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Hot-wire chemical vapor deposition (HWCVD) is a promising technique for very fast

deposition of high quality thin films. We developed processing conditions for device-

quality silicon nitride (a-SiNx:H) anti-reflection coating (ARC) at high deposition

rates of 3 nm/s. The HWCVD SiNx layers were deposited on multicrystalline silicon

(mc-Si) solar cells provided by IMEC and ECN Solar Energy. Reference cells were

provided with optimized parallel plate PECVD SiNx and microwave PECVD SiNx

respectively. The application of HWCVD SiNx on IMEC mc-Si solar cells led to

effective passivation, evidenced by a Voc of 606mV and consistent IQE curves. For

further optimization, series were made with HWSiNx (with different x) on mc-Si solar

cells from ECN Solar Energy. The best cell efficiencies were obtained for samples

with a N/Si ratio of 1�2 and a high mass density of >2�9 g/cm3. The best solar cells

reached an efficiency of 15�7%, which is similar to the best reference cell, made from

neighboring wafers, with microwave PECVD SiNx. The IQE measurements and

high Voc values for these cells with HW SiNx demonstrate good bulk passivation.

PC1D simulations confirm the excellent bulk- and surface-passivation for HW SiNx

coatings. Interesting is the significantly higher blue response for the cells with

HWCVD SiNx when compared to the PECVD SiNx reference cells. This difference in

blue response is caused by lower light absorption of the HWCVD layers (compared to

microwave CVD; ECN) and better surface passivation (compared to parallel plate

PECVD; IMEC). The application of HW SiNx as a passivating antireflection layer on

mc-Si solar cells leads to efficiencies comparable to those with optimized PECVD

SiNx coatings, although HWCVD is performed at a much higher deposition rate.
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INTRODUCTION

H
ydrogenated silicon nitride (a-SiNx:H) is an intensively studied material with many commercial

applications. One of these applications is as an antireflection layer on multi-crystalline silicon (mc-Si)

solar cells. These mc-Si solar cells make up a very large share of the present commercial photovoltaic

market1 and the SiNx layers have a large influence on the performance of these solar cells. The SiNx coatings act

as good anti-reflection coating (ARC) because of their intermediate and tunable refractive index in combination

with a low extinction coefficient.2,3 Apart from its suitable optical qualities, the passivating properties of the

deposited SiNx are at least as important. SiNx ARCs can provide surface and bulk passivation of the mc-Si

wafers. Both the electric field created by fixed positive charges in the SiNx layer and the hydrogenation of

interface defects play a major role in surface passivation. Hydrogen passivation occurs after a short anneal which

is necessary to form the Ag front contacts. During this ‘firing step’ atomic hydrogen is released from the SiNx

layer, and partly diffuses to the surface and bulk of the wafer. Therefore not only surface passivation occurs but

also passivation of bulk defects and the grain boundaries takes place. Thus the application of SiNx as top layer on

mc-Si cells enables an important enhancement of cell performance.

For commercial production, plasma enhanced chemical vapor deposition (PECVD) is most frequently used

for these SiNx depositions. In a parallel plate PECVD system, source gasses are decomposed in an electric field

into radicals and ions. The created ions are then accelerated to the substrate due to the present electric field which

can lead to ion bombardment of the substrate. Interface damage, created by this ion bombardment, causes extra

surface recombination and thus lower’s cell performance. The same holds for reactive sputtering where a direct

plasma is applied between the substrate and the Si-target.4 Especially in view of the trend towards shallow

emitters and thinner wafers good surface passivation is becoming increasingly important. To overcome this

potential damage due to ion bombardment, several types of remote PECVD systems like microwave PECVD5

and the fast expanding thermal plasma6 have been developed to reduce the amount of ion bombardment.

