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Optimization of p-type hydrogenated microcrystalline silicon oxide thin films (p-𝜇c-Si
1−𝑥

O
𝑥
:H) by very high frequency plasma

enhanced chemical vapor deposition 40MHz method for use as a p-layer of a-Si:H solar cells was performed. The properties of
p-𝜇c-Si

1−𝑥
O
𝑥
:H films were characterized by conductivity, Raman scattering spectroscopy, and spectroscopic ellipsometry.Thewide

optical band gap p-𝜇c-Si
1−𝑥

O
𝑥
:H films were optimized by CO

2
/SiH
4
ratio and H

2
/SiH
4
dilution. Besides, the effects of wide-gap

p-𝜇c-Si
1−𝑥

O
𝑥
:H layer on the performance of a-Si:H solar cells with various optical band gaps of p-layer were also investigated.

Furthermore, improvements of open circuit voltage, short circuit current, and performance of the solar cells by using the effective
wide-gap p-𝜇c-Si

1−𝑥
O
𝑥
:H were observed in this study. These results indicate that wide-gap p-𝜇c-Si

1−𝑥
O
𝑥
:H is promising to use as

window layer in a-Si:H solar cells.

1. Introduction

At present, solar cell technologies are becoming one of the
most promising clean energies. For commercial use, solar cell
modules can be divided into wafer based crystalline silicon
(c-Si) and thin films. In the case of thin film, solar cell tech-
nologies are cadmium telluride (CdTe), copper indium gal-
lium (di) selenide (CIGS), and amorphous silicon (a-Si:H).
Themultijunction silicon-based thin film solar cells are attra-
ctive candidates for further low-cost and highly efficient
solar cells. The development of thin film silicon solar cells
which were suitable to use in tropical climate region has been
reported by our group [1–3]. Therefore, the optimization of
single-junction a-Si:H solar cells is necessary to obtain higher
efficiency in amorphous silicon oxide/amorphous silicon
(a-SiO:H/a-Si:H) or in amorphous silicon/microcrystalline
silicon (a-Si:H/𝜇c-Si:H) tandemcells. Several reports demon-
strated that a heterojunction p/i interface was important to
achieve high efficiency in a-Si:H and 𝜇c-Si:H solar cells [4–
6]. Normally, the hydrogenated amorphous silicon carbine
(a-SiC:H) and amorphous silicon oxide (a-SiO:H) films were

used in the p-layer as wide band gap material [7–11]. Mean-
while, the wide optical band gap hydrogenated microcrys-
talline silicon oxide p-type (p-𝜇c-Si

1−𝑥
O
𝑥
:H), which could be

a mixture of SiO microcrystallites and Si microcrystallites,
a mixture of amorphous SiO and Si microcrystallites, or a
mixture of amorphous SiO and SiO microcrystallites, was
promising material for use as the p-layer in p-i-n structure
silicon-based solar cells due to the low absorption coefficient
and high conductivity. The oxygen-rich phase was effective
in increasing the optical band gap and the silicon-rich phase
contributed to high conductivity [12, 13]. In our previous
work, we studied the effect of p-layer band gap on the
performance of 𝜇c-Si:H p-i-n type single-junction solar cells
by theoretical and experimental analysis [6]. The advantage
of the p-𝜇c-Si

1−𝑥
O
𝑥
:H film compared with p-𝜇c-Si:H film

is a wide optical band gap (𝐸
04
), which is effective in the

enhancement of light absorption and has built-in potential
in i-layer. The strong built-in potential could reduce the
recombination between p-i interface and in the bulk material
[14]. Therefore, photovoltaic parameters could be improved,
resulting in the increase of solar cell efficiency. However,
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Table 1: Deposition condition for p-𝜇c-Si
1−𝑥

O
𝑥
:H films.

Parameters Values
Gas flow

SiH4 2.4 sccm
H2 200–360 sccm
TMB (3%) 1.2 sccm
CO2 0–1.2 sccm

Power density 83mW/cm2

Deposition pressure 500mTorr
Substrate temperature 180∘C

it was found that the conductivity of the p-𝜇c-Si
1−𝑥

O
𝑥
:H

film seems to be lower than that of the p-𝜇c-Si:H at the
same optical band gap. In order to obtain solar cells with
high conversion efficiency, it is necessary to improve p-𝜇c-
Si
1−𝑥

O
𝑥
:H with high conductivity and wide optical band gap.

In this paper, we present our experimental study to
improve the properties of wide optical band gap p-𝜇c-
Si
1−𝑥

O
𝑥
:H films and investigate the effect of wide-gap p-𝜇c-

Si
1−𝑥

O
𝑥
:H layer on the performance of a-Si:H solar cells.

