Q) 

Cl 
2 

---e--- 0.60 slm 
-- -.&.- -- 1.00 slm 

--· 

100 150 200 250 300 350 400 

Tdep (oC) 

1·4 ---•--- 0.60 slm 

1.3 
__ _... ___ 1.00 slm 

1.2 
0 

ia i 1.1 

' 
' 

_,~'

,1' , 

-· 
,' " ... 

,~' .1,,' 
, , 

, ' , 

• ::: :•<''' , , ,::~' ·' :: ___ j 
~ 1.0 

0.9 

2·2 ---• --- 0.60 slm 
---A.- -- 1.00 slm 

2.0 

1.8 
"'~ 
"E 1.6 
.e 
C) 

'<:;:1.4 

, .. .. .... . .-
-·-

1.2 
/' ____ __ ______ ..... --

' 
' ' 1.0 IJ( 

-· ..... .. ... ........ 
... -

--
_ .. --

__ __ .. 
.. --

1 00 150 200 250 300 350 400 

T de!> (°C) 
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deposition temperature for two different total jlows. 
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Let us first look at the growth conditions that are used for this experiment and compare 
them to the results from the previous paragraphs. At a plasma-power of 3500 W (70 A) a 
total flow of 0.60 sim will most likely still be in the region before the proposed change in 
plasma chemistry, so will still show effects from Ar+ plasma chemistry. A total flow of 
1.00 slm on the other hand will be close to the transition point and will almost completely 
be determined by the proposed H plasma chemistry. So with this in mind we can start 
discussing the results. 
The behaviour of the refractive index and Si/N ratio is identical, thus it might be assumed 
that n is completely determined by the Si/N ratio. However, the refractive index will also 
depend on the film density, which rises continuously so will probably reinforce the 
increase in n that is seen. The deposition pressure could be kept constant for this 
experiment, so will not have any additional effects on the results. The Si/N ratio increases 
with increasing deposition temperature for both flows. This might be caused by the fact 
that the precursors that cause the incorporation of silicon, react differently on the 
increasing substrate temperature compared to the precursors that cause the incorporation 
of nitrogen. From the increasing Si/N ratio with temperature it can then be concluded that 
the reaction rate of the "silicon incorporating" radicals increases faster with increasing 
temperature than the "nitrogen incorporating" radicals, resulting in the forming of Si
richer films for at least this temperature range. 
Another explanation might be that with increasing deposition temperature the rate of 
cross-linking increases, because there is more thermal energy available. For example, 
triaminosilane radicals could cross-link on the substrate surface and release NH3, which 
would also cause a decreasein hydrogen and nitrogen content. The decreasein H-content 
can be seen in tigure 5.9, which supports this argument. The rate of cross-linking will 
depend on the substrate temperature and could thus explain the increase in Si/N ratio and 
n with increasing deposition temperature. This could also explain the cross-over that 
occurs around 250°C for the two different flows. The temperature of 225°C could 
represent an activation energy for the cross-linking to significantly startand because the 
deposition rateis higher for the lower flow there is less time for cross-linking for this film 
and this results in loosing less ammonia and thus nitrogen. This results in a lower Si/N 
ratio and refractive index for the film that is grown with the lowest deposition rate, hence 
the cross-over. 
Or it does not depend on the deposition rate and hence on the cross-linking time 
available, but on the kind of precursors that are in the plasma. The lower flow will have a 
more Ar+ dominated plasma chemistry and will produce N-rich layers at "normal" 
deposition temperatures. The higher flow will form Si-richer layers because of the more 
H dominated plasma chemistry. However, it seems that this mechanism only starts to 
operateat the activation energy of -250°C. At lower temperatures there doesnotseem to 
be a difference in the Si/N ratio of the layers. They both have increasing silicon to 
nitrogen ratio's which increase at the same rate, so this increase must be caused by 
another mechanism, for example the cross-linking described above. This indicates that 
the change in plasma chemistry has only an effect at higher deposition temperatures, and 
that the precursors depend differently on temperature. 
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The fact that the deposition rate is higher for the lower total flow is a bit puzzling. In the 
previous paragraph the deposition rate continuously increased with higher flows for each 
plasma power, however the deposition pressure increased as well. Apparently if only the 
flow is increased it does not automatically mean a higher deposition rate. The lowest flow 
has also the highest film density, the difference being quite large consictering that both 
films have the same Si/N ratio at lower temperatures. The film densities both increase 
with higher deposition temperatures, which is not caused by moving to a better 
stoichiometry, as the Si/N ratio increases from an already Si-richer value. Thus it must be 
caused by another mechanism, which might be an increased cross-linking rate what 
would be accompanied by a loss of hydrogen. Thus an explanation might be found by 
looking at the total H-content, which is shown in figure 3.9 along with [N-H] and [Si-H]. 
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Figure 5.9. [N-H], [Si-Hl and the total bonded H versus deposition temperature for two 
different totals flows. 
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The N-H bond concentratien decreases with increasing temperatures for both flows what 
might indicate cross-linking by NH2 radicals to NH3 molecules which then evolve back 
into the plasma. Or it indicates that the surface reaction rate (sticking probability) for 
nitrogen incorporating radicals decreases with increasing temperature. There should be 
more N incorporating radicals in the lower-flow plasma according to the more Ar+ 
dominated plasma chemistry which is in agreement with a higher [N-H] for the lower 
flow. However, there should then also be more silicon incorporating radicals for the 
higher-flow plasma according to the more H dominated plasma chemistry, which is not in 
agreement with the lower [Si-H] for the higher flow. Apparently the H plasma chemistry 
only functions at higher substrate temperatures which was already suggested. lf this is the 
case and the assumption is made that the H plasma chemistry is dominated by SiH3, then 
this would mean that SiH3 needs a higher temperature to react (stick) on the surface. This 
activatien energy would then be around 250°C. This would also explain the behaviour of 
[Si-H] versus deposition temperature for the higher flow. It increases with increasing 
temperature because more of the available SiH3 reacts on the surface at higher 
temperature. This would provide extra Si-H bonds next to Si-H bonds that are 
incorporated via other reactions like with tri-aminosilane radicals. The decrease in Si-H 
at even higher deposition temperatures could then be caused by the same reason as the 
decreasein N-H bonds, they cross-link with each other, form Si-N and loose the H2• 

