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a b s t r a c t

Hydrogenated amorphous and microcrystalline silicon films were deposited by inductively coupled
plasma chemical vapor deposition (ICP-CVD) at low substrate temperatures using H2-diluted SiH4 as
a source gas. High-density plasma generated by inductively coupled excitation facilitates the crystalliza-
tion of silicon films at low temperatures, and microcrystalline silicon films were obtained at the substrate
temperature as low as 180 ◦C. The columnar structure of the films becomes more and more compact with
an increase of their crystallinity. The reduction of hydrogen content in the films causes a narrowing of the
optical bandgap and an enhancement of the absorption with increasing the substrate temperature. The

m.cn

ubstrate temperature
nductively coupled plasma
ptoelectronic properties

microcrystalline silicon films show two electronic transport mechanisms: one is related to the density of
state distribution in the temperature region near room temperature and the other is the variable range
hopping between localized electronic states close to the Fermi level below 170 K. A reasonable expla-
nation is presented for the dependence of the optoelectronic properties on the microstructure of the
silicon films. The films prepared at a substrate temperature of 300 ◦C have highly crystalline and compact
columnar structure, high optical absorption coefficient and electrical conductivity, and a low hydrogenm.co

content of 3.8%.

. Introduction

Silicon-based thin film solar cells have attracted more and more
ttention and been as a subject to extensively investigate aiming at
mproving the efficiency and cutting the cost. However, the photo-
oltaic conversion efficiency of a single junction solar cell is limited
y the pass band of the active layer which does not cover the entire
olar spectrum. An improved way is to build a multiple structure
hich is composed of several stacked layers with complemen-

ary values of the bandgap, so that the sunlight can be effectively
bsorbed over the solar spectrum [1,2]. To deposit microcrystalline
ilicon films with a tunable optical bandgap and an improved car-
ier transport for using in the tandem solar cells, some high-density
lasma sources such as very high frequency plasma, inductively
oupled plasma (ICP), microwave plasma and surface wave plasma
3–9] have been developed besides conventional capacitively cou-
led plasma. Among these technologies, ICP has been increasingly

www.sp
ttracting more attention due to its unique characteristics of high
lectron density, low electron temperature, low plasma potential
nd the simplicity of the configuration [10,11]. The advantages of
CP provide an effective method to prepare the microcrystalline
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silicon films with excellent optoelectronic properties. Especially,
large numbers of efforts have been done and many improvements
have been made on the non-uniformity of ICP for mass deposition
of large-area uniform films [12–16].

In this paper, hydrogenated amorphous and microcrystalline
silicon films were deposited at low substrate temperatures by
ICP-CVD using a mixture of H2 and SiH4. The effects of substrate
temperature on the microstructure and optoelectronic properties
of the silicon films were reported in detail.

2. Experimental

Hydrogenated amorphous and microcrystalline silicon films
were deposited on p type c-Si (1 1 1) wafer and glass plate by
ICP-CVD. The reactor is a stainless-steel cylinder with a diame-
ter of 45 cm and a height of 50 cm. The plasma was generated
by a built-in one-turn inductance coil (10 cm in diameter) made
of a copper tube. In order to produce high-density and homoge-
neous plasma, the surface of the inductance coil was coated with
a layer of 0.1-cm-thick fiberglass. In this work, the rather uni-

form amorphous and microcrystalline silicon films were deposited
by varying the substrate temperature from 140 ◦C to 300 ◦C. The
base vacuum was 1 × 10−3 Pa. During the deposition, radio fre-
quency power, flow ratio of [SiH4]/([SiH4] + [H2]) and total working
gas pressure were kept at 300 W, 12% and 10 Pa, respectively.

dx.doi.org/10.1016/j.apsusc.2010.07.071
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:hedy@lzu.edu.cn
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ig. 1. XRD patterns of the silicon films deposited at various substrate temperatures.

he thickness of all the deposited films was between 700 and
00 nm.

