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The electrical performances and optical properties of p-type amorphous silicon oxide (p-SiOy) thin films with
gradient refractive index are studied. The composite thin films as antireflective coatings (ARCs) are widely
used in solar cells and microelectronic devices. The double-layer p-SiOy thin films are deposited by plasma-en-
hanced chemical vapor deposition (PECVD) system. To obtain better optical properties, the refractive index of

ARCs can be adjusted by SiH4 to N,O ratio. And the electrical performances of composite thin films can be im-
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proved by adjustment of B,Hg to SiH, ratio. The computational model is built to predict the optimized range of
reflection spectra corresponding to structure of p-SiOx ARCs with gradient refractive index by finite difference
time domain (FDTD) method. It shows the difference of reflection spectra with gradient refractive index distribu-
tion. The optimized reflection spectra simulated by FDTD method confirms to agree well with that measured by

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays amorphous silicon oxide («-SiOy) thin films on glass
substrates have attracted a great deal of attention in photovoltaics,
microelectronics and display technologies because of its potential
applications for electronic devices, especially amorphous silicon (a-Si)
thin film solar cells [1-3]. Excellent solar cells must satisfy two kinds
of requirements in optical properties (strongly optical absorption) and
electrical performances (effectively electrical transportation and lower
leakage current). Therefore antireflective coatings (ARCs) have been
widely used in manufacturing process of conventional crystalline solar
cells (c-Si) to benefit optical absorption, such as silicon nitride (SixNy)
[4-5] and aluminum oxide (AlOy) prepared on the surface of n-type
and p-type c-Si respectively [6-7]. Compared to c-Si solar cells, oxide
layers are also selected to deposit on the surface of a-Si thin films to ob-
tain better antireflective effect [8-9]. The p-type amorphous silicon
oxide (p-SiOy) thin films are prepared as conductive ARCs by plasma-
enhanced chemical vapor deposition (PECVD) [10-11], magnetron
sputtering [12-13] and sol-gel methods [14-16] because of the match
of lattice to a-Si substrates. However it is more suitable to prepare com-
posite films with different refractive index by PECVD system. Because
single-layer ARC has only minimal point of reflectance, the average re-
flectance for double-layer ARCs is lower over a broader wavelength
range than single-layer ARC [17-18]. With these requirements, dou-
ble-layer p-SiOx ARCs with gradient refractive index not only decrease
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electrical recombination and leakage current effectively, but also en-
hance optical antireflection and ohmic contact strongly [19-21].

In this paper, compared to conventional p-a-Si layer, the composite
p-SiOy thin films not only decrease optical reflectance, but also improve
electrical conductivity. The high doping conductive layer can enhance
ohmic contact with metallic electrode, and the low doping passivated
layer can decrease leakage current of device. Reflection spectra of
double-layers p-SiO, ARCs with gradient refractive index are simulated
by finite difference time domain (FDTD) method. The characterization
of UV-visible spectroscopy aims to focus on the correlation between
reflection spectra and gradient refractive index distribution. However,
it is worth investigating how to enhance antireflective and conductive
effect of a-Si thin film solar cells through different composite structures
of p-SiOy ARCs.

2. Experimental and computational details

The p-SiOy thin films were prepared by the following procedure.
Firstly, the substrate was pretreated by pure argon (Ar,) plasma at
working pressure of 0.4 Torr and flow ratio of 30 sccm. Secondly, the
p-SiOx:H films as a layer was deposited on the glass substrates using
PECVD by silane (SiH,4), nitrous oxide (N,0), diborane (B,Hg) and hy-
drogen (H,). The pressure of deposited p-SiOx:H thin films inside the
chamber was 0.6 Torr and the temperature on substrates was kept at
200 °C. The RF frequency and power for depositing thin film was
13.56 MHz and 80 W respectively. The PECVD system is HLF-400
made in Beijing Beiyi Innovation Vacuum Technology Co. Ltd. Before
the thin films were deposited on glass substrate, heat-resistant tape
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Fig. 1. The basic cross-section structures of double p-SiOx ARCs on the substrate.