The fact that the total H-content is significantly larger for the lowest flow at lower 
deposition temperatures is then explained by the dominating N-H incorporating radicals 
(that also incorporate Si-H according to the also high [Si-H] in this region tri
aminosilane) in this region, because they have a higher surface reaction rate at lower 
temperatures (stick better). 
The increasing film density for both flows with higher deposition temperatures could then 
occur because of the higher surface reaction rate at higher temperatures for the better 
"building block" SiH3 which would form denser layers. And the fact that the lowest flow 
bas the highest deposition rate is explained by the faster depositing Ar+ chemistry 
compared to the non-sticking, SiH3 forming H chemistry. The overall lower density for 
the higher flow could be caused (in the low temperature region) by the relatively small 
amount of tri-aminosilane like radicals contributing to film growth, resulting in some 
kind of island growth, while the larger amounts available in the lower total flow could 
result in cross-linking with each other insteadof island growth which would also explain 
the higher deposition rate. 
However, this mechanism would produce denserfilms for growth conditions that involve 
a total flow of around 1.00 slm and deposition temperatures much higher than the SiH3 

surface-reaction activatien energy, i.e. there should be a higher rate of increase in film 
density for the higher flow at temperatures above 250°C. And this is not observed. 
This might be caused by an experimental error. When these films are compared with the 
values obtained in the previous paragraph, it can be seen that according to figure 5.4 a 
film which is deposited at 350°C, with a plasma-souree current of 70 A, a deposition 
pressure of -0.35 mbar, and with a total flow of 1.00 slm would have a refractive index 
of 2.15, a Si/N ratio of 1.00 and a density of 1.95 g/cm3

• The film obtained with these 
parameters in this paragraph, except at a lower deposition pressure of 0.22 mbar, bas a 
refractive index of 2.3, Si/N ratio of 1.4 and a density of 1.8 g/cm3

• Thus the film is not 
reproduced, or the pressure bas a very large influence. One possibility is that the 
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deposition temperature was not accurately determined and was in fact lower. The 
temperature is calibrated with a datapaq (described in § 4.1), however the calibration is 
not performed before each experiment. The IR lamps are placed in quartz tubes which 
become contaminated with SiN flakes over time, so it might be possible that this 
experiment is performed at a lower temperature than the plasma-power experiment 
because the quartz tubes were not cleaned in the meantime. 
The measurements shown in figures 5.8 and 5.9 were performed immediately after 
deposition in order to prevent oxidation of the very low density samples. To study when 
oxidation would occur, the samples were measured again after one week and only the 
sample with the lowest density ( < 1.2 g/cm3

) showed signs of oxidation. Figure 5.10 
shows the results from a similar experiment, conducted with different growth parameters. 
The refractive index is also measured on the same day as the deposition and again one 
week later. These samples were grown with a higher flow and had a lower film density 
compared to the samples at the same temperature that were studied in this paragraph. 
However, it is interesting to note that also only the samples with a film density lower than 
1.2 g/cm3 showed significant oxidation. This seems to be a critica! density for oxidation 
to occur rapidly. 
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Figure 5.10. n versus Tdepfor an experiment with a higher tota/flow measured on the 
same day and one week later. 

5.4 Deposition pressure 

The effect of the deposition pressure is studied by varying the pressure from 0.10 to 0.60 
mbar. The range is obtained by using only one plasma souree instead of the normal three, 
which reduces the total gas load on the pumps. The increase in deposition pressure is 
achieved by reducing the pump-rate. The samples are grown with a deposition 
temperature of 350°C, an argon flow of 2.0 sim, and a plasma-souree current of 50 A 
(2500 W). The NHySÏH4 ratio is 4/1 (R = 0.80) and only one flow of 0.75 sim is 
investigated in this experiment. Figure 5.11 shows the results for the refractive index 
measured at 1.96 eV, the Si/N ratio determined by FTIR, the deposition rate, and the film 
density. 
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Figure 5.11. Refrative index and deposition rate (left) and Si/N ratio and density (right) 
as a function of the deposition pressure. 

With these growth conditions the transition point from an Ar+ chemistry to a hydrogen 
dominated plasma chemistry would be around 0.90 sim. Thus with the total flow of 0.75 
sim that is used, the proposed plasma chemistry would still be in the Ar+ region. 
From figure 5.11 it can beseen that the refractive index and Si/N ratio both first increase 
with higher deposition pressures, reach a maximum at around 0.27 mbar and then both 
start to decrease. The occurrence of a maximum in n and Si/N ratio might be related to 
the increasing plasma density at higher pressures. The electron temperature (Te) and 
density (ne) drop from 1.0 eV and 1022 m·3 to 0.2 eV and 1019 m-3, respectively, in the 
plasma expansion. These values might increase again at higher pressures because of the 
narrowing of the jet, and also because of a better confinement of the radicals in the 
plasma, which means that they are less able to evolve out of the plasma and will not 
react or hounee with the reactor wall. This could at a certain point initiate reactions that 
are responsible for the maximum in n and Si-N ratio. The amount of Ar+ ions would not 
be changed by increasing the pressure, so reactions 3.28 and 3.29 are probably still the 
first reactions to occur. Because of the Ar+ chemistry there might be polysilane (Si0 H2n+2) 

like radicals present in the plasma and at a critica! density they could start to react with 
each other and form very large molecules or radicals. This could even result in the 
forming of (micro) dust in the plasma, which is known to happen at higher pressures. The 
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dust forming might even be observed by looking at the resulting films. It was found that 
SiN layers deposited at pressores > 0.4 mbar start to become opaque, instead of the 
normal shiny appearance on a polished silicon substrate. At the highest pressores used, 
the film has a greyish dull appearance which can be attributed to dust formation in the 
plasma. The maximum in n and Si/N ratio could represent the activation point where the 
polysilane like radicals start to react with each other. 
The decrease in film density with higher deposition pressure is partially caused by the 
increasing Si/N ratio and might also be related to the increase in deposition rate. It is 
interesting to note that the film density keeps rising with decreasing deposition pressure. 
It will be shown later that the density of a SiN film is important for the passivatien 
quality and the observation that lower pressores (in this case) results in denser layers 
might become important. 
Figure 5.12 shows the results for [N-H], [Si-H] and the total bonded hydragen content. 
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Figure 5.12. [N-H], [Si-H], and the total bonded H-content versus deposition pressure. 