The structure and morphology of the samples were char-
cterized with X-ray diffraction (XRD), Raman spectroscopy,
ourier transform IR (FTIR), and atom force microscopy (AFM).
RD measurements were taken using a Rigaku D/Max-IIIC X-ray
iffractometer with a Cu K� source. Raman measurements were
onducted by a Jobin-Yvon HR 800 spectrometer with an excitation
avelength of 532 nm. The IR absorption spectra were recorded
sing a FTIR spectrometer of Brucker IFS 66v/s in a range from 400
o 4000 cm−1. The surface morphologies of the films were observed
n a CSPM4000 AFM. To obtain the films’ thickness and optical
arameter, the optical transmission spectra were measured over
wavelength range of 400–2500 nm using a Shimadzu UV-3600

pectrometer at room temperature. The temperature-dependent
ark conductivity was measured using a Keithley 6517A electrom-
ter from 360 K down to 60 K at a constant rate of 1.5 K/min, and
he activation energy was deduced based on an Arrhenius plot. Al
oplanar electrodes were evaporated on the silicon films.

. Results and discussion

.1. Structure and morphology characterization

Fig. 1 shows the XRD patterns of the silicon films deposited
t different substrate temperatures. The peaks at 28.6◦, 47.3◦ and
6.1◦ for the films deposited at higher substrate temperatures are
orresponding to Si (1 1 1), (2 2 0) and (3 1 1) crystal planes, respec-
ively. No resolved peaks can be observed for the films deposited at
substrate temperature of 140 ◦C, indicating that the structure of

he sample is amorphous. The appearance of the diffraction peaks

ww.sp
ith increasing the substrate temperature suggests the formation
f silicon crystallites in the films. The grain size estimated from the
idth of (1 1 1) peak using Debye–Scherrer formula was summa-

ized in Table 1. It can be seen that the film deposited at 300 ◦C has
he maximum grain size, and the intensity of the (1 1 1) peaks for all

able 1
he results of Raman and XRD analysis for the silicon films deposited at different substra

Substrate temperature (◦C) Crystalline peak
position (%)

Intermediate peak
position (cm−1)

140 – –
180 517.6 501.2
220 518.0 508.0
260 519.0 510.5
300 519.6 511.8

w

Fig. 2. (a) Raman spectra for the silicon films deposited at different substrate tem-
peratures. (b) Deconvolution of the Raman spectra for the silicon films deposited at
a substrate temperature of 300 ◦C.

the crystallized films is much higher than that of others, showing
the films have a preferential growth along the (1 1 1) direction.

The Raman spectra of the samples deposited at different sub-
strate temperatures are shown in Fig. 2(a). The film deposited at
140 ◦C shows one broad band centered at 480 cm−1, which means
that the structure of the film is amorphous. When the substrate
temperature increases to 180 ◦C, a dominant peak around 516 cm−1

emerges, implying the formation of small crystallites in the films.
However, with a further increase of the substrate temperature, no
obvious change can be observed in the Raman spectra. The bands
in Raman spectra can be decoupled into three independent Gaus-
sian peaks: a broad distribution centered at about 480 cm−1, a
sharp peak at 520 cm−1, and an intermediate one around 510 cm−1

attributed to small crystallites or grain boundaries, as shown in
Fig. 2(b) [17,18]. The crystalline fraction Fc can be estimated by the

.

definition of Fc = (I510 + I520)/(I480 + I510 + I520), where I480, I510 and
I520 represent integrated intensities of Gaussian peaks near 480,
510 and 520 cm−1, respectively. The obtained data of Raman anal-
ysis are also shown in Table 1. Both the slight blue shifts of the
crystalline and intermediate peaks, and the reduction of full width

te temperatures, dXRD is the grain size obtained from XRD.

FWHM of the
crystalline peak (cm−1)

Crystalline
fraction (%)

dXRD (nm)

– 0 –
13.1 46.8 12.8

9.6 55.8 19.4
8.3 63.2 23.0
8.9 66.6 29.2

zhk
线条
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Fig. 3. IR spectra for the silicon films deposited at 140 ◦C, 220 ◦C and 300 ◦C.

t half-maximum (FWHM) of the crystalline peaks results from an
ncrease of crystalline fraction from 0 to 66.6% with increasing the
ubstrate temperature from 140 ◦C to 300 ◦C.