Lauinger et al. 7 have shown that remote plasma deposition systems indeed have a better surface passivation. In

recent years, however, also a totally plasma-free deposition technique, hot-wire (HW) CVD, attracted much

interest.8–12 Using the HWCVD technique, the source gasses are catalytically decomposed to radicals only with

very high efficiencies at heated filaments.13 Since no ions or electric fields are created, HWCVD has the benefit

that it prevents the substrate fully from being damaged by ion bombardment. Despite the fact that HWCVD

deposition of SiNx is a relatively new technique,14,15 good results are already obtained for SiNx applications in

thin film transistors (TFT) 16–18 and very low temperature (<1008C) depositions of SiNx.
10,19

Next to good performance as passivating ARC, for commercial use the deposition rate is becoming more and

more important. From a cost perspective, an effectiveway to reduce the production costs of cell manufacturing is

by increasing the throughput. The most straightforward way to achieve this goal is by an increase of the

deposition rate. This is much cheaper than investing and maintaining multiple parallel deposition lines. It has

been shown that device-quality SiNx can be obtained at very high deposition rates of up to 7 nm/s.11,19–21 These

deposition rates are 2–70 times faster than current commercial deposition techniques offer.22

In this paper we will show that despite a very high deposition rate, SiNx deposited with hot-wire CVD enables

solar cell results that are comparable to those obtained with optimized plasma deposition techniques.

EXPERIMENTAL DETAILS

All depositions described in this paper were performed in a four-filament hot-wire (HW) reactor that is part of an

ultra high vacuum multi-chamber system (PASTA).23 A schematic drawing of the reactor is shown in Figure 1.

As source gasses pure silane (SiH4) and ammonia (NH3) were used without any hydrogen dilution. The source

gasses are catalytically decomposed at tantalum filaments held at 21008C. The substrate was heated by radiation
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from the filaments and reached a temperature of about 4508C. No additional heating was applied. In this

laboratory system, a shutter is situated between the sample and the wires, to control the duration of the

deposition. A full in-line production system can be designed for continuous throughput.24 For thickness

uniformity a square showerhead gas inlet was used, which creates a uniform deposition area of 5� 5 cm2, this is

only limited by the present reactor size. Up-scaling of the HWCVD technique towards larger areas is considered

to be relatively easy25,26 since there is no fundamental limit to the size of the vacuum chamber and the extent of a

multitude of heated wires.

To find a suitable SiNx composition for the application as fast deposited ARC in mc-Si solar cells, various

depositions were performed, simultaneously on Corning glass 1737F and crystalline Si wafers. The layers were

characterized by optical reflection and transmission measurements27,28 between 400–1000 nm, to determine

their optical properties (refractive index, absorption). Elastic recoil detection (ERD)29 is used to obtain structural

properties such as composition and mass density. Fourier transform infrared (FTIR) spectroscopy was also used

for compositional analysis, in which the ambient H2O and CO2 signals were eliminated by intensive dry N2

purging during the FTIR measurements. The raw FTIR spectra were corrected for incoherent and coherent

reflections.30,31 Correction for substrate absorption was achieved by subtraction of the measured absorption

from a bare part of the substrate.

To evaluate the passivating properties of the HW SiNx coatings on mc-Si solar cells, HW SiNx was tested in

the baseline processes of ECN Solar Energy32 and IMEC.33 The HW SiNx was deposited on mc-Si

texture-etched wafers as supplied by these institutes. After completion of the HW SiNx depositions, the wafers

were transported back to the institutes for metallization at the front and backside. All cells are initially deposited

on 10� 10 cm2 wafers, however, to ensure good homogeneity of the HW SiNx layers made in a small

laboratory-type reactor, the solar cells are laser-cut into smaller cells after completion of the metallization. For

comparison and reference, solar cells with optimized PECVD SiNx ARC were made using neighboring wafers,

ensuring that the cells with HWCVD SiNx and the reference cells with PECVD SiNx have very similar grain

sizes. In the case of IMEC the reference cell contains pulsed low frequency (440 kHz) direct parallel plate

Figure 1. Schematic drawing of the experimental Hot-Wire CVD reactor
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PECVD SiNx and at ECN remote microwave PECVD SiNx is applied. As a result, the only difference between

HWand the reference cell is the SiNx coating, except for the IMEC casewhere additional laser cutting of the HW

cells was performed. For the ECN case, both the HWand the reference cells were laser cutted. To investigate the

influence of mass density and N/Si ratio of the films on the passivation properties of the SiNx layers and cell

efficiencies, series (each consisting of 5 cells) with different compositions of SiNx layers were deposited on

mc-Si solar cells from ECN Solar energy.