The N-H boncts seem to continuously decrease and [Si-H] increases first and then 
decreases with about the same rate as the decreasein [N-H]. This is similar behaviour as 
was found for these boncts versus deposition temperature, however can of course not be 
explained by the same mechanism. Still, the hydrogen chemistry and SiH3 might be 
involved in the increase of [Si-H] with higher pressures. At higher plasma densities 
(pressure) the Ar+ might be consumed sooner and the H plasma chemistry could be 
favoured at higher pressures, resulting in the increase in [Si-H]. The decreaseis then fully 
attributed to the decreasein density, also because it occurs at approximately the same rate 
as the [N-H] decrease. The total hydragen content is mostly determined by [Si-H]. 
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5.5 k-n relations 

Figure 5.13 is a complicated but very important picture. It shows the extinction 
coefficient of differently grown films as a function of the refractive index. The k-n 
relations for the films grown at different deposition temperatures (§ 5.3) are displayed 
together with the films grown at different deposition pressures that were discussed in the 
previous paragraph. The deposition temperatures that were used are only indicated in the 
picture for the films grown with a total flow of 1.00 sim (squares), however they arealso 
valid in the sameorder for the films grown with a total flow of 0.60 sim (triangles). The 
importance of this picture is that it shows that SiN layers with the same n can have 
different values for k. The extinction coefficient determines how much light is absorbed 
in the silicon nitride layer, which is of course very important for the application of a SiN 
film as ARC for solar cells. The light that is absorbed will not be used for energy 
production in the cell but will be dissipated as heat. So in order to obtain a good single 
layer antireflection coating, n should be -2.0 (or -2.4 under glass, see § 2.8), and k 
should be as low as possible. The extinction coefficient is measured at an energy of 3.44 
eV (360 nm), because light at shorter wavelengths is absorbed by the encapsulation (glass 
and EVA foil) that is normally used for solar cells. So radiation at shorter wavelengths 
does not reach the cell and it is not important how high k is at those wavelengths. 1t 
should be zero or as low as possible for light at higher wavelenghts. 
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Figure 5.13. k versus n for different flows, deposition temperatures and pressures. 

lt appears that films grown at the same deposition temperatures have lower values for k if 
they are grown with a lower total flow. This can be explained by the higher densities of 
these films. The refractive index is mainly determined by the Si/N ratio and the film 
density. It increases with increasing Si/N ratio and also with increasing density, as was 
shown in the previous paragraphs. The extinction coefficient is mainly determined by the 
Si/N ratio, it depends on the amount of Si-Si boncts in the layer. Thus a film with a lower 
Si/N ratio can have the same or a higher index of refraction than a film with a higher Si/N 
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ratio, if it has a higher density. The extinction coefficient will then be lower for the layer 
with the lower Si/N ratio. This can also be seen in the figure, from the k-n relation for the 
films grown at different deposition pressures. These films are grown with a deposition 
temperature of 350°C and have the highest density compared to the other films that have 
the same refractive index in this figure. Except the film grown at 0.40 mbar which is 
higher than the critica! deposition pressure discussed earlier. That film shows a sudden 
increase in k even with decreasing n, which might be caused by dust forming at higher 
deposition pressures. 
Figure 5.13 gives thus the first clue why the film density is importantfora silicon nitride 
film used as ARC and passivation layer on a solar cell. A higher density can provide a 
higher refractive index, while keeping the extinction coefficient limited. 

5.6 Conclusions 

It is now tried to converge the results of this chapter into a model that can explain the 
observed relations for the layer properties as a function of the important deposition 
parameters, i.e. a model is now proposed that could explain the growth of an ETP 
deposited silicon nitride film based on the findings of this chapter. 

lt was already recognised that two reactions can occur after ionizing the argon in the 
plasma souree depending on the NH3 flow and the plasma-power. The first being 

Ar++ NH3 Ar+ NH/ + .. (x 3) (3.28) 

and this reaction will always occur if there is any NH3 available. The second is 

Ar++ SÏH4 Ar+ SiH/ + .. (x 3) (3.29) 

and this reaction can only occur if the Ar+ is not completely consumed by ammonia. Thus 
it depends on the ammonia flow, and the amount of Ar+ available which is determined by 
the plasma-power, if reaction 3.29 occurs or not. This then discriminates two different 
plasma chemistries, one where reaction 3.29 does occur, and one without it. These two 
chemistries are now referred to as Ar+ plasma chemistry and H plasma chemistry, the 
latter named so because silane is then never directly ionized by argon but will always be 
indirectly "cracked" by for example hydrogen radicals. An example of such areaction is 

(3.30) 

which thus produces SiH3 which is presumed to be important for high quality film growth 
because it can fill "valleys" in the film instead of unwanted colurnnar growth that is 
predicted for other very reactive polysilane radicals. It was found that this H plasma 
chemistry produces silicon rich films. 
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The Ar+ plasma chemistry can for example result in the following reactions 

Ar++NH3 Ar+NH2++H (5.1) 

and 

Ar++ Si~ Ar+ Si++ 2Hz (5.2) 

foliowed by 

Si+ + 3NH2 + + 4e Si(NHz)J (5.3) 

or 

Si+ + 4NHz + + 5e Si(NHz)4 (5.4) 

which thus would form tri-aminosilane radicals and tetra-aminosilane. lt was found that 
the Ar+ plasma chemistry produces nitrogen rich film. 

• Por low flows, low values for R (partial ammonia flows), and high plasma-powers 
the reactions in the plasma will be Ar+ plasma chemistry dominated => N-rich 

• Por high flows, high values for R, and low plasma-powers the H plasma chemistry 
will prevail => Si rich 

These two chemistries will often be present at the same time and the resulting silicon 
nitride film will be formed according to the dominant mechanism. 

• Purthermore, it was found that at relatively low deposition temperatures the H 
plasma chemistry is not active, which is attributed toa surface-reaction activation 
energy for SiH3 that corresponds with an activation temperature of around 250°C. 

• The Ar+ plasma chemistry seemed to be inversely proportional to the deposition 
temperature which is attributed to an increasing rate of cross-linking at higher 
temperatures. 

Thus at low deposition temperatures the Ar+ plasma chemistry is dominant, while at 
temperatures above 250° the H plasma chemistry will prevail. 

• Similar effects for the deposition pressure are observed, which could indicate that 
low pressures would favour Ar+ plasma chemistry and higher pressures would 
favour H plasma chemistry, which could be attributed to a faster consumption of 
Ar+ at higher pressures. A higher pressure could then act as a catalyst for the 
transition from Ar+ to H plasma chemistry to occur. Increasing the deposition 
temperature would also catalyse this transition. At deposition pressures higher 
than 0.4 mbar dust forming could start to occur. 
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Chapter 6 

Annealing behaviour ETP deposited SiN 

This chapter deals with the effects of an annealing step on differently grown silicon 
nitride layers. An experiment is designed that studies three different films: a silicon 
nitride layer with an almost stoichiometrie Si/N ratio of 0.8, a layer that has a Si/N ratio 
of 1.0, and a silicon rich film with a Si/N ratio of 1.3. The different Si/N ratio's are 
obtained by changing the Sil4 flow. The different process settings that are used for the 
film depositions are displayed in table 6.1. 

