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bstract

Silicon nitride (SiNx:H) thin films were grown on silicon by the plasma-enhanced chemical vapor deposition (PECVD) method at low temperature
n order to study their optical, electrical properties and correlate these properties to the chemical composition of the layers, so that films with desired
roperties may be achieved for silicon solar cells. By varying the silane (SiH4) to ammonia (NH3) ratio in the plasma gas we have been able to
odify the index of refraction (from 1.9 to 2.3) and also the silicon surface state passivation properties of the films. Our results indicate that the

id-gap surface state density in silicon can be reduced down to 1.1 × 1010 cm−2 eV−1 for the SiNx:H layer deposited under optimized silane to

mmonia ratio. Also, an extensive study has been carried out on the effect of rapid thermal annealing (RTA) on the carrier lifetime, reflectance,
hemical composition, refractive index and interface states which decides the final output of the solar cell.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the low-temperature surface passivation of
rystalline silicon solar cells by means of PECVD silicon nitride
lms has attracted an increasing attention of the photovoltaic
PV) community. These films have proven to be capable of com-
ining an outstanding surface passivation quality with excellent
nti-reflection properties; in addition to these properties this is
ost effective due to the gain of cell efficiency [1–5]. However,
great deal of research work has to be devoted in order to

nderstand the real passivation effect; in particular, the effect
f hydrogen contained in the SiNx:H films on both the silicon
urface and bulk has to be determined. Because of a lack of
nformation on this question, many misleading interpretations
nd false conclusions are drawn by many researchers [6]. For
xample, sometimes it has been concluded that SiNx:H requires
n additional thin layer of SiO2 in order to achieve similar

ow surface recombination velocities as those for thick ther-

al SiO2 layers on silicon [6]. On typical p-type silicon solar
ell substrates with the (1 0 0) crystal orientation and resistivity

∗ Corresponding author. Tel.: +52 8183582000.
∗∗ Corresponding author. Tel.: +82 63 270 3928; fax: +82 63 270 3585.

E-mail addresses: velu@itesm.mx (S. Velumani), eksuh@chonbuk.ac.kr
E.-K. Suh).

w
h
t
e
a
h
i
r

254-0584/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2007.05.028
f 8–10 � cm, it has been shown that, provided the ion bom-
ardment of the silicon surface during the plasma deposition
s avoided, the surface passivation quality of very silicon-rich
iN films is superior to that of state-of-the-art high-temperature
ilicon dioxide [7–10]. However, the fact that these SiN films
re extremely silicon-rich brings about several problems: (i) the
lms show a considerable absorption in the UV range, leading

o a reduction of the short-circuit current, (ii) the films are very
oor insulators and cannot be used at the point-contacted rears
f solar cells, and (iii) etching rates of the films are extremely
ow. These problems strongly limit the applicability of silicon-
ich SiN films, whereas stoichiometric SiNx films do not absorb
V photons with wavelengths above 320 nm, act as perfect

nsulators and easily etchable.
In the present work, we have varied the SiH4 to NH3 ratio

n the plasma and studied the variation of electrical, optical
nd chemical properties of the SiNx:H layers obtained. It is
ell known that, the solar cell fabrication process involves
igh thermal treatment, which in turn changes the SiNx proper-
ies. This paper mainly investigates the SiNx deposition and the
ffect of rapid thermal annealing on the surface passivation and

lso on the anti-reflection properties. A thorough investigation
as been carried out on the effect of rapid thermal process-
ng on the carrier lifetime, reflectance, chemical composition,
efractive index, interface states which are the deciding fac-
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ors of the final output and ultimately the efficiency of the solar
ells.

. Experimental

In the present work, SiNx deposition was performed using a home made
orizontal PECVD reactor system consisting of a long horizontal cylindrical
uartz tube that was radiantly heated. Special and long rectangular graphite
lates served as both the electrodes to establish the plasma and holders of the
afers. The electrode configuration was designed to provide a uniform plasma

nvironment for each wafer and to ensure the film uniformity. These horizon-
ally oriented graphite electrodes were stacked parallel to one another, side by
ide, with alternating plates serving as power and ground electrodes for the
F power supply. The plasma was formed in the space between each pair
f plates. The electrode designed is capable of holding 20 wafers of maxi-
um size 125 mm × 125 mm in a single deposition. The parameters which are

ept constant during the SiNx:H depositions are, the chamber pressure 0.6 Torr,
eposition temperature 300 ◦C, power 0.08 W cm−2 and a plasma frequency of
3.56 MHz. We established these parameters after a preliminary study, so that
e could make a systematic variation of the silane to ammonia (SiH4/NH3) ratio

n the chamber.
The thickness and refractive index of the SiN films prepared by PECVD

nder different gas flow ratios was characterized by spectroscopic ellipsom-
try (SE). To study the electrical properties, films were deposited on p-type
i with (1 0 0) orientation with 10 � cm resistivity. Aluminum top electrodes
of area 2.8 × 10−3 cm2) were deposited on silicon nitride using a thermal
vaporation method and also aluminum was deposited on the back of silicon
ubstrate to provide ohmic contact for MIS configuration. The high frequency
–V measurements were carried out using a HP4912 impedance analyzer.

