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a b s t r a c t

In this work, we propose a double stack layer design of SiNx/pm-Si thin films by using dichlorosilane in
plasma enhanced chemical vapor deposition (PECVD). Adequate deposition condition has been found to
attain the average minimal reflectance corresponding to two different layers of SiNx and pm-Si at the
suitable refractive index and thickness of the respective films. The average reflectance of the structure
is reduced to �3% at normal incidence for a wavelength range from 190 to 1100 nm as in comparison
to single layer of SiNx thin film structure. Furthermore, using transmission electron microscopy (TEM)
presence of double layer stack and formation of silicon quantum dots (QD’s) in the size regime of 3–
4 nm has been found. Photoluminescence (PL) diminishment in the double layer structure as in compar-
ison to the single layer of SiNx thin film confirms the effective absorption and total internal reflection
induced due to the gradient refractive index. However, visible photoluminescence observed in the pre-
sent work also remarks the downshift property from the thin film which could subsequently improve
the efficiency in silicon solar cells. Present work highlights the prospective of novel structure for down-
shifting, antireflection and as an passivation coating in new generation of silicon solar cells.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

It is well-known fact that the maximum theoretical efficiency
upper limit for a single-junction mono crystalline silicon (c-Si)
solar cell is around 30% [1]. However, actual photovoltaic device
performs well below this reported theoretical value. Reason are
the various losses, like optical, recombination and parasitic resis-
tive losses in the solar cells [2]. Among optical losses, there exists
subcategories like reflection, recombination and thermalization
factors. To reduce reflection loss which constitutes 30% among dif-
ferent mechanisms, one of the most used antireflective coating is
SiNx thin films [3,4]. SiNx has surplus advantage of simplicity in
the fabrication procedure but it suffers from the major drawback
of strong dependence on the incidence angle. Solution to this
restriction is the recent investigations made on the graded refrac-
tive index (GRIN) multilayer thin-film stack, or nanostructured
surfaces [5,6]. Additional research has been made on the double-
layer thin film stack, which has shown promising results of low
reflectance as in response to irradiation [7], and SiNx/SiO2 layers
[8,9]. Furthermore, fabrication of these layers is less complicated
as compared to the earlier mentioned GRIN stack based antireflec-
tion coating. Many investigations has been put forward towards
the development of SiNx thin films using PECVD [10,11] because
of tunable refractive index; as well, it provides an excellent level
of passivation, and high transparency in the visible region due to
high band gap [3,4]. However, there exists no report of double-
layer with the silicon nitride and polymorphous silicon. In the later
sections, it has been demonstrated new scheme for the improve-
ment of antireflection property of solar cells.

Apart from the enormous study made on the antireflection layer
to improve the efficiency of solar cells several other investigations
has been carried out simultaneously (to reduce thermalization). In
current years, lot of study has been done to improve the conversion
efficiency of silicon solar cells by employing microstructure and
nanostructures [12]. As reported earlier, using nanostructures,
new kind of generation of solar cells has been investigated, where,
higher energy photons could be absorbed and will be converted to
lower energy photons when absorbed by layer containing silicon
QDs to exploit the unutilized part of the solar spectrum (down-
shifting) [13].

In our previous reports, using dichlorosilane, research has been
made on the development of polymorphous silicon thin films
[14,15]. Advantages of this precursor material is the possibility to
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produce nanoparticles in the stable as-deposited thin films without
annealing treatment.

In the present work, using the existing features of the SiNx as an
antireflection coating, new kind of in-situ grown double-layer
structure has been developed with additional deposition of poly-
morphous layer. Thickness of both of the layers have been con-
trolled in such a way that the minimum reflection has been
observed from the thin film structure. Finally, depending on the
formation of nanoparticles in both cases, photoluminescence and
reflectance characteristics obtained in this work could be used
for a good anti-reflection coating, for passivation and as well as
for downshifting in silicon-based solar cells structures. Numerous
applications with additional feature of cost sustainability could
promote the development of thin films proposed in the present
work.
2. Experimental

Thin films were deposited by using PECVD reactor operating at
RF of 13.56 MHz with parallel plates of 128 cm2 in area and 1.5 cm
apart. Hydrogen-diluted SiH2Cl2 gas was used as the silicon precur-
sor. For both pm-Si (SiNx) layers, the SiH2Cl2, Ar and H2 flow rates
were fixed at 15 sccm (10 sccm), 50 sccm (40 sccm) and 100 sccm
(20 sccm), respectively, whereas, the substrate temperature, depo-
sition time, the RF plasma power and the deposition pressure were
fixed at 200 �C (150 �C), 1 min (2 min 55 s), 100 W (50 W) and
750 mTorr (250 mTorr), respectively for two different layers. How-
ever, NH3 flow rate was kept constant at 10 sccm for the SiNx layer.
The chemical bonding structure of the films was analysed by using
a FTIR spectrometer (Nicolet-560) in the range of 400–4000 cm�1.
For TEM analysis, samples were observed in a JEOL (JEM-2010)
with LaB6 filament and an acceleration voltage of 200 kV. Photolu-
minescence (PL) was measured using a He-Cd laser (Kimmon Koha
Co., Ltd., Centennial, CO, USA) with an excitation wavelength of
325 nm. Filmetrics brand model F10-RT-UV was used for the
antireflectance measurement.
3. Results and discussion