Si/N ratio Sil4 flow NH3 flow Total flow 
R 

Plasma-souree p Ar flow 
(sim) (sim) (sim) current (A) (mbar) (sim) 

1.3 0.20 0.90 1.10 0.82 50 0.27 2.3 
1.0 0.15 0.90 1.05 0.86 50 0.27 2.3 
0.8 0.10 0.90 1.00 0.90 50 0.27 2.3 

Table 6.1 . Growth parameters used for the investigated silicon nitride films. 

Each film is deposited on several substrates and characterized with FTIR and 
ellipsometry. Then the samples are annealed, each sample at a different temperature. The 
annealing temperature varies from 500 to 985°C, so for each film one sample is annealed 
at 500°C, one sample at 575°C, and so on, and after the annealing the samples are again 
characterized with FTIR and ellipsometry. The layers are also deposited on actual solar 
cells which are processed with different firing profiles and characterized by /-V 
measurements. These results will be discussed in the next chapter. Because of the 
interdependency of the changing layer properties first all the results are shown and then 
they are discussed in the next paragraph. 
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6.1 Results 

6.1.1 Optical results 

Figure 6.1 displays the results obtained with spectroscopie ellipsometry measurements on 
the various samples. It shows the refractive index measured at 1.96 eV (633 nm), the 
extinction coefficient measured at 3.44 eV (360 nm), the optica! bandgap E04 (the energy 
corresponding with an absorption coefficient a of 1 04

), and the normalized thickness as a 
function of annealing temperature. 
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Figure 6.1. Refractive index, optica[ bandgap, extinction coefficient, and normalized 
layer thickness versus annealing temperature for three different Si/N ratio films. 

The data presented is an average value of the different samples on which the same silicon 
nitride film is deposited, changed by the relative increase or decrease measured from the 
sample annealed at the specific temperature. For example, there are eight samples on 
which the Si-rich layer is deposited. These eight samples are all measured before any 
anneal step and this produces an average value. Then each sample is annealed at a 
different temperature and all the samples are measured again after the annealing. A 
change in a certain layer property might then be detected for a certain annealing 
temperature and the average value is then modified with this change at the specific 
annealing temperature for which it was measured. The layer thickness has been 
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normalized to 1.00, because it is an arbitrary value and the normalization facilitates the 
comparison for the different silicon nitride films. 

6.1.2 Optical results combined with FTIR 

Figure 6.2 displays the results for the film density and the Si-N absorbance normalized 
for layer thickness. The change in properties is determined in the same way as for the 
optica! results. The density is calculated by equation 4.10 which does not include oxygen 
that might be present after annealing. Oxygen peaks are indeed observed with FfiR, 
however only for the highest annealing temperatures. 
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Figure 6.2. Film density (left) and normalized Si-N absorbance (right) versus annealing 
temperafure for three different Si/N ratio films. 

Figure 6.3 shows the Si/N ratio determined by FfiR (equation 4.7) and the position ofthe 
Si-H peak as a function of the annealing temperature for the three different films. 
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Figure 6.4 displays the results for [N-H], [Si-H], and total hydrogen content as a function 
of annealing temperature for the three different films . Each bond and the total H for each 
film is shown separately in order to be able to observe at which annealing temperature a 
change in concentratien takes place. 
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Figure 6.5 is perhaps unnecessary to show, however it gives a much better impression on 
the relati ve concentrations of the different films, thus is shown as well. 1t displays the [N
H], [Si-H], and total bonded hydrogen again as a function of annealing temperature but 
now the same boncts for each film are shown in the same figure. 
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6.2 Discussion 

Figure 6.1 shows that the refractive index and extinction coefficient seem to be stabie for 
the films with a Si/N ratio of 0.8 and 1.0, but they increase with higher annealing 
temperatures for the silicon rich film. This can be explained by the fact that Si-rich films 
are less thermally stabie than N-richer layers. This is also revealed by the high decrease 
in layer thickness for the Si-rich film and decreasing optica} bandgap. 
The increase in n and k could be caused by the densification of the layer, which is seen in 
tigure 6.1 by the reduction in layer thickness. The layer thickness decreases by almost 
15% for the Si-rich film and the refractive index is also raised by almost 15%, thus this 
would be in good agreement. However, k shows a drastic increase of almost 60%, which 
can thus only be partially explained by the densification, although this relation might not 
be linear. Another explanation for the increasing k might be given by silicon bond 
clustering. An increasing connectivity of Si-Si bonds could occur by the reaction 

Si-H + Si-H Si-Si + H2 (6.1) 

which is supported by the tremendous decrease in Si-H bonds which can be seen in the 
figures 6.4 and 6.5. The increase in kisthen caused by approaching amorphous silicon 
values. (k = -3.0 at 3.44 eV for silicon). The change in E04 is then also partially 
explained. The optical band gap is highest for N-rich layers and depends on the Si/N 
ratio. It is also determined by the H-content, it decreases with decreasing hydrogen 
concentration. So the highest Eo4 occurs for the film with the lowest Si/N ratio and it 
stays relatively stabie for this film because of a constant Si/N ratio (figure 6.3), but 
decreases a little because of a decreasing H-content (figure 6.4 and 6.5). E04 is the lowest 
for the Si-rich film and decreases faster because of a higher rate of H-loss and the 
increasing Si-Si connectivity according to reaction 6.1 (it moves towards the Si bandgap 
1.1 e V). The film with a Si/N ratio of 1.0 shows an intermediate behaviour. 
The layer thickness of the different samples is normalized to 1.00 for as-deposited films 
in order to be able to compare the differences. The layer thickness of the Si-rich film 
decreases the most which can be explained by the fact that it has the lowest density and 
can thus be relatively more compressed. The densification is probably caused by the loss 
of hydrogen atoms and the excluding of voids in the film. This would lead to a 
rearrangement and reconstruction of the atomie network in the film and as a consequence 
the average atomie distance between the atoms decreases 
Another observation can be made from looking at tigure 6.1, the rate of change increases 
suddenly at an annealing temperature of 800°C for the Si-rich films and at around 900°C 
for the other two films. This is the most obvious for the layer thickness versus 
temperature. These temperatures might represent an activation energy. 
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Figure 6.2 shows that the SiN layer with the lowest Si/N ratio, which is near the 
stoichiometrie ratio, has the highest density. The film with the Si/N ratio of 1.0, however, 
has the highest concentration of Si-N bonds. This seems contradictive, but is in 
agreement with the previous results for R as a function of total flow. The fact that the film 
with a Si/N ratio of 0.8 still has a higher density can only be explained by a higher 
concentration of N-N bonds or is an artifact of the metbod used to determine the layer 
density. The density can be pictured as the combined contributions of Si atoms bonded to 
N atoms, Si atoms bonded to each other, and N atoms bonded to each other. So a SiN 
layer can have a higher Si-N bond density but a lower film density (g/cm3