RESULTS

Hot-wire CVD deposited SiNx film properties

To determine the SiNx properties leading to the best passivating ARC on mc-Si solar cells, an analysis of the

deposited HW SiNx layers was performed. In Figure 2 the N/Si ratio of the deposited layers is shown as a

function of the SiH4/NH3 flow ratio. In all cases the NH3 flow was kept constant and only the SiH4 flow was

altered to obtain different flow ratios. All other deposition parameters were kept constant, since they are already

optimized to achieve high deposition rates. The composition of Si-rich layers up to stoichiometry reveals a large

sensitivity to the flow ratio of the source gasses, whereas for lower flow ratios the composition alters only slowly

from stoichiometric to N-rich SiNx. This dependence on the flow ratio gives good control over the composition

of the deposited layers. Reflection/transmission measurements on these HW samples reveal that up to a flow

ratio of 0�075 there is hardly any absorption in the HW deposited SiNx layers. Above this flow ratio a very sharp

increase in absorption is observed, originating from the formation of Si-Si bonds in the more Si-rich material.

This means that layers with flow ratios above 0�075 are unsuitable for application as ARC.

As the N/Si ratio (which also represents the x in SiNx) is a physically more meaningful parameter than the gas

flow ratio we will use the N/Si ratio to characterize the SiNx layers in the remainder of this paper. The effect of

the N/Si ratio on the structure of the deposited layers can be observed in Figure 3. The mass density of the

deposited films shows a linear increase for films with N/Si up to 1�20. This increase in mass density originates

from the incorporation of N-atoms in the layers whereas the volume density of Si-atoms remains constant.20 For

samples with a N/Si-ratios higher than 1�20, a sharp decrease in mass density is observed caused by the

formation of voids which have been observed by transmission electron microscopy (TEM).34 Very high mass

densities of 3 g/cm3 can be obtained with HWCVD silicon nitride at N/Si¼ 1�20�20 The hydrogen concentration
shows an inverse trend with respect to the mass density, with a minimum in hydrogen concentration at the point

of the maximum in mass density. These trends have (indirectly) also been reported for conventional PECVD

Figure 2. The effect of the flow ratio on the composition and the absorption of the HW SiNx layers. The curves are a guide to

the eye
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silicon nitride, though with that difference that for PECVD the maximum in mass density is reached already at a

N/Si-ratio of only 1�0.35
Also the peak position of the Si-H stretching mode is dependant on the N/Si composition. Since the Si-H peak

position is mainly determined by the back bonding of the hydrogenated silicon atoms,36 the Si-H peak position

gives therefore a good indication of the internal structure of the as-deposited films. For layers with a N/Si ratio of

up to 1�20 the Si-H peak position scales linearly with the composition, according to:

Si � Hf gpp ¼ 2098 þ 85
N

Si

� �
cm�1 (1)

For samples with a higher N/Si ratio than 1�20 the peak position remains constant at around 2200 cm-1. These

numbers are very close to the reported calculated values for each back bonding configuration, like 2100 cm-1 for

a-Si (N/Si¼ 0) and 2220 cm�1 for a-Si3N4.
36,37

The refractive index, important for the AR-effect, generally depends on both the N/Si ratio and the mass

density of the samples.38 Since the mass density in our HW samples is directly related to the N/Si ratio, the

refractive index is consequently also related to the atomic N/Si ratio. The refractive index at 632 nm, n632,

decreases linearly (for x> 0�4) with the N/Si in the layers according to:

n632 ¼ 2:97 � 0:82
N

Si

� �
(2)

A slightly different relationship has been reported for PECVD films. This dissimilarity is probably caused by

an alternative relation between N/Si and mass density.