Fig. 1(a) shows the representative FTIR spectra of the as-
deposited SiNx thin films and whereas, Fig. 1(b) shows the FTIR
of the bilayer presented in this work. In both cases, one strong
absorption band that corresponds to the Si-N stretching vibration
around at 860 cm�1 can be observed.

As can be seen from Fig. 1, hydrogen can be found mainly
bonded with nitrogen and silicon species at N-H bending modes
Fig. 1. FTIR spectra of as-deposited thin films (a)
at 1180 cm�1 (stretching at 3360 cm�1) and Si-H stretching mode
near 2220 cm�1. However, profound absorption peaks in case of
double layer show the hydrogenation and well passivation of the
thin films. Additionally, the presence of the Si-O-Si stretching
mode around 1070 cm�1 in case of double layer shows the slight
oxidation which could occur during the deposition process. Pres-
ence of oxidized layer could also be confirmed from the TEM image
(Fig. 2).

TEM image displayed in Fig. 2(a) illustrates the presence of
bilayer of silicon nitride (�65 nm) partially visible and polymor-
phous silicon (�29 nm), respectively. As mentioned earlier, pres-
ence of oxidized layer (�4 nm) is besides clearly noticeable from
the micrograph. Fig 2(b) shows the presence of Si-QD’s embedded
in the SiNx matrix. In the inset of Fig. 2(c) selected are electron
diffraction (SAED) pattern illustrates the high crystalline nature
of the QD́s of silicon in the matrix.

Fig. 3(a) and (b) displays the PL spectra of the as deposited sam-
ples. As can be seen, the PL main peak can be found at around
480 nm with a broad peak from around 400–700 nm in both cases
(normalized peak in Fig. 3(b) validates that in both cases maximum
peak intensity can be found at around 480 nm). The presence of
wide distribution of QD’s (Fig. 2) could provoke this strong emis-
sion by quantum confinement. Hence, it can be illustrated that in
the present case thin films exhibited bright and stable emission
in the visible region, which further can be used in the shift conver-
sion property in the silicon solar cells to utilize the higher energy
part of the solar spectra.

It is interesting to discuss about the diminishing of the PL in the
double stack layer case (Fig. 3(a)). Double layers consist of struc-
ture with lower refractive index of SiNx (n = 1.7) in the top side
and following with higher refractive index of polymorphous layer
(n �3). As the laser source penetrates in across the structure, it suf-
fers absorption due to higher n and total internal reflection.
Whereas, in the case of the single layer, reflection is higher and
the reflected signal can be seen in the form of intense PL emission.
Although, in case of double layer due to better absorption and ideal
antireflection properties, reflected light from the deposited mate-
rial is almost absorbed and can be seen with weakened PL emission
in Fig. 3(a).

Fig. 3(c) and (d) shows the reflectance spectra of the two
different types of samples. As can be observed in Fig. 3(c), the
sample shown minimum total reflection as similar to the
theoretical reflection corresponding to one particular wavelength.
Furthermore, in case of double layer (Fig. 3d) improvement in the
minimum antireflection property can be observed to �3% by the
adjustment of the refraction index and thickness of the stack
structure.
single layer (b) double stack layer structure.



Fig. 2. (a) TEM micrograph of the double layer structure in cross section (b) Si-QD’s of 4 nm embedded in the SiNx matrix c) HRTEM from selected area in (b) and d) FFT with
{111} from silicon crystals.

Fig. 3. (a) Visible PL of the as-deposited sample when excited with He-Cd laser at room temperature (b) Normalized PL spectra; (c) Comparison of the reflectance spectra of
the single layer sample with the theoretical model (d) Comparison of the reflectance of the single layer with the double stack layer structure.

52 E. Mon-Pérez et al. /Materials Letters 203 (2017) 50–53
4. Conclusions

Presence of stack layers of silicon nitride and polymorphous
silicon grown using dichlorosilane as a precursor gas by PECVD
has been demonstrated. TEM micrographs confirmed the forma-
tion of double layer with controlled thickness, which lastly, illus-
trated the improvement in the minimum reflection as compared
to the single layer structure. Even more, deposited thin films
shown the intense photoluminescence in the visible region, which
remarks the downshift property from this material. To sum up,
the double layer structure proposed in the present work could
be used as an excellent antireflection coating and downshifting/
passivating layer in silicon solar cells for their efficiency
improvement.
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