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We employed the low temperature hydrogenated amorphous silicon nitride (a-SiNx:H) prepared by plasma-
enhanced chemical vapor deposition as a refractive index (n) matching layers in a silicon-based thin-film
solar cell between glass (n=1.5) and the transparent conducting oxide (n=2). By varying the stoichiometry,
refractive index and thickness of the a-SiNx:H layers, we enhanced the spectral response and efficiency of the
hydrogenated amorphous silicon thin-film solar cells. The refractive index of a-SiNx:Hwas reduced from 2.32 to
1.78. Optimizing the a-SiNx:H thickness to 80 nm increased the JSC from8.3 to 9.8 mA/cm2 and the corresponding
cell efficiency increased from 4.5 to 5.3%, as compared to the cell without the a-SiNx:H index-matching layer on
planar substrate. The a-SiNx:H layers with graded refractive indices were effective for enhancing the cell
performance.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogenated amorphous silicon (a-Si:H) has receivedmuch atten-
tion [1,2] for thin-film solar cell applications due to the following prop-
erties. The bandgap of approximately 1.75 eV makes it suitable for the
effective absorption of the solar spectrum. The high absorption coeffi-
cient of a-Si:H allows it to absorb light with less material. The low
process temperature also realizes the use of low cost glass as substrate,
and the material is scalable for large area manufacturing. However,
the Staebler–Wronski effect (SWE) [3] induces defects resulting in a
decrease in the cell efficiency [4,5]. The degree of degradation due to
SWE is related to the material quality and the film thickness [6]. The
SWE can be reduced by limiting the thickness of a-Si:H absorber,
which makes light management more crucial in improving cell
efficiency.

The difference in refractive indices causes optical reflection in an
electro-optical device. The surface with proper texture can reduce the
total reflection which was suggested to be due to the profiled
refractive index at the rough interface [7]. Moreover, studies have also
reported the improvement of optical reflection by depositing titanium
oxide or silicon oxide at the interface between the transparent conduct-
ing oxide (TCO) and Si [8,9]. In this work,we employed the low temper-
ature hydrogenated amorphous silicon nitride (a-SiNx:H) prepared by
plasma enhanced chemical vapor deposition (PECVD) as a refractive
rights reserved.
index-matching (or anti-reflective, AR) layers between glass (n=1.5)
and TCO (n=2). The refractive index of a-SiNx:H can be easily changed
in PECVD through varying the deposition conditions. Moreover, the
deposition of a-SiNx:H and the TCO films can be carried out at low
temperature. The a-SiNx:H can also act as a passivation layer which
allows the use of low cost substrates containing certain levels of mobile
ions. By varying the stoichiometry, refractive index and thickness of the
a-SiNx:H layers, the improved cell performance were obtained and
discussed.

2. Experimental

The a-SiNx:H filmswere deposited on 4 mmglasses by a PECVD sys-
tem at a frequency of 27.12 MHz. It is a commercial load-lock system
with a maximal substrate size of 20×20 cm2. Gas mixtures of SiH4,
NH3 and H2 were used and the substrate temperature was kept at
200 °C. The NH3-to-SiH4 ratio, rf power and hydrogen flow rate were
varied to obtain different stoichiometry and refractive index of a-SiNx:
H. This a-SiNx:H layer was deposited to have single or graded refractive
index. Then, a flat TCO layer with a thickness of 900 nmwas deposited
by RF sputtering, followed by a p-i-n a-Si:H solar cell. The a-SiNx:H and
all three layers (p-i-n) were prepared in a single deposition chamber.
The thickness of the a-Si:H absorber layer was 300 nm, followed by a
TCO/Ag back reflector. The optical reflection was obtained from the
UV/VIS/IR spectrometer. The refractive index was measured by an n&k
analyzer and was determined at 632.8 nm. The cells had an area of
5×5 mm2 were patterned for I–V measurement. The J-V characteristic
and the spectral response were measured by an AM1.5 illuminated
I–V system and an external quantum efficiency (EQE) measurement,
respectively.
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Fig. 2. Transmittance of the samples with different thicknesses of a-SiNx:H AR layer.
The upper and lower figures show the dependence of graded and single refractive
index, respectively.
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3. Results