The electron density in ICP can reach 1011–1012 cm−3 in the
ressure range of a few to several tens of Pa. The rather high elec-
ron density gives rise to a substantial amount of atomic H and SiHx

x = 1–3) radicals in the plasma. The strong atomic H fluxes can lead
o a higher surface coverage to facilitate the migration of SiHx radi-
als on the growing surface and the elimination of the broken Si–Si
onds within the subsurface of growing film. The processes are
esponsible for the effective crystallization of the film deposited
t the substrate temperature as low as 180 ◦C. As the substrate
emperature increases, coverage ratio of atomic H on the growing
urface and diffusion length of SiHx radicals increase simultane-
usly, then the SiHx radicals can find favorable sites to deposit and
orm an ordered and well-arranged crystalline structure.

IR spectroscopy was used to investigate the bonding config-
ration of Si–H and to determine the hydrogen content in the
lms. Fig. 3 shows IR spectra of the silicon films deposited at
40 ◦C, 220 ◦C and 300 ◦C. The absorption bands at around 620 cm−1

re related to the Si–H wagging mode [19] and the bands at
00–900 cm−1 are assigned to the stretching/bending modes of
i–H2 and (Si–H2)n complexes [20]. On the other hand, the stretch-
ng vibration mode corresponding to monohydride and dihydride
onding can be hardly observed, which usually present between

.sp
000 and 2100 cm−1. These silicon–hydrogen bonding types are
enerally present in the amorphous silicon matrix and responsible
or the degradation of the electrical properties of the amorphous
ilicon devices [19]. The bonded hydrogen content calculated from

ig. 4. The calculated hydrogen content as a function of the substrate temperature.

www
Fig. 5. 3D AFM morphologies of silicon films deposited at (a) 140 ◦C, (b) 220 ◦C and
(c) 300 ◦C.

the integrated intensity of the wagging mode is shown in Fig. 4
as a function of the substrate temperature. It can be seen that
the hydrogen content gradually decreases with increasing the sub-
strate temperature and reaches a low level of 3.8% at 300 ◦C. The

enhancement of hydrogen desorption from the growing films with
increasing the substrate temperature can be responsible for the
decrease of hydrogen content. It should be noted that the hydrogen
content in all the deposited films is less than 10%.
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Fig. 6. The experimental and calculated transmission spectr

The 3D AFM images of the samples prepared at 140 ◦C, 220 ◦C
nd 300 ◦C are shown in Fig. 5(a)–(c), respectively. For amorphous
ilicon films deposited at 140 ◦C, few small heaves can be observed
o distribute in the amorphous matrix. When the substrate temper-
ture increases, silicon nanocones in the microcrystalline silicon
lms present a random and uniform distribution, which is a reflec-
ion of the columnar growth. The surface roughness of films
ecreases as the substrate temperature increases from 220 ◦C to
00 ◦C, which is contrary to the reported results [18] where the sur-
ace roughness increases with an increase of crystallinity. As shown
n Fig. 5, silicon nanocones are more uniformly distributed and the
lms become more densely packed with increasing the substrate
emperature from 220 ◦C to 300 ◦C, which leads to a decrease in the
urface roughness. The observations agree well with those of the
ther reports for microcrystalline silicon films [21,22]. .sp
.2. Optical properties

To obtain optical constants of the silicon films from the trans-
ission measurements, we utilized the well-known envelope

ig. 7. The optical absorption coefficient spectra of the silicon films deposited at
ifferent substrate temperatures.

www

e silicon films deposited at various substrate temperatures.

method to simulate the optical transmission spectra [23–25]. Fig. 6
shows the experimental and calculated transmission spectra of
the silicon films deposited at various substrate temperatures. It
is obvious that the experimental and calculated data are in excel-
lent agreement with each other. We can retrieve the best-fit values
for absorption coefficient and refractive index during the sim-
ulation. The optical absorption coefficient spectra of the silicon
films deposited at different substrate temperatures are shown in
Fig. 7. With an increase of the substrate temperature from 140 ◦C
to 300 ◦C, the optical absorption coefficient increases, and the film
prepared at 300 ◦C has the maximum optical absorption. In addi-
tion, as shown in Fig. 8, the calculated refractive indices at the
wavelength of 1.6 �m are found to be enhanced with increasing
the substrate temperature. We believe that the densification of the
films is responsible for the higher refractive index. In other words,
the structure of the films deposited at higher substrate tempera-
tures is less porous and more compact, which has been confirmed

.co
m.
by the measurements of AFM as shown in Fig. 5.
Moreover, optical bandgap of silicon films can be calculated

from Tauc’s formula

(˛hv)1/2 = B(hv − Eg) (1)