HWCVD SiNx on IMEC mc-Si solar cells

As a first approach, SiNx layers deposited with a flow ratio of 0�0733, whereby the coating reached a Si-H peak

position of 2202 cm-1, were used to test its performance as passivating layers on mc-Si solar cells. This flow ratio

Figure 3. Structural properties of SiNx deposited with HWCVD. It appears that all structural properties depend strongly on

the N/Si ratio of the films. All lines are guides to the eye
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was chosen because of the obtained high mass density in combination with low absorption coefficient. The HW

SiNx layers were deposited on textured electromagnetically casted mc-Si wafers, which are rather sensitive to

hydrogen passivation, as supplied by IMEC. The best open circuit voltage (Voc) for cells with a HWCVD SiNx

ARC was 606mV. This value is 6mV lower than the best Voc reached in the reference groups. Part of this

difference can be explained by lower bulk passivation. However also the extra laser cutting of the HW cells

affects the Voc. Tests at ECN Solar energy reveal that this effect can be up to 5mV depending on the laser

parameters. Because the layers had unoptimized thickness, the AR effect was not fully utilized making

the Jsc-values of the cells irrelevant. Since also the reference SiNx coatings were maintained at the same

thickness, this has no influence on the comparison of the Voc values.

Next to the Voc values, the internal quantum efficiency (IQE) results, uncorrected for absorption in the SiNx

layer, give a more detailed representation of the actual passivation properties of the HW deposited SiNx films

because the ARC effects are hereby eliminated. Figure 4 demonstrates the ratio between the IQE values of the

cells with HWCVD deposited SiNx and the reference cells with parallel plate low frequency (LF) PECVD SiNx.

The blue response is better for the HW layers whereas the infrared response is somewhat lower than that of the

reference cells. Since the Voc values are reasonable, and the IQE value at 1000 nm is only 5% lower than that of

the reference cells, bulk passivation by these HW deposited SiNx layers is demonstrated.

HWCVD SiNx on ECN mc-Si solar cells

For further optimization, various series of solar cells with different HW SiNx compositions were deposited on

textured mc-Si solar cells from ECN Solar Energy. In Figure 5, the average Voc values relative to the reference

group containing optimized MW PECVD SiNx are depicted for each series. A clear trend can be observed in

which a maximum of Voc is reached for N/Si values of 1�2. Also the average Jsc is shown for each series of cells,

Figure 4. The internal quantum efficiency of the solar cells with HW SiNx relative to the reference cells with PECVD SiNx.

The blue response, uncorrected for absorption, is significantly better for the HWCVD SiNx
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again a clear trend is visible as a function of the N/Si ratio. Again an optimal result was achieved at a N/Si ratio of

1�20.
Apart from the good Voc values obtained, also the IQE measurements illustrate good passivation for the cells

with HW SiNx. Figure 4 also shows the IQE of the HW deposited SiNx relative to optimized MW PECVD SiNx,

The IQE values are slightly lower in the infrared region, however still proving good bulk passivation. By

comparing the relative IQE results for each x, a second confirmation is found that the optimal HW SiNx has a

N/Si ratio of 1�20. Both IQE values reveal a similar trend as the Voc. Figure 6 shows that again an optimum is

observed for samples with a N/Si of 1�20. Interestingly, for wavelengths smaller than 600 nm the IQE, again

uncorrected for absorption losses, for cells with a HWCVD SiNx coating appears to be significantly better than

that of the reference cells. This was also obtained with HW SiNx on the IMEC cells.

The best cell reached an efficiency of 15�7%, which is very close to the best value of 16�1% obtained in the

reference group. The details of these cells are summarized in Table I. The Jsc of the cells with the HW deposited

SiNx is similar to that of the reference cells, as is the Voc. The main difference with the reference cells is found in

Figure 5. The relative Voc and Jsc values for mc-Si solar cells with HW SiNx for different compositions. The highest Jsc
� Voc

is obtained at a N/Si ratio of 1�20. The curves are guides to the eye

Figure 6. The relative IQE values for mc-Si solar cells with HW SiNx as ARC, for both long and short wavelengths. The

curves are guides to the eye
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the FF. In all cells the FF of the HW deposited SiNx cells is lower than the reference cells. This difference is

caused by unoptimized cell processing parameters for the cells with HW deposited SiNx, such as firing

conditions. For example, HW deposited SiNx has a higher mass density39,40 and may therefore necessitate

different firing settings for optimization of the FF. In addition the thickness homogeneity of the layers could play

a role here, since the cells are 6�5� 6�5 cm2, whereas the homogeneous zone in our experimental HW reactor is

5� 5 cm2. So consequently, there is room for further improvement by tailoring the firing process and by

designing specific HWCVD equipment for standard wafer sizes.

