
Chin. Phys. B Vol. 24, No. 2 (2015) 028102

Influence of substrate bias voltage on the
microstructure of nc-SiO𝑥:H film∗
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Amorphous silicon oxide containing nanocrystalline silicon grain (nc-SiOx:H) films are prepared by a plasma-
enhanced chemical vapor deposition technique at different negative substrate bias voltages. The influence of the bias
voltage applied to the substrate on the microstructure is investigated. The analysis of x-ray diffraction spectra evidences
the in situ growth of nanocrystalline Si. The grain size can be well controlled by varying the substrate bias voltage, and the
largest size is obtained at 60 V. Fourier transform infrared spectra studies on the microstructure evolutions of the nc-SiOx:H
films suggest that the absorption peak intensities, which are related to the defect densities, can be well controlled. It can be
attributed to the fact that the negative bias voltage provides a useful way to change the energies of the particles in the de-
position process, which can provide sufficient driving force for the diffusion and movement for the species on the growing
surface and effectively passivate the dangling bonds. Also the larger grain size and lower band gap, which will result in
better photosensitivity, can also be obtained with a moderate substrate bias voltage of 60 V.
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1. Introduction
For the past few years, silicon nanostructures have

aroused great interest in improving the solar cells perfor-
mance and exhibited great potential applications in LEDs,
non-volatile storage devices, and third generation solar cells
due to a quantum confinement effect.[1–4] Because of the
advantages of lower absorption, lower refractive index, and
tunable resistance,[5–8] amorphous silicon oxide containing
nanocrystalline silicon grain (nc-SiOx:H) films show great po-
tential for their applications in the solar cells, and a large
number of energy levels related to the absorptions of differ-
ent wavelengths can be obtained by controlling the size of Si
nanocrystal.[9]

Many groups have realized the in situ growth of nc-
SiOx:H film, instead of the high temperature annealing, to
form the nanocrystalline silicon, and the control of the mi-
crostructure of nc-SiOx:H films, such as defect densities,
nanocrystalline size and uniformity, has become a hot point
in the application of the nc-SiOx:H films. In recent years, re-
searchers suggested that the microstructures of Si-based films
can be controlled by the application of substrate bias volt-
age. Bronneberg et al.[10] proposed that substrate bias volt-
age could improve the depletion of silane (SiH4) and passi-
vate the grain boundary of nanocrystalline Si, making it pos-
sible to prepare solar-grade films. Shen et al.[11] proposed a
passivation effect mechanism with the substrate bias voltage.

The accelerated H atoms and ions with moderate energies pro-
vided by the proper bias voltage can effectively passivate the
dangling bonds, which is crucial to the quality of the growing
film. However, for nc-SiOx:H films, the deposition by plasma-
enhanced chemical vapor deposition (PECVD) may result in
plasma-induced defects, silicon hydrides, and some columnar
structures, which hinder the carrier transport in the films.[12]

In the present paper, we provide a useful way to change
the energies of the particles in the deposition process by ap-
plying a negative direct current bias voltage to the substrate,
which can provide a sufficient driving force for the diffusion
and movement of the species on the growing surface and ef-
fectively passivate the dangling bonds. The as-prepared nc-
SiOx:H films each have a larger crystalline size, lower defect
density, and higher photosensitivity at 60 V.

2. Experiments
The nc-SiOx:H films were deposited on P-type crystalline

silicon (100) and quartz substrates at 250 ◦C by radio fre-
quency (13.56 MHz, 70 W) PECVD with SiH4, hydrogen
(H2), and nitrous oxide (N2O) as the reaction gas. The sili-
con substrates were first immersed into the mixture of acetone
and carbinol for 5 minutes, followed by the mixture of ammo-
nia water and hydrogen peroxide, and finally dipped into the
buffered hydrofluoric acid to remove the native silicon oxide
from the surface of the substrate. The flow rates of SiH4, H2,
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and N2O were 1, 50, and 0.1 sccm, respectively. The chamber
pressure was maintained at 78 Pa. The negative bias voltages
applied to the substrate were set to be 0, 30, 60, 90, and 120 V,
respectively. The corresponding samples were denoted as S1,
S2, S3, S4, and S5.

The thickness values of the films were measured by a
Dektak 150 proflometer. The x-ray diffraction (XRD) spec-
tra were measured on a Bruker D8 x-ray diffracmeter with
Cu Kα radiation (40 kV, 40 mA). Absorption spectra of the
films were recorded with a Hitachi UV-4100 spectrometer in
the range 240 nm–1100 nm. Moreover, the bonding configura-
tion and amounts of hydrogen and oxygen content of the films
could be characterized by Fourier transform infrared (FTIR)
spectra measured by a Bruker TENSOR27 from 400 cm−1 to
4000 cm−1 with a resolution of 4 cm−1. The lateral dark con-
ductivity and photoconductivity were measured via a coplanar
configuration by an Agilent B1500A Semiconductor Device
Analyzer. The quartz substrates were used for the measure-
ments of XRD, absorption spectra, and photosensitivity, while
the FTIR and high resolution TEM (HRTEM) spectra were
measured using silicon substrates.