2. Experimental Details

2.1. Preparation of p-𝜇c-Si
1−𝑥

O
𝑥
:H Films. Firstly, the opti-

mization of p-𝜇c-Si:H and p-𝜇c-Si
1−𝑥

O
𝑥
:H films was per-

formed.The p-𝜇c-Si:H and p-𝜇c-Si
1−𝑥

O
𝑥
:H films were depo-

sited on Soda-lime glass substrates by 40MHz very high fre-
quency plasma enhanced chemical vapor deposition (VHF-
PECVD) in a multichamber with a parallel plate configu-
ration. We used silane (SiH

4
), hydrogen (H

2
), and carbon

dioxide (CO
2
) as reactant gases and 3%-hydrogen-diluted

trimethylboron (TMB: B(CH
3
)
3
) as a doping gas. The tem-

perature, pressure, and power density for deposition were
kept at 180∘C, 500mTorr and 83mW/cm2, respectively. The
deposition conditions are summarized in Table 1. After that,
effects of CO

2
/SiH
4
ratio and H

2
/SiH
4
dilution on the film

properties were investigated.
The dark conductivity (𝜎

𝑑
) and activation energy (𝐸

𝑎
)

were measured with Al coplanar electrode configuration.
Spectroscopic ellipsometry was used to determine the optical
properties and thickness of these films. The measurement
data were fit and analyzed using the Tauc-Lorentzmodel [15].
The Fourier transform infrared spectroscopy (FTIR) absorp-
tion measurement was used to estimate the concentration of
oxygen (C[O] at.%) and hydrogen (C[H] at.%)within the film
measurements on polished monocrystalline high-resistance
silicon wafer samples [16]. The structural properties of the
films were characterized by Raman scattering spectroscopy.
The crystalline volume fraction (𝑋

𝑐
) was calculated from

𝑋
𝑐
= (𝐼
510
+𝐼
520
)/(𝐼
480
+𝐼
510
+𝐼
520
), where 𝐼

520
, 𝐼
510

, and 𝐼
4800

were integrated intensities corresponding to the crystalline,
intermediate, and amorphous phase in the material, respec-
tively [17, 18].

2.2. Fabrication of a-Si:H Solar Cells. The a-Si:H solar cells
with p-𝜇c-Si:H and p-𝜇c-Si

1−𝑥
O
𝑥
:H window layer were

fabricated. The intrinsic hydrogenated amorphous silicon (i-
a-Si:H) was prepared by 60MHz VHF-PECVD and output
power density was kept constant at 37.5mW/cm2. The pres-
sure deposition of i-layer was kept at 500mTorr. The dark
conductivity and optical band gap (𝐸opt) of i-a-Si:H film
were 2.02 × 10−9 S/cm and 1.80 eV, respectively. The 𝜇c-Si:H
n-layer was doped by 3%-hydrogen-diluted phosphine (PH

3
)

and prepared by 60MHz VHF-PECVD with a power density
of 66mW/cm2. The dark conductivity, activation energy, and
optical band gap (𝐸

04
) of 𝜇c-Si:H film was 5.3 S/cm, 0.05 eV,

and 2.10 eV, respectively. The fabrication temperature of a-
Si:H solar cells was kept at 200∘C. The a-Si:H solar cells had
a structure of glass/SnO

2
/ZnO:Al/p-𝜇c-Si

1−𝑥
O
𝑥
:H (35 nm)/i-

a-Si:H (400 nm)/n-𝜇c-Si:H (35 nm)/ZnO:Al/Ag. The active
area of the solar cells was divided by laser scribing into 1 cm2.
The photovoltaic parameters of the solar cells have been
investigated under standard conditions (AM 1.5, 100mW/
cm2, and 25∘C)with a double light source solar simulator.The
quantum efficiency (QE) of the solar cells has been character-
ized by spectral response measurements.