had been adhered to the corner of glass substrate. After we finished de-
positing p-SiOx:H thin films and uncover tape from the substrate, the
thickness of thin film was measured on the step between glass substrate
and thin films by stylus profiler. Thickness measurement of stylus pro-
filer is Surfcorder ET 150. Then double-layer structures were formed
on the surface of first layer according to above procedure again. Thirdly,
all of samples had been dehydrogenated after thin films were annealed
in vacuum condition at 200 °C for 30 min. Finally, the silver electrode
was deposited on the surface of thin films to form good ohmic contact
using DC magnetron sputtering. The DC power of sputtering was
about 100 W at working gas of pure Ar,. The magnetron sputtering sys-
tem is JPGF-400A made in Beijing Beiyi Innovation Vacuum Technology
Co. Ltd.

The structural orientation of p-SiOy films were measured by Jobin
Yvon LabHR Raman spectrometer at room temperature using the
514.5 nm line of an Ar + laser. The cross-section morphology and ele-
ment composition of thin films was characterized respectively by scan-
ning electron microscope (SEM) and energy dispersive spectrometer
(EDS) made by JEOL JSM-6700F. The refractive index was measured
by spectroscopic ellipsometer of Sentech SE-400adv. UV-visible reflec-
tion spectra were performed by Hitachi U-2910 spectrophotometer.
The electrical performances including dark conductivity were tested
by Keithley 4200.

In this computational model, the software of FDTD Solution is used
as analysis for simulating different composite structures of p-SiOy
ARCs with gradient refractive index. The size of rectangular model is

Table 1
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Fig. 2. The characterization of Raman spectra for sample a, b, c and d.

that the length, width and height are 2.5 ym, 2.5 pm and 0.1 pm respec-
tively. The physical and optical values of silicon oxide materials are used
as parameters in the simulation. Different structures of p-SiOx ARCs
with gradient refractive index are selected to simulate the properties
of optical reflection. The optimal results can be analyzed to obtain the
lowest average reflectance in the wavelength range of visible light.
The basic cross-section structures of double-layer p-SiOy thin films on
the substrate have been shown in Fig. 1.

The reflectance of double-layer structures has either a minimum
or a local maximum for quarter wavelength optical films (n;d; =
n,d, = A\o/4). This reflectance is given by Eq. (1):

2
R = [(nns—non3)/ (nins + non)] (1)
which R approaches zero if the condition meets n3/n? = ny/no, and
approaches a local maximum with zero reflectance on either side if the
condition meets nyn, = ngn. Therefore the average reflectance for double
ARCs are lower over a broader wavelength range than for a single ARC,
because single ARC has only minimal value of reflectance [22].

3. Results and discussion

3.1. Morphology and structure

We select eleven kinds of samples deposited by different gas ratio of
B,Hs, SiH; to N,O, such as 0:1:1, 0.1:1:1, 0.2:1:1 and 0.3:1:1

The refractive index, dark conductivity and thickness of p-SiOx ARC samples for different gas ratio.

Sample no. B,Hg: SiH4: N,O: H;, (Vol%) Refractive index Conductivity (S « cm™ ) Thickness (nm)

a 0:10:10:100 (0:1:1:10) 2.267 8.86 « 10710 84.6

b 1:10:10:100 (0.1:1:1:10) 2.282 9.65 « 1077 83.8

c 2:10:10:100 (0.2:1:1:10) 2.303 7.54 « 1078 86.5

d 3:10:10:100 (0.3:1:1:10) 2.295 1.38 « 1077 914

e Outer layer: 3:10:10:100 (0.3:1:1:10) 2.322 9.78 » 1076 114.6
Inner layer: 1:10:5:100 (0.1:1:0.5:10)