3. Results and discussion
The film thickness and XRD measurements are per-

formed at room temperature to obtain the structural details of
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Fig. 1. (color online) (a) Variation of deposition rate with bias voltage on the
substrate. (b) Experimental XRD spectra each with three diffraction peaks.
The inset shows the experimental and fitted diffraction peaks of S3.

the nc-SiOx:H films and the results are illustrated in Fig. 1.
Figure 1(a) shows the deposition rate with substrate bias volt-
age. It can be observed that the deposition rate decreases
with increasing the bias voltage to 60 V, and then increases.
As shown in Fig. 1(b), the XRD spectra suggest that all the
samples each exhibit three diffraction peaks centered at 2θ ∼
28.3◦, 47.1◦, and 55.9◦, which correspond to the (111), (220),
and (311) planes of crystalline silicon, respectively.[13] The
peak around 22◦ can be attributed to the diffraction of amor-
phous silicon.[14] The intensity of the XRD peak for the (111)
plane is strongest, indicating that the nanocrystallites exhibit
preferential growth along the (111) plane.

The experimental spectra can be decomposed into Gaus-
sian peaks and the full width at half maximum (FWHM) of the
fitted peak at around 28.3◦ can be used to calculate the average
grain size of different samples by the Scherrer formula,[15] and
the results are shown in Fig. 2. The grain size increases with
the increase of bias voltage up to 60 V, and then decreases.
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Fig. 2. Average grain size calculated by Scherrer formula versus bias
voltage.

The evolutions of grain size and deposition rate can be
considered as the consequence of the competition between dif-
fusion and the etching effect. It can be observed that with the
increase of the bias voltage up to 60 V, the deposition rate
decreases significantly, while the size of Si nanocrystals in-
creases to the highest point. The evolution of grain size can be
explained as that the substrate bias voltage provides H atoms
and ions with energy and momentum as the driving force. The
accelerated H atoms with proper energy can effectively passi-
vate the dangling bonds on the growth surface and at the inter-
face and etch the weak Si–Si bonds,[16] benefiting the growth
of nanocrystals and the reduction of the defects. These can
lead to a compact and ordered microstructure, lower density
of defects, and larger grain size, also a lower deposition rate.
The disturbed diffusion process caused by ion bombardment
also leads to the decrease of the deposition rate. After the bias
voltage reaches 60 V, further increasing bias voltage would
lead to the increase of the deposition rate and the decrease of
the grain size. High substrate bias voltage brings about im-
moderate energy for H atoms and ions. The excessive etching

028102-2



Chin. Phys. B Vol. 24, No. 2 (2015) 028102

effect of active H leads to stopping the growth of nanocrys-
tals. The excessive bombardment of ions causes not only the
decrease in crystallization, but also the increase of the defect
density in the film. Besides, the ion bombardment could trans-
fer energy to the species and heat the growth surface, which
benefits the diffusion and incubation. Moreover, the suffi-
cient coverage of active H atoms with high bias voltage on
the surface enhances the diffusion length by passivating the
dangling bonds and producing local heat from H recombation
reaction.[17] These aspects can effectively contribute to the in-
crease of the deposition rate, though there exists the excessive
etching effect.

Figure 3(a) shows a typical HRTEM image of S3 where it
can be clearly observed that approximately 8-nm-size silicon
nanocrystals are embedded in an amorphous matrix. The in-
set provides the SAED pattern showing three diffusion rings,
which represent the (111), (220), and (311) planes of silicon.
Figure 3(b) shows the EDS result of S3, and its oxygen content
is nearly kept at 16 at.%.
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Fig. 3. Structural properties of S3 measured with HRTEM and energy-
dispersive spectrometry (EDS). (a) HRTEM image with selected area
electron diffraction (SAED) pattern shown in the inset. (b) Oxygen
content obtained from the EDS analysis.

Figure 4 shows the FTIR spectra of the nc-SiOx:H
films. The Si–O absorption regions are located in the range
450 cm−1–1300 cm−1, including wagging modes in the range
450 cm−1–550 cm−1, bending modes in the range 550 cm−1–
900 cm−1, and asymmetric stretching modes in the range

900 cm−1–1300 cm−1.[18] Like the ranges of Si–O peaks, the
ranges of Si–H peaks can also be divided into three regions,
including wagging modes in 620 cm−1–750 cm−1, bending
modes in 800 cm−1–1000 cm−1, and stretching modes in
1900 cm−1–2300 cm−1.[19,20]
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Fig. 4. (color online) FTIR absorption spectra of nc-SiOx:H films ver-
sus bias voltage.