3. Results and Discussions

3.1. Effects of CO
2
/SiH
4
Ratio. The effects of CO

2
/SiH
4
ratio

on the optical and electrical properties of p-𝜇c-Si
1−𝑥

O
𝑥
:H

films were investigated. The CO
2
was used as the source

gas for O atom in the deposition of the p-𝜇c-Si
1−𝑥

O
𝑥
:H

film. The samples were prepared by increasing CO
2
/SiH
4

ratio from 0 to 1.2 with the thickness of about 100 nm as
well as by keeping H

2
/SiH
4
and TMB/SiH

4
at 116 and 1.5,

respectively. Figure 1 shows the dependence of the dark
conductivity and activation energy on the CO

2
/SiH
4
ratio

for p-𝜇c-Si
1−𝑥

O
𝑥
:H films. By increasing the CO

2
/SiH
4

ratio from 0.0 to 0.5, the dark conductivity decreased from
2.66 × 10

−1 S/cm to 2.17 × 10−4 S/cm, while the activation
energy increased from 0.05 eV to 0.28 eV. In this study,
the band gap of p-layer was calculated from the optical band
gap. 𝐸

04
, the photon energy which corresponds to absorption

coefficient of 104 cm−1, was used to define the band gap
of p-layer. For comparison, absorption spectra of p-𝜇c-Si:H
and p-𝜇c-Si

1−𝑥
O
𝑥
:Hmeasured by Spectroscopic ellipsometry

are shown in Figure 2. It can be seen that in the case of
p-𝜇c-Si

1−𝑥
O
𝑥
:H film, the optical absorption edge is shifted

towards higher photon energy compared to conventional
p-c-Si:H film. With increasing CO

2
/SiH
4
ratio, the optical

band gap (𝐸
04
) increased from 2.08 eV to 2.18 eV. The

optical band gap became wider because of increased Si–O
bonds in amorphous silicon oxide (a–SiO) phase [5, 6]. To
clarify this result, the FTIR measurement was performed.
Figure 3 shows infrared absorption spectra of p-𝜇c-
Si
1−𝑥

O
𝑥
:H films as a function of CO

2
/SiH
4
ratio with oxygen

and hydrogen concentration. The increasing of CO
2
/SiH
4

ratio was not only to increase the oxygen concentration,
but also to increase the hydrogen concentration. As result,
with CO

2
/SiH
4
ratio of 0.0 to 0.5, the oxygen and hydrogen

concentration were increased from 0.5 at.% to 14.5 at.%
and 9.3 at.% to 28.3 at.%, respectively. From this result,
it is clearly seen that the increase of CO

2
/SiH
4
ratio played
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Figure 1: Dependence of the dark conductivity and activation
energy on the CO

2
/SiH
4
ratio for p-𝜇c-Si

1−𝑥
O
𝑥
:H films.
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Figure 2: Dependence of the absorption coefficient on the CO
2
/

SiH
4
ratio for p-𝜇c-Si

1−𝑥
O
𝑥
films.

the role to improve the optical band gap of the p-𝜇c-
Si
1−𝑥

O
𝑥
:H films. However, this method leads to the

deterioration of the electrical property of the filmswhichmay
be due to the increase of dangling bond and microcrystalline
phase; this was prevented during the deposition process.
Figure 4 shows dependence of the crystalline volume
fraction of p-𝜇c-Si

1−𝑥
O
𝑥
:H films on the CO

2
/SiH
4
ratio.

The crystalline volume fraction decreased from 49% to 4%
as the CO

2
/SiH
4
ratio increased. From these results, it was

clear that there was a tradeoff between optical and electrical
properties as well as film structure when the oxygen atoms
participate in the films. Therefore, p-𝜇c-Si

1−𝑥
O
𝑥
:H films

should be further optimized.
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Figure 4: Dependence of the crystalline volume fraction on the
CO
2
/SiH
4
ratio for p-𝜇c-Si

1−𝑥
O
𝑥
:H films.

3.2. Effects of H
2
/SiH
4
Dilution. To further improve the

properties of p-𝜇c-Si
1−𝑥

O
𝑥
:H film, the effects of H

2
/SiH
4

dilution on the optical and electrical properties of p-𝜇c-
Si
1−𝑥

O
𝑥
:H film were studied. The H

2
/SiH
4
dilution was

varied from 83 to 150.The CO
2
/SiH
4
dilution and TMB/SiH

4

were kept at 0.2 and 1.5, respectively. Figure 5 shows the
dependence of the dark conductivity and activation energy on
the H

2
/SiH
4
dilution. The dark conductivity increased from

5.35 × 10
−7 S/cm to 2.33 × 10−2 S/cm while the activation

energy decreased from 0.3 to 0.07 eV as the H
2
/SiH
4
dilution

increased. Besides, the absorption spectra of these films were
not clearly changed in the optical band gap as shown in
Figure 6. Figure 7 shows the FTIR results of p-𝜇c-Si

1−𝑥
O
𝑥
:H

films deposited with various H
2
/SiH
4
dilution. In viewing

this graph, it can be seen that the oxygen concentration
slightly changed between 5.7 at.% and 6.6 at.%; meanwhile
the hydrogen concentration was decreased from 20.3 at.%
to 18.5 at.% with increasing H

2
/SiH
4
dilution from 83 to

100. Hydrogen concentration first increased from 18.5 at.% to
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Figure 5: Dependence of the dark conductivity and activation
energy on the H
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4
dilution for p-𝜇c-Si
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Figure 6: Dependence of the absorption coefficient on the H
2
/SiH
4

ratio for p-𝜇c-Si
1−𝑥

O
𝑥
:H films.