f Outer layer: 3:10:20:100 (0.3:1:2:10) 2.287 1.26 « 1077 1124
Inner layer: 1:10:5:100 (0.1:1:0.5:10)

g Outer layer: 3:10:30:100 (0.3:1:3:10) 2.165 1.94 « 1077 107.2
Inner layer: 1:10:5:100 (0.1:1:0.5:10)

h Outer layer: 3:10:20:100 (0.3:1:2:10) 2.193 257 1077 108.7
Inner layer: 1:10:10:100 (0.1:1:1:10)

i Outer layer: 3:10:30:100 (0.3:1:3:10) 1.875 3.25% 1077 98.9
Inner layer: 1:10:20:100 (0.1:1:2:10)

j Outer layer: 2:10:30:100 (0.2:1:3:10) 2.064 8631078 111.8
Inner layer: 1:10:10:100 (0.1:1:1:10)

k Outer layer: 3:10:30:100 (0.3:1:3:10) 2.097 141 « 1077 110.2

Inner layer: 1:10:10:100 (0.1:1:1:10)
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Fig. 3. (A) The surface morphology of sample k characterized by SEM (B) The cross-section structure of sample k characterized by SEM (C) The weight and atomic percentage of element for

sample k characterized by EDS.

respectively, to investigate the surface and cross-section morphology of
thin films. The related experimental parameters of samples for single-
and double-layer films have been shown in Table 1.

The characterization of Raman spectra is also displayed in Fig. 2. The
undoped i-SiOy and p-SiOy phase can be obtained through different
peak shift. The i-SiO exhibits a broad peak at ~480 cm™' (sample a in
Fig. 2). Because i-SiO thin films are still amorphous phase, the broad
transverse optical (TO) phonon peak at ~480 cm™ ! demonstrates amor-
phous phase. When the ratio of B,Hg in mixed gas is increased, the blue-
shift of Raman peak for p-SiOy indicates the presence of stress in doped
films. The effect of stress on Raman spectra for p-SiOy originates from
the lattice deformation, which leads to modified frequencies of the op-
tical phonons. The empirical equation on in-plane stress of thin film
layer is given by [23]

0(GPa) = —0.2 * Awro (cm™) 2)

where Awro stands for the frequency shift of TO Raman signal at
480 cm™ . Following this reasoning, compressive stress results in a
blueshift to the Raman shift, while tensile stress induces a redshift.
Therefore, the effect of blueshift for p-SiOyx can be observed in
characterization of Raman spectra (sample b, ¢ and d in Fig. 2).
When silicon atoms are substituted for boron atoms by B,Hg doping,
the primitive cell trends to obtain compressive stress because the
atom radius of boron is shorter than that of silicon. We can obtain
the frequency shift of Raman peak in 470.4 cm™ ', 475.2 cm™ ' and
479.4 cm™ 'correspongding 30%, 20% and 10% doping. The quantita-
tive assessment of stresses is calculated about 1.92 GPa, 0.96 GPa
and 0.12 GPa corresponding to 30%, 20% and 10% doping samples
by Eq. (2).

The surface and cross-section SEM image of sample k has been dem-
onstrated in Fig. 3(A) and Fig. 3(B) respectively, indicating that the
roughness on surface of p-SiOy film is low and the film thickness of sam-
ple k is about 110 nm. The double p-SiO, ARCs have been deposited on
the glass substrate coating Sn,O3:In transparent conductive oxide (ITO),
because SiOy layer and glass substrate can be separated obviously by
ITO layer from SEM image. The atomic ratio of element O to Si is
about 57.63/42.37 = 1.36, which is characterized by EDS analysis in
Fig. 3(C). Because the atomic weight of boron is too low and the doping

concentration is lower than 1%, the atomic ingredient only includes Si
and O atoms and not B atoms in Fig. 3(C). As a result, sample k is proven
to be the best condition of SiOy ARC with gradient refractive index,
which can also be confirmed by optical results experimentally and
numerically later.
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Fig. 4. (A) UV-visible reflection spectra and (B) FDTD simulative reflection spectra of
sample a, g, h and k.
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Fig. 5. The dark conductivities of p-SiOy thin films doped by B,Hg in different volume ratio
(from 0% to 30%).