To gain more information about the microstructure and
content of hydrogen and oxygen, the FTIR spectra are fit-
ted by Gaussian peaks. The hydrogen content is calculated
with the hydrogen absorption peak centered at 630 cm−1,[21,22]

while the oxygen content is derived from the oxygen ab-
sorption peaks centered in the range 900 cm−1–1300 cm−1.
The bonded-hydrogen content CH can be calculated by nu-
merical integration from the Si–H wagging mode by us-
ing the formula CH = 1/NSi × AH ×

∫
(α(ω)/ω)dω , where

α(ω) is the absorption coefficient, ω is the wavenumber,
NSi = 5× 1022 cm−3 is the atomic density of the c-Si (crys-
talline silicon), and AH = 1.6× 1019 cm−2 is the proportion-
ality constant.[23] Meanwhile, the bonded-oxygen content CO

can be similarly calculated by numerical integration from the
Si–O stretching mode in 900 cm−1–1300 cm−1 with AO =

9.5× 1018 cm−2.[24] The calculated results of CH and CO for
different nc-SiOx:H films are plotted in Fig. 5.

Figure 5 shows the variations of CH content and CO con-
tent with bias voltage, and inverse correlation between CH con-
tent and CO content can be observed. With the increase of
the bias voltage up to 60 V, the H atoms and ions gain higher
energies, which is beneficial for the diffusing of the growing
species and the etching of the dangling bonds along the grain
boundary. As the grain size increases, the interface extends,
thereby accelerating the phase separation. The increased bias
voltage also increases the density of the oxygen particles that
reach the growth surface, accompanied by the enhanced possi-
bility of a desorption reaction caused by the oxygen incursion
and the increase of the oxygen content. It can be seen that
from S3 the fitted result is in good agreement with the result
extracted from the EDS, which is shown in Fig. 3(b). With the
further increase of bias voltage, the sufficient coverage of ac-
tive H atoms on the surface contributes to preventing the oxy-
gen incursion. The excessive etching of the weak Si–Si bonds
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and dangling bonds would result in a higher hydrogen con-
tent and smaller grain size. In the plasma, the active H reacts
with oxygenated particles, resulting in less oxygen content on
the growth surface and a lower probability of desorption. This
leads to the decrease of oxygen content.
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Fig. 5. (color online) Hydrogen content (CH) and oxygen content (CO)
of nc-SiOx:H films versus bias voltage.

The evolutions of the absorption peak intensities of FTIR
spectra indicate the variations of the microstructure of nc-
SiOx:H films. In order to obtain the detailed bond struc-
tures of nc-SiOx:H films, the Si–H bond region and the Si–
O bond region are fitted by certain Gaussian peaks. Fig-
ure 6(a) presents the detailed structures of the Si–O stretch-

ing mode peaks in 900 cm−1–1300 cm−1, in which six
different bonding configurations of oxide can be identified.
The peaks centered at 980, 1012, 1034, and 1076 cm−1

are related to the stretching vibration modes of HSi(Si2O),
HSi(SiO2), HSi(O3), and Si(O4), respectively. The absorp-
tion peak centered at 1150 cm−1 is related to the vibra-
tion of the oxygen in the Si(O4) network.[18,20] The peak at
1100 cm−1 is attributed to the crystal substrate surface oxi-
dation absorption.[25,26] The four peaks are divided into two
groups, and the peaks centered at 980 cm−1 and 1012 cm−1

correspond to the Si-rich Si–O vibrations, while the oth-
ers correspond to the O-rich Si–O vibrations. The intensi-
ties of the ISi−rich (ISi−rich = (I980+1012)/(I980+1012+1034+1076))

and IO−rich (IO−rich = (I1034+1076)/(I980+1012+1034+1076)) are
shown in Fig. 6(b). With the increase of bias voltage, the
oxidation reaction is enhanced gradually and the interface in-
creases due to the larger grain size, which would contribute
to the increased oxygen incursion. The incorpation of oxygen
may release some strains and fill some defects. However, the
further increase of the bias voltage would induce an excessive
etching effect, which would prevent the oxygen from enter-
ing into the films. All these give the evolution of ISi−rich and
IO−rich as shown in Fig. 6(b).
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Fig. 6. (color online) (a) FTIR absorption spectrum for Si–O stretching mode of S3. The square dotted line is the experimental curve,
while the solid line is the fitted line across the whole zone and the others are the Gaussian type peaks centered at different wavenumbers.
(b) Plots of ISi−rich and IO−rich in the nc-SiOx:H films versus bias voltage. (c) Like Fig. 6(a), an FTIR absorption spectrum for the
Si–H stretching mode of S3 and its fitted peaks. (d) Absorption intensities of peaks centered in the range 1900 cm−1–2300 cm−1.