) if it has a 
lower atomie density (at/cm3

) . This can happen when a film contains only Si atoms 
bonded to N atoms, whereas another film contains silicon atoms bonded to nitrogen, and 
N atoms bonded to themselves. The higher film density is then caused by the extra 
nitrogen atoms. The film with a Si/N ratio of 0.8 is grown with a lower total flow, which 
normally provides films with a higher atomie density, so this could be the case. 
Both the density and the Si-N bond concentration increase with increasing annealing 
temperature which is caused by the densification of the films. The increase in Si-N bond 
concentration can also be caused by a reconstruction of the film according to the 
exothermic reaction (reaction enthalpy: -0.40 eV): 

Si-Si + N-H Si-N + Si-H (6.2) 

which is also indicated by the fact that the film with the highest Si/N ratio has the 
steepest and largest increase. 
The Si/N ratio displayed in figure 6.3 increases with increasing annealing temperature for 
films that have a significantly higher Si/N ratio than the stoichiometrie ratio and the 
increase is higher for films that contain relatively more silicon. More stoichiometrie films 
seem to have a high thermal stability. The increase in Si/N ratio that is measured could 
also be caused by reaction 6.2, because the fit involves measuring the ratio of Si-H/N-H. 
So the increase in Si/N ratio that is measured could be caused by a reconstruction of the 
film and not an actually changing ratio. 
The wavenumber of the Si-H band shows an interesting behaviour: each film seems to 
reconstruct to a composition that corresponds with a wavenumber of -2180 cm·1

. This 
composition consists of a silicon atom bonded to two hydrogen and two nitrogen atoms 
(§ 4.2.1). The film with the highest Si/N ratio starts at a wavenumber of -2158 cm-1 

which corresponds with a silicon atom bonded to two hydrogen atoms, a nitrogen atom, 
and another silicon atom. If the reconstruction of this film takes place according to 
reaction 6.2, it would lead to the composition corresponding with a Si-H wavenumber of 
-2180 cm-1

. An example of this network reaction is given in figure 6.6. 

H H H H 
I / I / 

Si -Si-N Si -Si-N 

' ' Si H H Si 

Figure 6.6. Example ofthe network reaction described by reaction 6.2. 
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This particular example would provide an extra Si-N bond insteadof a N-H bondandan 
extra Si-H bond insteadof a Si-Si bond which would indeed cause the Si-H wavenumber 
to shift to a higher number. The same reaction could explain the behaviour of Si-H peak 
position for the film with a Si/N ratio of 1.0, and would occur then in a lesser rate. 
The film with a Si/N ratio of 0.8 starts at a higher wavenumber for the Si-H band which 
corresponds with a silicon atom bonded to three nitrogen atoms and one hydrogen atom. 
lt also ends at a wavenumber of -2180 cm-1 which could be explained by the occurrence 
of the following reaction (reaction enthalpy -2.86 e V): 

Si-Si + N-N Si-N + Si-N (6.2). 

This reaction is also exothermic and would indicate the presence of N-N bondsas well, 
which was suggested as explanation for the higher film density. 
These reactions, however, do not explain the increase in Si/N ratio for the films with a 
relatively high silicon content. An explanation can be given by the release of hydrogen 
due to the high temperature step, which is proposed by Lu et a/.76 to occur by a 
reconstruction of the film network by reactions such as 

Si-H + N-H Si-N + H2 (6.3) 

and 

Si-H+ N-H2 Si-N + NH3 (6.4). 

The release of H in the form of H2 or NH3 has been reported in mass speetrometry studies 
during annealing.63

'
77 The exclusion of ammonia from the film would increase the Si/N 

ratio. An explanation for the higher rate of increase in Si/N ratio for films that contain 
relatively the most silicon can be found from figure 6.4. lt shows the [N-H] and [Si-H] as 
a function of annealing temperature for the three different films. Each bond is shown 
separately in order to distinguish the differences on a convenient scale. In figure 6.5 the 
[N-H] and [Si-H] for the three different films are displayed together which can help the 
determination of the relative amounts. 
Figure 6.4 shows an earlier and higher rate of decrease in [N-H] for the Si-rich film 
which could cause a higher rate in nitrogen loss in the form of NH3, which then could 
explain the higher rate of increase in Si/N ratio. The decrease in [N-H] starts at around 
500°C for the Si-rich film, around 700°C for the film with a Si/N ratio of 1.00, and 
around 800°C for the almost stoichiometrie film. This also indicates a lower thermal 
stability for silicon richer films. A similar trend can be observed for [Si-H] which starts to 
decrease around 650°C for the Si-rich film, around 800°C for the intermediate Si/N film, 
and almost no decrease for the near stoichiometrie film. The total bonded H-content 
shows the sametrend and is the highest for the Si-rich film. 

93 



IE+31 ot b ENGINEERING 

6.3 Stress as a function of temperature 

The stress in a SiN film is measured as a function of temperature for a layer that is 
deposited at 350°C. lt was grown with an argon flow of 2.0 sim, a plasma-souree current 
of 70 A (3500 W), and an NH3/SiH4 ratio of 4/1 at a total flow of 0.75 sim, which results 
in a value for R of 0.80. 
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Figure 6. 7. Stress of a silicon nitride layer as a function of temperature. 

The measurement is shown in figure 6.7 as a continuous line that represents the stress at a 
certain time and temperature. lt starts at room temperature where a tensile stress of -900 
MPa is measured and then the temperature is increased with a data point taken at every 
minute. The temperature increase stops at 300°C and the temperature is kept constant for 
half an hour before it is decreased again to room temperature. The same thing is then 
repeated for 400°C, 500°C, 600°C, and 700°C. This measurement is quite elaborate and 
more than a day was needed to complete the whole sequence. 
There is no significant increase in stress for temperatures under 350°C, which is the 
deposition temperature. The tensile stress starts to increase at higher temperatures which 
is probably caused by the cross-linking of neighbouring Si-Hand N-H honds. Hydrogen 
is then released and the remaining silicon and nitrogen atoms are pulled towards each 
other to form a Si-N bond which creates tensile stress. The increase is largest at 500°C 
and the rate of increase starts to lower at higher temperatures. At 700°C a transition point 
is reached where the increase in tensile stress stops and the stress starts to decrease. This 
can be caused by running out of N-H and Si-H honds that can cross-link, and the start of 
relaxation and reeonstruc ti on of the film. 
This measurement indicates the occurrence of tensile stress and is performed on a film 
that is deposited under dominating Ar+ plasma chemistry conditions. This could then 
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correspond with the mechanism proposed by Smith et al.63 who suggested that the 
dominant growth precursor is the tri-aminosilane radical and that the decomposition and 
cross-linking on the substrate surface occurs and causes tensile stress. 
There are also samples measured before and after the firing. They are grown with the 
same conditions and showed the same tensile stress of around 900 MPa before the firing. 
The effects of the high temperature firing step increased the tensile stress to 2000 MPa. 
The question is then if the film is starting to gain stress, or is on his way back and is 
releasing the stress by reconstruction and relaxation. The firing takes place at temperature 
between 800-1000°C, soa very high stess could indeed be obtained. However, the time 
scale of figure 6.6 is about 1.5 days and the firing step takes only minutes, so the film is 
probably still gaining stress during firing. 
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Chapter 7 