Fig. 8. The refractive index at 1.6 �m and optical bandgap of silicon films as a
function of the substrate temperature.
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ig. 9. The dark conductivity at room temperature and activation energy of silicon
lms deposited at various temperatures.

here ˛ is the absorption coefficient, h� is the photon energy, Eg

s the energy of the optical bandgap, and B is a constant known as
he edge width parameter. From the extrapolation of linear regime
n the Tauc plot, the optical bandgap was obtained for the silicon
lms deposited at different substrate temperatures. As shown in
ig. 8, the optical bandgap narrows with increasing the substrate
emperature, and reaches 1.55 eV when the substrate temperature
eaches 300 ◦C. In general, the values of optical bandgap are closely
elated to the hydrogen content in the films. The higher the hydro-
en content, the wider the optical bandgap [26]. As the substrate
emperature increases, the narrowing of the optical bandgap shifts
he transmission curve towards lower photon energy and enhances
he absorption of silicon films in the near-infrared region as shown
n Fig. 7. Thus, only by adjusting the substrate temperature, we can
ailor the bandgap between 1.5 and 1.8 eV where the photovoltaic
onversion efficiency is rather high for single junction solar cell.

.3. Transport properties

Fig. 9 shows the dark conductivity at room temperature and
ctivation energy of the silicon films deposited at various substrate
emperatures. It can be seen that the dark conductivity increases
rom 3.13 × 10−5 to 1.20 × 10−1 S cm−1 accompanied with activa-
ion energy decreases from 261.0 to 68.7 meV when the crystallinity
f the silicon films increases. We believe that the smaller hydro-
en content in our films shown in Fig. 4 leads to a numerous of
nsaturated bonds in grain boundary, thus the unsaturated bonds
nd other structure defects in films can dominate the transport
roperties of the microcrystalline silicon films. Similar activation
nergy values can be found in other report [27], where the authors
btained an average activation energy about 40 meV for the micro-
rystalline silicon films and attributed it to the transitions between
efect levels (mean depth about 35 meV inside the energy gap) and
he conduction band.

The presence of a high-density of defect levels at grain bound-
ries affects the density of state distribution at the Fermi level. The
ariable range hopping (VRH) conductance known to be limited
o low-temperature region was observed below 170 K. The depen-
ence of � on T−1/4 for the samples deposited at 180 ◦C, 220 ◦C,
60 ◦C and 300 ◦C is plotted in Fig. 10. According to Mott law [28]
here the carrier transport is dominated by the VRH process, �
ay be stated as[ (

T
)−1/4

]

www.sp
= �00 exp −
T0

(2)

0 = 16˛3

kN(EF )
(3)

[
[
[

Fig. 10. Dark conductivity � versus 100 T−1/4 for samples deposited at 180 ◦C, 220 ◦C,
260 ◦C and 300 ◦C.

where �00 is a constant, 1/˛ is the decay length of the wave function
of the localized states near the Fermi level, and N(EF) is the concen-
tration of the localized states at the Fermi level. From Eq. (3) we
estimated N(EF) of the microcrystalline silicon thin films by assum-
ing 1/˛ as 1 nm [29,30]. For samples deposited at 180 ◦C, 220 ◦C,
260 ◦C and 300 ◦C, the value of N(EF) are 1.9 × 1019, 1.7 × 1019,
5.5 × 1019 and 1.0 × 1020 eV−1 cm−3, respectively. These values are
consistent with other reports [18,27,29].

4. Conclusions

The microstructure and optoelectronic properties were inves-
tigated for the silicon films prepared at different substrate
temperatures by ICP-CVD. High-density plasma generated by ICP
facilitates the crystallization of silicon films at low temperatures,
and microcrystalline silicon films were obtained at a substrate tem-
perature as low as 180 ◦C. The columnar structure of the films
becomes more and more compact with an increase of their crys-
tallinity. The reduction of hydrogen content in the films causes
a narrowing of the optical bandgap and an enhancement of the
absorption of the silicon films with increasing the substrate tem-
perature. The high dark conductivity and small activation energy
in the highly crystalline silicon films were observed near the room
temperature, and below 170 K the microcrystalline silicon films
show the variable range hopping conductance.
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