Based on the above investigation, a clear physical process
of the microstructure affected by the substrate bias voltage can
be seen. When the low substrate bias voltage is applied, the
possibilities of HSi(Si2O) and HSi(SiO2) bond configurations

are reduced, while HSi(O3) and Si(O4) are activated, result-
ing in Si/SiOx phase separation. Furthermore, a higher volt-
age (more than 60 V) would improve the nucleation on the
growth surface and enhance the reaction between the active H
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and surface O, leading to the decrease of HSi(O3) and Si(O4)

bond configuration. While the incorporation of the active H
in both Si-rich zone and O-rich zone will present as the rela-
tive increase of HSi(Si2O) and HSi(SiO2) bond configuration
possibilities with a bias voltage more than 60 V. The results
mentioned above also indicate the oxygen content evolutions
in the nc-SiOx:H films.

Figure 6(c) shows the Gaussian fitting results of Si–H
stretching mode peaks in the range 1900 cm−1–2300 cm−1,
and six peaks are obtained relevant to the detailed structures
of the nc-SiOx:H films. The vibration peaks at 2020 cm−1

and 2100 cm−1 are related to the SiH and SiH2 absorp-
tion in the amorphous silicon zone[27] corresponding to the
H bonded to multivacancies as well as to a nano-sized void
surface.[28] As shown in Fig. 6(d), the peak intensities of
2020 cm−1 and 2100 cm−1 show an upward parabola form
with bias voltage increasing. With the application of substrate
bias voltage, the densities of vacancies and voids could be
well controlled with the best performance obtained at 60 V.
The peaks at 2080, 2150, 2200, and 2250 cm−1 are related
to SiH(SiH(Si2O)), SiH2(SiH2(SiO)), SiH(SiO2)(SiH2(O2)),
and SiH(O3) absorption in the SiOx zone.[16] The I2200 and
I2250 related to the O-rich bonding each reach the correspond-
ing highest point at 60 V, which is in agreement with the evolu-
tion of the oxygen content. All the absorption intensity varia-
tions of the Si–H stretching mode peaks are shown in Fig. 6(d),
which indicate that high-quality nc-SiOx:H films with lower
defect density and better quality can be achieved through the
control of the substrate bias voltage, and the best deposition
parameter is 60 V.

Figure 7(a) shows the absorption spectra of samples de-
posited at different bias voltages, and the band gap and B

factor can be calculated by the Tauc formula (αhν)1/2 =

B(hν − Eg),[29] where α is the absorption coefficient, hν is
the energy of the incident light, B indicates the disorder de-
gree, and Eg is the optical band gap. From the calculated re-
sults shown in Figs. 7(b) and 7(c), it can be obtained that with
the increase of bias voltage, Eg and the B factor first decrease,
and then increase. This may be caused by the larger grain
size followed by the smaller band gap and more ordered mi-
crostructure with higher voltage when it is below 60 V. When
the voltage is enhanced further, the excessive etching stops the
continous growth of the grain and the immoderate bombard-
ment damages the films that have deposited on the substrate.
These lead to the decrease of grain size and the increase of de-
fect density, accompanied by a larger band gap and disorder
degree.
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Figure 8 shows the photosensitivity of the nc-SiOx:H film
with bias voltage. The x is the stoichiometric ratio of O/Si and
corresponding to the increasing bias voltage, the values of x
are 0.12, 0.17, 0.19, 0.16, and 0.14, respectively. With the in-
crease of bias voltage, the photosensitivity first increases, and
then decreases. The biggest photosensitivity is about 1500,
and it is obtained at 60 V. Good photosensitivity means a high
carrier generation rate, and it usually corresponds to low Eg.
Better ordered microstructure, low defect density, and high
photosensitivity of S3 suggest that good-quality nc-SiOx:H
films can be obtained which are very useful in the application
of solar cells.
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Fig. 8. Photosensitivity of the nc-SiOx:H film versus bias voltage.
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4. Conclusions
In this paper, we perform an overall study of the influ-

ences of substrate bias voltage on the microstructures of nc-
SiOx:H films deposited by the PECVD technique. XRD and
absorption spectra are used to elucidate the structure evolu-
tion and film growth with substrate bias voltage. By vary-
ing the bias voltage, larger silicon grain size, better ordered
microstructure, and lower defect density are achieved. The
moderate voltage provides the H atoms and ions with appro-
priate energies resulting in a longer diffusion length and better
etching of the dangling bonds, which contribute to the good-
quality of films. Furthermore, good photosensitivity can be
obtained at 60 V, which means that a higher carrier generation
rate is achieved. The present work offers a valuable means to
control the growth of nc-SiOx:H film by adjusting the substrate
bias voltage.
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