3.2. Optical properties

The refractive indexes of p-SiOy thin films measured by spectroscop-
ic ellipsometer have been listed in Table 1. When the ratio of SiH,4 in
mixed gas is increased, the velocity of growth for p-SiOy thin film be-
comes faster and the value of refractive index for thin film becomes
higher. It is found that the gradient refractive index of p-SiOyx ARCs can
be obtained by adjustment of SiH, to N,O ratio.

In the structure of SiOx ARCs on the substrate, the reflection spectra
are analyzed by FDTD simulation. The reflection spectra are assumed to
vary through different refractive index of single and double layer thin
film. It is proved theoretically that the correlation between reflection
spectra and gradient refractive index distribution can be obtained
from FDTD simulation. Meanwhile the reflection spectra of p-SiOy
ARCs with gradient refractive index are deduced from the UV-visible
spectrophotometer. We obtained reflection spectra by UV-visible spec-
tral characterization as illustrated in Fig. 4(A) and FDTD simulation as
shown in Fig. 4(B). The reflection spectra corresponding to sample a,
g, h and k have been displayed in Fig. 4 respectively.

To obtain lowest average reflectance (<10%), the best ratio of gradi-
ent refractive index for double ARCs must meet Eq. (1). When the sub-
strate is silicon material (ng; = 3.9), the optimized value of refractive
index for single ARC is about 2. The simulative result is a little difficult
to match the experimental result completely, such as different parame-
ters of processing and roughness on surface of thin films shown in
Fig. 3(A). For above reasons, It is found that sample k is optimized dou-
ble ARCs with gradient refractive index in a broader wavelength range
compared to other samples. Therefore the reflection spectra simulated
by FDTD method in Fig. 4(B) accords very well to the experimental
result characterized by UV-visible spectrophotometer in Fig. 4(A), espe-
cially in wavelength range from 500 nm to 600 nm.

3.3. Electrical performances

The dark conductivities of the undoped i-SiOx and p-SiOy thin films are
shown in Fig. 5. It is found that the conductivity of the p-SiOy thin films,
which is higher than undoped i-SiOy thin films. It illustrates that the
dark conductivities of amorphous SiOy thin films have been improved
by doping diborane. The conductivity is also compared with different vol-
ume ratio of doping B,He. When the volume ratio of doping B,Hg is in-
creased from 0% to 30%, the conductivities of thin films are about
8.86x107"°S+cm™1,9.65x107?S+cm™ ', 754 x 1078 S+ cm™!

and 1.38 x 1077 S « cm™ ! respectively. It can be explained that the
conductivity of p-SiOy thin film can be increased with the improvement
of doping B,Hg ratio properly. The high doping outer layer can enhance
ohmic contact with metallic electrode, and the low doping inner layer
can decrease leakage current of device. And the electrical performances
of composite thin films can be improved by adjustment of B,Hg to SiHy
ratio.

4. Conclusions

In this paper, the single- and double-layer structures of p-SiOx ARCs
with gradient refractive index are investigated experimentally and the-
oretically. The computational model is used to predict the optimal re-
flection spectra corresponding to double ARCs structure of gradient
refractive index by FDTD method. The lowest average reflectance
(<10%) in broader wavelength range is achieved by optimized gas
ratio of B,Hg, SiH4 to N,O (outer layer 0.3:1:3, inner layer 0.1:1:1) in
the experiment. The optical simulation accords very well to optical
characterization of thin films with gradient refractive index. The dark con-
ductivity of composite thin films can be improved to ~10~7 S «x cm™ ' by
adjustment of doping B,Hg ratio.
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