Solar cell results 

7.1 Solar cells processed with SiN films from annealing experiment 

The silicon nitride films that were investigated in the previous paragraph are also used for 
actual solar cell processing performed at the Energy research Centre of the Netherlands 
(ECN). For this experiment each silicon nitride layer is deposited on 15 solar cells. Also 
the influence of firing at different temperatures is studied by firing the cells at three 
different temperatures: the normal, a higher, and a lower firing temperature. Five cells are 
used for each temperature and for each SiN layer, and the results are averaged over these 
five cells. The actual firing temperature is not shown in the results, a normalized firing 
temperature is displayed instead. lt is commonly known that the firing occurs between 
800-1 000°C. The results for the output parameters of the sol ar cells, processed with the 
three different silicon nitride layers as antireflection coating, are shown in figure 7 .1. 
The normalized firing temperature of 100 corresponds with the normal firing profile that 
is used. The higher firing temperature corresponds with a 15°C increase, and the lower 
firing temperature is 25°C lowered compared to the normal firing profile. The somewhat 
small range is due to the limitations of still obtaining a good fill factor. If the temperature 
is too high the contacts will fire through the emitter as well, and if it is too low the 
contacts will not completely penetrate the silicon nitride layer. Figure 7.1 shows that the 
open circuit voltage is highest for the film with a Si/N ratio of 1.0 and seems to decrease 
with higher firing temperatures, although this is hard to say because the uncertainty of the 
Voc values is rather large, even when averaged over five wafers. For the lsc values the 
uncertainty is smaller. The short circuit current density is highest for the near 
stoichiometrie layer and also seems to decrease a little with higher firing temperatures 
which might be caused by a slight absorption increase. Also the fact that lsc is highest for 
the film with the lowest Si/N ratio can be explained by absorption. The short circuit 
current density is direct related to the light generated current and is thus a measure of the 
amount of light that is coupled into the cell. lf light is absorbed by the silicon nitride layer 
instead of by the cell the short circuit current density will decrease. The extinction 
coefficient is highest for the Si-rich film, so this layer will absorb the most light and will 
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have the lowest lsc· The extinction coefficient of the near stoichiometrie film is exactly 
zero, so this layer will not absorb any light and thus shows the highest lsc· This would 
then indicate that an increase of k from 0 to -0.3 (figure 6.1) corresponds with a decrease 
of lsc of 1.75 mA/cm2

. However, there are other things to consider as well. The output 
parameters are measured under the illumination of one sun (AM1.5 spectrum) and the 
measurement is performed in air, instead of under glass. The ideal ARC in air has a 

refractive index of .J3i = 1.95 and this is exactly the refractive index measured for the 
near stoichiometrie film (layer thicknesses were optimized for each n, so those effects can 
be ignored). The other films have higher refractive indices and are thus further away from 
the optimum, which is also a reason that the l sc decreases with increasing Si/N ratio. lt is 
thus a combined effect of absorption and antireflection. 
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Figure 7.1. Open circuit voltage, short circuit current density, fill factor, and efficiency 
for solar cells processed with different Si/N ratio films as ARC and processed at different 

firing temperatures. 

102 

Another issue that can determine lsc is the recombination of electron-hole pairs in the 
cell. If the recombination rate is high, less electroos can contribute to the current and a 
decrease will occur for l sc· The solar cells that are used are all nearest neighbours, so the 
quality of the wafers will be the same and can only be influenced by passivation, which 
means that the short circuit current densities will be the same, or higher for passivated 
solar cells, when only the recombination effect is considered. 
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The open circuit voltage is determined by the light-generated current and the 
recombination current (equation 3.22). It will increase with increasing lsc and decrease 
with a higher recombination current. The recombination current is determined by the 
amount of defectsin the celland can be reduced by passivating these defects. The open 
circuit voltage is thus a measure of passivatien if it can be normalized for the light
generated current. An important ob servation can now be made from figure 7 .1 . The near 
stoichiometrie film has the highest lsc. however not the highest Voc· The film with a Si/N 
ratio of 0.8 has the highest Voc and this must thus be caused by a lower recombination 
current. The higher Voc can thus be completely attributed to a better passivation. 
The simplest explanation for the better passivatien is the fact that the higher Si/N ratio 
film releases more hydrogen and thus is better capable to passivate all the defects. 
However, different experiments that can be found in literature have shown that the 
amount of hydrogen does not determine the passivatien capability of a SiN layer. In fact, 
a relatively small amount is necessary to completely passivate a me-Si solar cell, 
compared with the total hydrogen that is released during the firing step. The 
concentratien of deep level traps like the Si dangling bond is found to be 4-8 x 1018 cm-3 

in polycrystalline silicon36
, so will probably be even lower in multicrystalline silicon, and 

this has to be compared with the concentratien of hydrogen released during firing, which 
is according to figures 6.4 and 6.5 three orders of magnitude larger. Thus it is much more 
important to direct the hydrogen into the cell than to release large amounts. The film 
density could then be an important layer property, because a higher density film could 
contain the hydrogen betterand serve as a capping layer and as a boundary for hydrogen 
out-diffusion. However, the near stoichiometrie film has a higher density and should then 
have a higher Voc. which is not the case. The film density is apparently more important to 
obtain a higher refractive index without creating an absorbing layer and is thus more 
important for a high lsc• although a higher mass density will help preventing hydrogen to 
escape in the ambient. The film with a Si/N ratio of 1.0 that shows the highest open 
circuit voltage does have a higher Si-H bond density and also a higher Si-N bond density. 
Furthermore, it will not contain much N-N boncts (if they exist in a SiN layer), and it 
releases H at a lower temperature. So it seems that Si-H boncts are important for the 
passivatien capability of a SiN layer. Thermal stability is also presumed to be an 
important factor for passivation5 and a layer with a Si-H peak position around 2180 cm-1