DISCUSSION

Earlier attempts to apply SiNx coatings by HW CVD depositions on (multi-)crystalline Si solar cells have been

reported. However, never have these good efficiencies (15�7%) been obtained. The first test was reported by Holt

et al. 8 where HW SiNx was applied on String Ribbon substrates and an efficiency of 12�4% was achieved. A

second paper was published by Van der Werf et al. 21 where HW SiNx was applied on mc-Si wafers, which are

similar to the ECN wafers as described here. In that paper,21 an efficiency of 14�3% was reported. Moschner

et al. 40 also applied HW SiNx on Si solar cells, however, in this paper it was not yet demonstrated that the

effectiveness of passivation can be as good as that of reference cells with PECVD SiNx. Furthermore, since

mono-crystalline Si solar cells were used in that study, effective bulk passivation could not be shown. To our

knowledge, the 15�7% reported in this paper is the highest efficiency formulti-crystalline Si solar cells with HW

SiNx as an ARC. This good conversion efficiency is comparable to that for optimized PECVD SiNx, with the

difference that the HW SiNx is made at a much higher deposition rate (3 nm/s for HWCVD, versus 1 nm/s for

MW PECVD and 0�5 nm/s for LF PECVD).

The optimal N/Si ratio of 1�20 is higher than values reported for plasma SiNx ARCs where optimum N/Si

ratios of around 1�0 are reported.23 This difference is probably caused by a different optimum in mass density

between HWCVD SiNx en PECVD SiNx. Several studies have shown that mass density has a large influence on

the passivating properties of the SiNx.
41,42,43 And by comparing Figure 3 and 5, also this study shows that the Voc

values reveal a good correlation with the mass density, whereby the best Voc values are obtained for SiNx layers

with the highest mass density and lowest hydrogen concentration. Although no conclusive mechanism for bulk

passivation has been presented yet, it is generally accepted that a low mass density facilitates hydrogen removal

through the formation of H2 molecules through cross-linking reactions.44 This molecular hydrogen can thus not

contribute to hydrogen passivation of bulk- and interface defects, therefore films with a more open structure

show a reduced passivation effect. SiNx layers with a higher mass density contain fewer and/or smaller voids

preventing cross-linking reactions and thereby provoking diffusion of atomic hydrogen. Therefore, it appears

that for optimal hydrogen passivation SiNx layers are needed with a high mass density,42 though it has

been proposed that too dense layers may cause slower atomic hydrogen diffusion and thus a reduced passivation

as well.43 In the present study there is no indication of an optimum in mass density since the best passivation

results are obtained for samples at the highest obtained mass density of 2�9 g/cm3 at a N/Si ratio of 1�20. This
high mass density is identical to the optimal value reported for parallel plate PECVD at which the best bulk

passivation is observed.39 A detailed study of the hydrogen behavior on the applied high density HWCVD SiNx

coatings was conducted,45 and revealed that in all layers the hydrogen release mainly originated from the N-H

bond configuration.