26.0 at.% in the phase transition region and then decreased to
21.3 at.% when films changed to the microcrystalline mixed
phase as can be seen from Raman spectral in Figure 8.
Figure 8 shows dependence of the crystalline volume fraction
of p-Si

1−𝑥
O
𝑥
:H films on the H

2
/SiH
4
dilution.The crystalline

volume fraction increased from 0% to 43% as the H
2
/SiH
4

dilution increased.
In this work, the optimum condition for p-𝜇c-Si

1−𝑥
O
𝑥
:H

film was obtained at CO
2
/SiH
4
ratio and H

2
/SiH
4
dilution of

0.2 and 150, respectively. By using this optimum condition,
excellent film properties were achieved with the wide optical
band gap of 2.13 eV. The dark conductivity and crystalline
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function of H
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volume fraction of the optimized film were 2.33 × 10−2 S/cm
and 43%, respectively.

3.3. Effect of p-layer Optical Band Gap on Performance of
a-Si:H Solar Cells. In order to investigate how the optical
band gap of p-layer influences the performance of a-Si:H
solar cells, the effect of p-layer with various optical band
gap was then studied. Figure 9 shows typical photo I-V
characteristics of a-Si:H solar cells using p-𝜇c-Si

1−𝑥
O
𝑥
:H p-

layer with the optical band gap 2.28 eV, 2.22 eV, and p-c-
Si:H p-layer with the optical band gap 2.09 eV. The open
circuit voltage (𝑉oc) was increased from 0.87V to 0.91 V with
an increasing optical band gap of p-layer and solar cells;
efficiency was increased from 8.8% to 9.7%.The photovoltaic
parameters are summarized in Table 2. Figure 10 shows the
quantum efficiencies of a-Si:H solar cells with various p-layer
band gap. The spectral response of a-Si:H solar cells was
increased with increasing optical band gap of p-layer which
corresponds to an increase in the short circuit current (𝐽sc).
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O
𝑥
:H layers.

The improvement of the 𝐽sc might be due to low absorption
coefficients of the wide-gap p-layer that led to an increase in
light which goes to i-layer. On the other hand, the spectral
responses in short wavelength region at lower than 450 nm
were not clearly different. This might be due to absorption
of SnO

2
and ZnO:Al front transparent conductive oxide. The

results showed that the band gap of p-layer influenced the
𝑉oc of a-Si:H solar cell. The increase of 𝑉oc by using wide
band gap p-layer was observed because the potential barrier
at p/i interface increases which suppresses the electron
backdiffusion from i-layer to p-layer. The suppression of the
back diffusion results in the low recombination in the p-layer

Table 2: Photovoltaic characteristics of a-Si:H solar cells using p-
layer with various optical band gaps.

p-layer band
gap, 𝐸

04
(eV) 𝑉oc (V) 𝐽sc (mA/cm2) FF Eff (%)

2.09 0.87 14.7 0.69 8.8
2.22 0.90 15.0 0.70 9.4
2.28 0.91 15.4 0.69 9.7

or at the p/i interface. Therefore, it is clear that wide-gap p-
c-Si
1−𝑥

O
𝑥
:H film is beneficial to improve the performance of

a-Si:H solar cells.

4. Conclusion

The p-𝜇c-Si
1−𝑥

O
𝑥
:H films was optimized for application in

the a-Si:H solar cells. We also investigated effects of wide-
gap p-𝜇c-Si

1−𝑥
O
𝑥
:H layer on the solar cell performance as

described in this study. The optical band gap and electrical
properties of p-𝜇c-Si

1−𝑥
O
𝑥
:H films by an optimized condi-

tion of CO
2
/SiH
4
ratio and H

2
/SiH
4
dilution were obviously

improved. Interestingly, the increase of 𝑉oc and efficiency
of the a-Si:H solar cells by using effective wide-gap 𝜇c-
Si
1−𝑥

O
𝑥
:H p-layer were demonstrated. It is clear that wide-

gap p-𝜇c-Si
1−𝑥

O
𝑥
:H film can improve the performance of a-

Si:H solar cells.
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