, 

would then be a good candidate according to figure 6.3. The film with the Si/N ratio of 
1.0 that shows the best passivatien has indeed a Si-H peak position close to the position 
that indicates a thermal stable layer, and it is on the Si-richer side of that point (table 4.2) 
which again gives the hint that Si-H boncts are more important for passivatien than N-H 
bonds. Or it will depend on the relative amount of hydrogen bonded to silicon compared 
to H bonded to nitrogen. In that case the condusion might be drawn from the position of 
2180 cm-1 fora thermal stable layer that the amount of hydrogen must be equally divided 
between Si and N. The Si/N ratio- 1.00 film has a Si-H peak position of -2175 cm-1 and 
contains a ratio for Si-H to N-H of 8 to 3 (figure 6.5), and the 0.8 film has a Si-H to N-H 
ratio of 4 to 7 and its peak position at -2185 cm-1

. A film with a Si-H peak position at 
2180 cm-1 would then have a ratio of about 1 to 1. Such a film would be highly likely to 
loose its hydrogen according to reaction 6.3 which leaves a strong Si-N bond and 
probably no Si or N dangling boncts that could deteriorate the film quality. 
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The slight decrease in Voc with increasing firing temperature could be related to the 
breaking of passivated defects again. The optimum temperature for hydrogen release and 
H-passivation could differ, and passivated dangling bonds could lose the passivating H
atom again at too high a temperature. 
The behaviour of the fill factor is hard to explain. It depends on the series and shunt 
resistances of the cell and the overall quality of the contacts. The firing process is 
optimized for a certain nitride and it could be that the film that has the highest fill factor 
imitates the firing behaviour of the specific nitride closest. 
The efficiency is determined by these three parameters (equation 3.26), so the relative 
positions and trends of these cell efficiencies can be explained by the combined effects of 
the discussed parameters. The absolute values that are obtained show that a relatively low 
starter quality of material is used. Unfortunately output parameters from reverse scenario 
processed nearest neighbour cells were not available, so the relative gain in V 0 cXIsc can 
not be shown. 

7.2 Passivation capability versus total flow 

There were several experiments preformed in which SiN layer properties were changed, 
to investigate which properties determine the passivation capability. One key experiment 
is displayed in figure 7 .2. It shows the results of n and Vocxlsc as a function of total flow 
and for two different plasma-powers. The films were grown with an argon flow of 2.0 
sim, R of 0.80, deposition temperature 350°C, and a deposition pressure of 0.18 mbar. 
These films are not processed with the POP3 experimental set-up, but with the DEPx in
line deposition tooi. 

Total flow (sim) 

• 
• 

' ' 
' 
' ~" 

......... 

',..._ 
--.,,, 

_____________ .. 
..... -----

---e---70 A 
---Á--- 50 A 

'• 
0.35 0.40 0.45 0.50 0.55 0.60 0.65 

Total flow (sim) 

Figure 7.2. Resultsfor n and V 0 cxlsc as ajunetion oftotalflow andfor two different 
plasma-powers 

It can be seen that the Vocxlsc gain decreases with higher total flows for the lower plasma
power and that it increases for the highest plasma-power. The refractive index for the 
lower plasma-power film shows also a strong increase with higher flows, thus the 
decrease in V 0cXIsc gain can be explained by too much light absorption in the SiN layer as 
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the extinction coefficient will also increase. The higher plasma-power film shows only a 
modest increasing refractive index and the V0 cxisc gain seems to increase at the same rate. 
These solar cells are for both plasma powers measured in air, so the ideal single layer 
ARC would have a refractive index of 1.95. The decrease for the low plasma-power film 
can then also be attributed by moving from the ideal value for n. The higher plasma
power film on the other hand stays close to this ideal regime. Another interesting fact is 
that they both have almost the same (relatively high) Vacxisc gainat the lowest flow. The 
layer properties might be similar for both films at the lowest flow and start to deviate 
from one another at higher flows. lf figure 7.2 is compared with figure 5.4 that showed 
the film density as a function of total flow for different plasma-powers, then it is clear 
that the density is one parameter that starts to change for these two films. The film 
density for the higher plasma-power film increases with total flow, whereas the other 
layers show a decrease in film density. Another point is that with increasing flow, the 
plasma chemistry changes according to the proposed model from Ar+ to H plasma 
chemistry which would produce the SiH3 radical. This radical might contribute 
increasingly to the film growth at higher flows and causes the density to increase for the 
higher plasma-power film and might provide an overall better layer quality because of its 
more "inertness" at the substrate-surface. 
So the presumed importance of the film density is found here as well, at least the 
indications are that higher density films provide a better passivation capability. However 
these effects might also be attributed to higher n layers with still a low k at higher film 
densities, which provide the best optical properties. 

7.3 Model for passivation by a silicon nitride ARC 

A model is now formulated that combines the results that were found in literature for 
hydrogen passivation of silicon in chapter 3, with the results obtained for the growth and 
annealing behavior of silicon nitride, and solar cell performance. 
The passivation of me-Si can be accomplished by hydrogen released from an amorphous 
hydrogenated silicon nitride layer during a high temperature step. The manner in which 
the hydrogen is released is important for the quality of passivation and the antireflection 
properties of the silicon nitride. If hydrogen is released from broken N-H bonds, dangling 
nitrogen bonds will be formed and these are detrimental for film quality.71 lf the nitrogen 
bonds could cross-link according to (reaction enthalpy 2.55 eV, so highly unlikely) 

N-H + N-H N-N + H2 (7.1) 

then a networkof N-N bondsis obtained which might not be beneficia! for the diffusion 
of hydrogen towards the silicon substrate. It was found in chapter 3 that hydrogen 
diffuses via the bond eentres of Si-Si bonds in the silicon substrate and hydrogen that 
diffuses from N-N bonds in the SiN film to Si-Si bonds in the substrate might have to 
cross an extra energy harrier. The formation of N-N bonds, if it occurs, would probably 
not be beneficia! for the silicon nitride layer quality. A film that contains only Si-N bonds 
has the highest atomie density (H not included) and the formation of N-N bonds could 
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cause the creation of voids in the layer. N-H bonds that are broken can leave a nitrogen 
dangling bond what can also create an empty space in network. These voids can provide 
alternative routes for molecular hydrogen, or even ammonia which also forms in nitrogen 
rich layers by the reaction (reaction enthalpy -0.20 e V) 

(7.2) 

to escape in the ambient, insteadof passivating the silicon solar cell. 