Fig. 1 shows the refractive index as a function of the hydrogen
dilution ratio (defined as the H2 flow rate divided by the SiH4 flow
rate) with different NH3-to-SiH4 flow rate ratio (RNH3). The RNH3 is
one of the dominant factors which influence the refractive index of
a-SiNx:H. Depending on the hydrogen dilution ratio, the refractive
index was reduced approximately from 1.9 to 1.8, with RNH3 in-
creased from 5 to 8.3. Moreover, the refractive index was also affected
by the hydrogen dilution ratio. Hydrogen is generally introduced to
assist the dissociation of reactant gas during deposition. At a smaller
RNH3, the introduction of H2 significantly increased the refractive
index. For a larger RNH3, hydrogen still increased the refractive
index slightly. As a result, the minimum refractive index as low as
1.78 was prepared in this study, using RNH3 of 8.3 and no additional
hydrogen flow.

Since the refractive index can be changed in-situ by the deposition
conditions, the a-SiNx:H with graded refractive index was achieved to
further reduce the optical reflection. Base on the experimental results,
the films with same thickness had refractive indices of 1.78, 1.86, 1.9,
and 1.97 were sequentially deposited on the glass. To investigate the
optical characteristics, samples with graded or constant n of the a-
SiNx:H AR layers were deposited on 4 mm glasses, followed by a
0.9 μm-thick TCO. The samples were also confirmed to have negligible
roughness by scanning probe microscopy. Fig. 2 shows the transmit-
tance with different thicknesses of a-SiNx:H AR layers. Due to the
thickness dependent optical interference, the curve of transmittance
appears as a periodic fluctuation. With the increasing thicknesses of
a-SiNx:H films, the periodic fluctuation of the transmittance shifted
toward long wavelength. The average transmittance of the samples
with 80 and 100 nm a-SiNx:H layers was higher than that of the sam-
ples with 0 and 40 nm a-SiNx:H layers in both single or graded case.
The samples with single refractive index showed a smaller fluctuation
and a slightly higher transmittance as compared to the samples with
graded refractive index.

Fig. 3 illustrates the performance of the a-Si:H thin-film solar cells
with different thicknesses of a-SiNx:H having graded refractive index.
The open circuit voltage (VOC) and fill factor (FF) showed no signifi-
cant change when increasing the thickness of a-SiNx:H. In contrast
to the cell without a-SiNx:H, the JSC increased from 8.3 to 9.8 mA/cm2

and the corresponding efficiency increased from 4.5% to 5.3%. The scat-
tering was arising from the experimental error due to the incomplete
absorption. The results still indicate a better performance as the thick-
ness of a-SiNx:H film was 80 nm.

The external quantum efficiency (QE) of a-Si:H solar cells is shown
in Fig. 4. Because there was no front surface texturing in the devices,
the QE in the long-wavelength region fluctuated due to optical
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Fig. 1. Effects of hydrogen dilution ratio and NH3-to-SiH4 flow rate ratio on the refrac-
tive index of a-SiNx:H film.
interference. With the addition of a-SiNx:H layers, the shorter wave-
length response slightly increased. As the thickness of the a-SiNx:H
was 40 nm, the QE at wavelengths of 500 and 580 nm had steep
decrease. As a result, the current density was even lower than the
device without a-SiNx:H. As the thickness was 100 nm, the QE
decreased at the wavelength of 600 nm but increased in the
470–510 nm region. There was an optimized thickness of 80 nm
showing a smoother response in the 500–600 nm region. Although
there were drops at the wavelengths of 600 and 690 nm, a much
0 20 40 60 80 100
0.85

0.90

0.95

1.00

7

8

9

10

40

V
O

C
 (

V
)

Thickness of a-SiNx:H layer (nm)

J S
C
 (

m
A

/c
m

2 )

Fig. 3. J-V characteristics of the cells with different thicknesses of the graded a-SiNx:H
layer.
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Fig. 4. External quantum efficiency of a-Si:H thin-film solar cells with different thick-
nesses of a-SiNx:H layers having graded refractive index.
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better response in the 600–650 nm region resulted in a higher
current density of 10.56 mA/cm2.