. Results and discussions

The main PECVD parameters varied in this study is the gas
ow and the silane/ammonia gas flow ratio [SiH4]/[NH3]. The
H3 flow was fixed at 60 sccm, the pressure at 0.6 Torr and the
lasma power at 200 W during this experiment. The important
iNx deposition parameter is indeed the ratio of the gas flows and
ot the actual gas flows. In Figs. 1 and 2, we show the variation

f refractive index (n) and deposition rate as a function of the
H3/SiH4 ratio respectively. Five different gas ratios (0.8, 0.89,
, 1.33, 2 and 3.14) of NH3/SiH4 have been studied in the present
tudy. From Fig. 1 we can clearly observe the decrease in the

Fig. 1. Dependence of refractive index on the NH3/SiH4 ratio.
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Fig. 2. Variation of deposition rate as a function of NH3/SiH4 ratio.

efractive index from 2.3 to 1.8 with the increase in the NH3/SiH4
atio from 0.8 to 3.14. From Fig. 2, we can observe a fall in
eposition rate of the SiNx films from 4.26 Å s−1 to 2.33 Å s−1

ith the increase in the NH3/SiH4 from 0.8 to 3.14. The low
efractive index (1.8) and lower deposition rate (2.33 Å s−1) was
bserved for sampled where nitrogen is rich, but as the silane
uantity increases the refractive index and deposition rate was
ound to increase, because the samples are Si-rich.

The FT-IR spectra (not shown) exhibited typical peaks of
iN:H thin films grown with our PECVD system. In silicon
itride film it is well known that the main vibrational mode
ill appear at around 850 cm−1 for Si–N and 1200 cm−1 (bend-

ng mode), 3360–3460 cm−1 stretching modes for N H bonds,
50 cm−1 (wagging mode) and 2100–2150 cm−1 (stretching
ode) for Si–H bonds, respectively [11]. Here in the current
ork, we noted some more absorption bands associated to N H
onds at 3340 cm−1 and 1170 cm−1, and those caused by the
i–H bonds at 2170 cm−1 and 630 cm−1, together with the fun-
amental bands at 850 cm−1 and 465 cm−1 associated to the SiN
onds. With the help of Beer’s Law and data published by Lan-
ord and Rand [12] we could determine the relative concentration
f these bonds in the films as a function of the NH3/SiH4 ratio in
he PECVD chamber. Here in this work, with the increase in the
as ratio, the Si–H bond concentration was found to decrease,
hile the N–H bond concentration found to increase, which

grees well with the details observed for SiNx films deposited
sing RPCVD [13].

In order to have a typical RTA firing condition for the bulk
nd surface passivation, we treated the samples under differ-
nt firing conditions (600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C). At
rst, we studied the variation of refractive index of the samples
t different firing conditions and the typical results observed
re presented in Fig. 3. No significant change in the value of
efractive index was observed for the samples fired at different
emperatures. Fig. 4 shows the dependence of carrier lifetime on
he RTA firing temperature, it can be seen from the figure that

he carrier lifetime of all the films of different refractive index
ranging from 1.9 to 2.3) was found to show a maximum car-
ier lifetime at around 600 ◦C. For instance we can see that the
arrier lifetime of the sample with refractive index 2.3 showed
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ig. 3. Refractive index vs. RTA firing temperature for the films prepared at
ifferent NH3/SiH4 ratios.

aximum carrier lifetime of 21 �s when it was fired at 600 ◦C. A
rastic decrease in carrier lifetime was observed for the sample
red at temperatures above 600 ◦C that is; a decrease of carrier

ifetime from 21 �s to 8 �s was observed for the sample fired at
00 ◦C and 700 ◦C, respectively. From the reflectance measure-
ents, the average reflectance of the samples were evaluated and

he minimum reflectance was observed for the samples fired at
00 ◦C and the reflectance was found to increase with the fur-
her increase of RTA temperature. Similar trend was observed
or samples with different refractive index. Reflectance of the
lm was found to decrease with the increase in refractive index
hich is resulting from the richness of Si in the deposited SiNx

lm.
Ideally the refractive index is around 1.9 for the Air/SiNx/Si

tructure and around 2.3 under the encapsulated condition. Since
ll cells are finally put into a module, the value of 2.3 is the

ne that is most important. However, this observation makes
bstraction from another feature, light absorption. When the
xtinction coefficient of the deposited layer rises more light

ig. 4. Variation of carrier lifetime with RTA firing temperature at different
efractive indexes.
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c

ig. 5. Extinction coefficient vs. wavelength for different refractive index.