If hydrogen is released by cross-linking of Si-H according to (reaction enthalpy 0.49 eV) 

Si-H + Si-H Si-Si + Hz (6.1), 

then a network of Si-Si bonds is formed which could provide an excellent path for the 
hydrogen diffusion towards the cell via the bond eentres of the Si-Si bonds. lt would also 
be beneficia! for the diffusion inwards the silicon substrate, because no extra boundaries 
would have to be overcome when the diffusion mechanism is the same in the solar cell. 
However, the forming of Si-Si bonds in the antireflection coating causes an increase in 
the absorption of light before it enters the cell, which is detrimental for the performance 
of the solar cell. Too much Si-Si bonds will absorb a significant amount of light which 
causes a reduction of the short circuit current and with it, a reduction in open circuit 
voltage. In a silicon rich filmnotall the Si-H honds will cross-link. Some Si-H bonds will 
be broken and leave a dangling silicon bond, which would also have a negative effect on 
the netwerk and can cause dead ends or obstacles on diffusion paths. 

What is neededis hydrogen release caused by the cross-linking of Si-Hand N-H honds 
according to (reaction enthalpy 0.09) 

Si-H + N-H Si-N+ Hz (6.3) 

and also a slightly Si-rich film. The Si-N bond (3.45 eV) is strenger than the N-N bond 
(1.70 eV) and Si-Si bond (2.34 eV), which makes it less likely that nitrogen or silicon 
dangling honds are left bebind after the breaking of the hydrogen honds. The reaction 
enthalpy of this reaction is not so high, which makes hydrogen release easier. The Si-N 
honds provide a close-packed solid netwerk without any voids that can be an escape route 
for hydrogen to the ambient. Thus, the hydrogen that is released is better retained in the 
film, is less capable to form ammonia without much nitrogen available, and can diffuse 
easily trough the film via Si-Si bond centers. There will not be much hydrogen in the 
silicon substrate present, so during the high temperature step the hydrogen will diffuse 
into the solar cell because of a gradient in concentration. There it changes into H+ or H
respectively for p-type or n-type silicon and diffuses through the entire wafer, passivating 
the defects it encounters. 
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The density of a silicon nitride film is thus important for the retention of hydrogen in the 
layer during the high temperature step, and also for obtaining a high refractive index 
without increasing the extinction coefficient. The amount of Si-Si honds is important, 
because it can provide a good diffusion path via the bond centers, but too much Si-Si 
honds will cause too much absorption in the coating. And finally, the way the hydrogen is 
bonded is important, there should be an equal part bonded to nitrogen as to silicon in 
order to promote hydrogen release according to reaction 6.3. 
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Chapter 8 

Conclusions and future work 

Thus now the growth of a silicon nitride layer deposited by an expanding thermal plasma 
is analysed and a model is proposed that can explain the observations. Furthermore, the 
annealing behaviour of these SiN layers is studied and these results are compared with 
solar cell output parameters to indicate the layer characteristics that are important for the 
passivation capability of a SiN film. Moreover, the passivation performance of differently 
grown silicon nitride layers are characterized and a relation is found that could link the 
proposed growth model to the passivation capability of the film. So how is a good 
quality, passivating silicon nitride antireflection coating deposited by an expanding 
thermal plasma souree obtained? 

It is found in chapter 5 that the transition point from the proposed Ar+ plasma chemistry 
to H plasma chemistry has a large effect on the deposited silicon nitride film. This 
transition takes place at a different point for each change in silane to ammonia gas ratio, 
total flow, plasma-power, pressure, etc., so depends on all the parameters that can be 
varied. If a SiN layer is grown with a parameter set that defines a transition point 
however, then the resulting film does have a specific refractive index that corresponds 
with that set. 
In chapter 7 it was shown that the transition point for at least one parameter set coincided 
with what appeared to be an optimum in passivation capability. This is also supported by 
the theory that the SiH3 radical, which is then dominating according to the proposed 
model, is important for good quality layer formation. Even if the proposed model will 
show not to be valid, some kind of transition takes place and the point of transition is 
clearly an important issue for film quality. 
Chapter 6 reinforeed the presumed importance of film density and thermal stability and 
prediets that it is beneficia! to have an equal amount of hydrogen bonded to silicon as to 
nitrogen, and also that a slightly silicon rich layer might enhance hydrogen diffusion and 
thus passivation. 
The mechanisms of hydrogen diffusion in me-Si are explained in chapter 3 which showed 
that Si-Si bond-eentres are indeed important for the diffusion in crystalline silicon and 
might thus also be important for the diffusion in the silicon nitride film. Furthermore, it 
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explained that the diffusion in me-Si is trap dominated, thus first all the deep traps will be 
saturated before hydrogen can diffuse via the shallow bond-centre traps. A hydrogen 
passivation front will thus move through the silicon wafer, passivating first al the 
dangling honds (deep traps) while it travels via the bond-centers. If thus enough hydrogen 
can enter the material (H concentration > 1018 cm-3

) the entire wafer will be passivated. 

For the passivation of solar cells it is thus important to form a layer that directs the 
hydrogen into the wafer, however it should also have excellent optical properties for 
antireflection. So only the parameter sets with transition points that result in a refractive 
index that can be used for an ARC are important 

A recipe for obtaining a good quality layer could then look something like this: 

To obtain a good quality coating, first a refractive index has to be chosen. Then some 
limits on the parameters of the set can already be determined. For a high density it seems 
that higher plasma-powers are beneficia}, so this parameter can be set to maximum. 
Furthermore, it seemed that a higher substrate temperature and lower deposition pressure 
provide higher density films, so these could be set at a start value significantly above a 
certain average temperature and below an averagely used deposition pressure. Then the 
total flow and corresponding R have to be found that provide the n of choice at their 
transition point. If several parameter sets are possible or if there is a parameter space 
around the specific n, optimize on the equal distribution of hydrogen on Si and N and 
optimize on slightly silicon rich material to create extra Si-Si honds_ If the right flow and 
R are found, fine tuning can begin for the pressure and deposition temperature to 
optimize them on the equal H distribution and slightly Si-rich materiaL 

For additional experiments it might be interesting to investigate what the limits are on 
deposition pressure and temperature. Especially regarding film density, because 
increasing for example the substrate temperature will provide denser films and would 
only become a problem if the samples are too hot for sufficient hydrogen incorporation. 
Decreasing the pressure also seems to increase the density, but their might be a limit 
regarding a sufficiently high deposition rate because that will be lowered as well. 
Repeating some of the experiments performed in this work while maintaining a constant 
pressure might provide a better understanding of the plasma chemistry as well and could 
verify or reject the proposed growth model. 
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