4. Discussion

The refractive index of glass (n0) is 1.5 and that of TCO (n2) is ap-
proximately 2. According to the equation, n1=(n0 n2)1/2, the theoreti-
cally ideal refractive index (n1) of a-SiNx:H as an antireflective layer is
1.73. The refractive index of a-SiNx:H is determined by the concentra-
tion of N in the film, which is significantly affected by the deposition
conditions. Studies [10,11] have reported the refractive index of
a-SiNx:H deposited at low temperature by PECVD can be adjusted
in the range from 1.7 to 2.4. By controlling the power, pressure, and
the flow rate ratio of the feeding gas, low refractive indices of a-SiNx:
H can be obtained. As shown in Fig. 1, as the RNH3 increased, the N con-
tent in a-SiNx:H film increased which resulted in a decreased refractive
index. The addition of H2 also affects the film content and the resulting
refractive index. TheH2may increase the dissociation in the plasma, but
also increase the etching on the surface. The preferential etching of the
N–H bonding by the hydrogen plasmawas proposed to increase the re-
fractive index [12]. As a result, the lower hydrogen dilution ratio would
further lowered the refractive index. A minimum refractive index of
1.78 was obtained when there was no hydrogen in the feeding gas.

The glass used in this study had no particular treatment to reduce
the iron content. Therefore, the transmittance in the shorter wave-
length region was significantly lower (Fig. 2) because of the absorption
due to charge transfer process [13]. Although the practical transmit-
tancewould be affected by the following p-i-n device, this still indicated
that the reflection of the devices with AR coating can be minimized at
certain particular wavelengths, and could have higher reflection at
others. As can be seen in Fig. 2, the transmittance of the samples with
a-SiNx:H AR layers having n of 1.78 have a similar trend to that of the
samples with a-SiNx:H having graded n. The average transmittance of
the samples with constant n was slightly higher than that with graded
n. However, the solar cells consisted of these AR layers showed no
significant difference. This may be due to the further influence of the
p-i-n device which reduced the small transmittance difference. More-
over, the difference of refractive index between glass and TCO may
also be too small, so that the refractive index of 1.78 was already effec-
tive in improving the cell performance. To further improve the index
matching by graded n, materials such as silicon oxide (SiOx) or silicon
oxynitride (SiOxNy) can also be deposited by PECVD. The materials
can have refractive indices as low as approximately 1.5 which is closer
to the refractive index of glass.

A same device process carried out on a textured SnO2:F glass can
achieve an efficiency of 9.45% with VOC=0.91 V, JSC=14.42 mA/cm2
and FF=72.36% [14]. In this study, planar substrates were used to
investigate the effect of a-SiNx:H index-matching layers. The results
in Fig. 3 showed a higher VOC of the device than the one on the
above mentioned textured SnO2:F glass, which may be due to the
less interface recombination from the planar structure. The improve-
ment of JSC contributed by the AR layer was the main factor for en-
hancing the performance of the a-Si:H solar cells. An optimized
thickness of 80 nm of the graded a-SiNx:H AR layer was observed
from the J-V characteristics.

The QEmeasurement also showed an optimized current density as
the thickness was 80 nm, which is shown in Fig. 4. A relative increase
of 2.3% (from 10.32 to 10.56 mA/cm2), as compared to the device
without a-SiNx:H on planar substrate was obtained, owing to the in-
creases in the wavelength region of 510–560 nm and 610–660 nm.
Considering the standard AM1.5 solar spectrum, a higher irradiance
was located in the range from 480 to 600 nm. According to the equa-
tion of quarter-wavelength (d=λ/4n), a corresponding ideal thick-
ness from 67 to 82 nm was attained for the a-SiNx:H having
refractive index of 1.78. The calculated value was close to the experi-
mental result of 80 nm. The disadvantage of the QE in the long wave-
length region may be able to be improved through further texturing
of the substrates.
5. Conclusions

We were able to deposit the a-SiNx:H layer with refractive index
as low as 1.78 through varying the deposition conditions. By optimizing
the thickness and the refractive index of the a-SiNx:H index-matching
layer, we have achieved an enhanced absorption in the range of
500–600 nm, where the solar spectrum has a higher intensity. The
results showed improvements of the J-V characteristics, mainly due to
the increasing short-circuit current. Compared to the cell without
a-SiNx:H layer on non-textured substrate, the cell with 80 nm a-
SiNx:H AR layer increased the JSC from 8.3 to 9.8 mA/cm2, and the
corresponding cell efficiency was increased from 4.5 to 5.3%. A rela-
tive improvement of 2.3% in current density as measured by QE
was also confirmed.
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