ill be absorbed in the layer itself. These photons will there-
ore not contribute to the cell current. Characterizations based
n SE have indicated that this effect becomes especially impor-
ant for short-wavelength light. This effect is directly influenced
y the NH3/SiH4 ratio during deposition. With more silicon
ncorporation into the layers, the extinction coefficient (as well
s the absorption losses) and the refractive index are found to
ncrease. At higher refractive indices, the reflection losses will
e lower but this will be compensated by the absorption loss
higher extinction coefficient) in the layer itself. This is clearly
redicted in Fig. 5 where the variation of extinction coefficient
or different gas ratio is given. Higher extinction coefficient is
bserved for higher refractive index (i.e. silicon-rich film), hence
t is favorable to limit the refractive index to values around 2.0.

The capacitance–voltage (C–V) characteristics of the sam-
les in Al/SiNx:H/p-type Si configuration is given in Fig. 6.
he figure shows the accumulation, depletion and inversion

egions of MIS capacitors. The C–V characteristics of the sam-

les exhibit considerable change in terms of flat band voltage.
he dielectric constant of the films has been calculated in the
ccumulation region. The forward and reverse trace of the C–V
urve showed anti-clockwise hysterisis, which indicates the hole

Fig. 6. C–V plot of the Al/SiNx/Si sandwich structure.
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Table 1
Variation of Dit with firing temperature (for samples with n = 2)

Silicon nitride (t = 70 nm) Refractive index Dit (cm2 eV−1)

As-deposited

2.0

8.0 × 1011

RTP fired at 600 ◦C 1.4 × 1011

RTP fired at 700 ◦C 5.0 × 1010

RTP fired at 800 ◦C 1.1 × 1010

Table 2
Dit values of the samples fired at the optimized temperature of 600 ◦C

Silicon nitride refractive index Temperature Dit (cm2 eV−1)

1.9

600 ◦C

8.16 × 1010

2.0 1.40 × 1011

2.1 3.36 × 1011
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.2 5.00 × 1011

.3 8.60 × 1011

njection into the silicon nitride film [14,15] and can also be asso-
iated with silicon dangling bonds (Si–N3) [16]. The interface
tate density has been calculated using Terman’s analysis [17]
rom the high frequency C–V measurements. The flat band off-
et voltage Vfb shows a shift towards the negative value which
ndicates that there are positive fixed-charges present [18] at
he SiNx/Si interface. The other noticeable feature is that the
nterface state density (Dit) decreases as the firing temperature
ncreased as shown in Table 1. The interface state density Dit is
elated to structural defects at insulator/semiconductor surface,
he value of Dit is expected to be higher for silicon-rich films
19]. Therefore the films having more nitrogen content will show
ess interface state density. The interface trap density of the films
f various refractive indexes after fired at the optimized firing
ondition of 600 ◦C is shown in Table 2. It is well known that
he interface trap density estimated from Terman’s analysis is
lways underestimated, the interface trap minimum values given
n Tables 1 and 2, may not be exactly true, but the values obtained
learly shows the degree of Si surface passivation obtained in
ifferent films prepared at different conditions.

A thermal treatment after the deposition of silicon nitride can
elease hydrogen from the Si–H and N–H bonds present in the
itride layer into the cell, passivating the silicon surface and
he bulk. Based on the extensive study carried out in the above
ection it was identified that the SiNx with a refractive index 2
nd fired in RTP at 600 ◦C was found to give the best results
n all aspects, these results can be utilized for the fabrication of
igh efficiency Si solar cells.

. Conclusions
SiNx:H films have been deposited using silane/ammonia mix-
ure in a PECVD system. High quality silicon nitride is obtained
ith a RF power of 200 W with the substrates maintained at a

emperature of 300 ◦C. Variation of refractive index and deposi-

[

[
[
[

ry and Physics  106 (2007) 130–133 133

ion rate were studied as a function of ammonia and silane gas
atio. With this process we were able to fix the refractive index
etween 1.8 and 2.3. The low refractive index and lower depo-
ition rate was observed for nitrogen-rich samples and a reverse
ase was observed for Si-rich films. At higher refractive indices,
he reflection losses will be lower but this will be over compen-
ated by the absorption loss in the layer itself. For this reason,
t is favorable to limit the refractive index to values around 2.0.
TA firing optimization is also carried out and it is found that,

ypical firing temperature of 600 ◦C yield high carrier lifetime,
ow reflectance for all the samples of different refractive index.
he application of this typical silicon nitride layer along with

he optimized firing temperature might be very useful for the
abrication of high efficiency Si solar cells.
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