Table I. Solar cell parameters for cells with HWCVD SiNx as ARC and the reference cells with optimized MW PECVD

SiNx. The main difference originates from the FF, caused by the unoptimized cell processing for the HW SiNx coatings

Voc (mV) Jsc (mA/cm2) FF eff. (%)

HW CVD best 604 34�6 0�750 15�7
MW PE CVD best 606 34�3 0�774 16�1
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It is remarkable that in both experiments the IQE value for wavelength smaller than 600 nm the cells, with

HWCVD SiNx, was significantly better. This superior blue response could originate from two effects, either

better surface passivation or lower blue absorption. To find the origin of this difference, the optical absorption of

the layers was compared and revealed that the absorption of the two types of layers is indeed different. There is

hardly any absorption for the HW nitrides, because of the relatively high N/Si ratio, whereby ellipsometry

measurement on the nitrides from ECN and IMEC gave an extinction coefficient (k400 nm) of 0�0321 and

0�009938 respectively.
To quantify this difference, simulations with PC1D (version 5�5) were performed at ECN, taking into account

the absorption. From the results shown in Table II, it appeared that the surface recombination velocity for the

mc-Si solar cells with HW SiNx was 2 � 105 cm/s. After correcting the ECN IQE data for the absorption of

the MW PECVD SiNx, the surface recombination velocity became 2 � 105 cm/s as well. We can therefore

conclude that the better blue response in the IQE measurements in this case is caused by the much lower

absorption in the HW SiNx layers. The PC1D simulations also reveal that the cells with HW SiNx have a high

minority carrier lifetime of 50ms, which is only slightly lower than that of the reference cells, thereby

confirming that good bulk passivation is obtained. The good surface passivation of the HWCVD SiNx layers was

confirmed by lifetime measurements on 5�8Vcm monocrystalline wafers. After a firing step the surface

recombination velocity obtained with SiN1�2 was 54 cm/s, which is comparable to values reported for solar cell

grade SiNx coatings deposited using remote PECVD systems.6,46,47

To see if absorption is also the cause for the difference in blue response with the IMEC solar cells, we

corrected the IQE of the parallel plate PECVD cells for the absorption. It appeared that even after this correction

for absorption, still a significant difference in the blue response remains. Since the IMEC coatings are deposited

by direct LF PECVD, ion-bombardment to the wafers might be present which explains the lower surface

passivation.

An additional benefit of HW deposited films for application on solar cells is the low stress. The optimal films

with a N/Si ratio of 1�20 and high mass density of 2�9 g/cm3 have a very low tensile stress of 50MPa, much lower

than for PECVD films.12,48 The low stress, even in these high-density films, prevents blistering of the samples

during the high-temperature firing step in the cell production procedure.

CONCLUSIONS

The IQE measurements at 1000 nm and the good Voc in combination with high charge carrier lifetimes

demonstrate good bulk passivation for cells with HW deposited SiNx. The IQE values in the wavelength regime

below 600 nm of cells with HW SiNx coatings are significantly better than those of the reference cells. This is

caused by lower light absorption in the SiNx coating (compared to the MW PECVD deposited at ECN) and the

absence of ion bombardment (compared to the LF PECVD deposited at IMEC).

Table II. Results from PC1D simulations on the best cell with HW CVD SiNx and the best reference cell containing a MW

CVD SiNx coating

MW PECVD SiNx Hot-wire CVD SiNx

Isc 0�994 A 1�00 A

Voc 606mV 604mV

t 60ms 50ms

Sfront 2 � 105 cm/s 2 � 105 cm/s

Srear 275 cm/s 275 cm/s

Rfront (1
st and 2nd) 92% 92%

Rrear (1
st and 2nd) 70% 70%

Base doping 9 � 1015 cm�3 9 � 1015 cm�3

Emitter doping 2 � 1020 cm�3 2 � 1020 cm�3

Wafer thickness 300 micron 300 micron
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By comparing cell results for different compositions of HW SiNx it is found that the optimal HW SiNx

coatings on mc-Si solar cells have a N/Si of 1�20 and a high mass density of 2�9 g/cm3. For samples with a lower

N/Si both the Jsc and the Voc decreases. The efficiency of solar cells with HW deposited SiNx reaches up to

15�7%, with Voc values of 606mV. This performance is comparable to that of reference cells containing

optimized PECVD SiNx. The presented efficiencies are the highest reported efficiencies for mc-Si solar cells

with HW deposited SiNx as passivating ARC. These good cell results are obtained despite the much higher

deposition rate of the HW SiNx coatings.
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