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Abstract： Using H2-diluted silane，series of μc-Si∶H films are fabricated at low temperature w ith VHF-PECVD．
T he thickness measurements reveal that the deposit ion rates are obviously enhanced w ith higher plasma excitation
frequency or w orking pressure，but increase first ly and then decrease w ith the increase of plasma pow er density．Ra-
man spectra show that the crystallinity and the average grain sizes of the films strongly depend on the temperature
of substrate and the concentration of silane．How ever，the plasma excitation frequency only has effect on the crys-
tallinity，and a maximum occurs during the further increase of plasma excitation frequency．From XRD and T EM
experiments，three preferential crystalline orientations （111） ，（220） and （311） are observed，and the average grain
sizes are different for every crystalline orientation．
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1 Introduction

In recent years，more and more attentions have
been paid to hydrogenated microcrystalline silicon
（ μc-Si∶H） film deposited at low temperature be-
cause of its promising application to stable high ef-
ficiency solar cells［1～3］，and a large potential to be
applied to thin film transistors and color sen-
sors［4，5］ to replace polycrystalline silicon films
formed by high temperature deposition techniques．

Since μc-Si∶H has an indirect band gap，when us-
ing as a solar cell active material，its thickness usu-
ally should be more than2μm for sufficient absorp-
t ion of sun light even using optical trapping tech-
nique［3］．However，the deposition rate of μc-Si∶H
fabricated w ith conventional RF-PECVD is gener-
ally much lower than that of hydrogenated amor-
phous silicon （ a-Si∶H） ．In order to increase the
deposition rate of μc-Si∶H，techniques such as hot
w ire （ HW ） ，electron cyclotron resonance （ ECR ）
and very high frequency plasma-enhanced chemical



vapor deposition （ VHF-PECVD ） have been suc-
cessfully adopted［6～8］．Among these methods，the
VHF-PECVD technique is the most common used
because of its being compatible w ith the well-es-
tablished a-Si∶H films technology．So far，many
research groups have made great progress in the
study of μc-Si∶H films deposited by VHF-PECVD
technique［9～12］．

T o our know ledge，investigations on μc-Si∶H
films fabricated by VHF-PECVD technique have
never been reported by Chinese researchers before，
though there were some previous works about
nanometer crystalline silicon or μc-Si∶H／a-Si∶H
multilayers fabricated by RF-PECVD tech-
nique［13，14］．In this paper，investigations on μc-Si∶
H films fabricated at a low temperature w ith VHF-
PECVD have been presented．T he results indicate
that VHF-PECVD technique can effectively lower
the deposition temperature and enhance the deposi-
t ion rates of μc-Si ∶H films，which implies that
VHF-PECVD w ill play an important role in the
high deposition rate grow th of μc-Si∶H films at
the low temperature．

2 Experiments

All the films investigated here were deposited
on general optical glass in a capacitive-coupled
VHF-PECVD system．T he plasma excitation fre-
quencies （ νe） w ere in the range of60～90MHz．T he
base vacuum was approximately 1×10－4Pa．T he
dilution ratio （ S c＝SiH4／（ SiH4＋H2） ） w as adjusted
by gas flux and working pressure （ p g ） w hich was
controlled by pump rate and gas flux．Different μc-
Si∶H films were deposited by varying deposition
conditions．T he thickness of μc-Si ∶H films was
obtained from the optical transmission and reflec-
t ion （ T ＆R） spectra measured by optical multi-
channel analysis-OMA （ EG＆G） ．T hen the deposi-
t ion rates were calculated through the films thick-
ness divided by the corresponding deposition time．
T he structural properties of the μc-Si ∶ H films
were characterized using Raman scattering spec-

troscopy （ M icro-Raman scope MKI2000，
Renishaw ） w ith resolution less than 1cm－1，X-ray
diffraction （ XRD，Rigaku D／MAX 2500） ，trans-
mission electron microscope （ T EM ） and selected
area electron diffraction （ SAED ） ．For T EM and
SAED measurement，EM-400ST Philips was oper-
ated at ×57000for the dark-field image and w ith
the acceleration voltage of 100kV for the SAED．

3 Results and discussions

3．1 Deposition rates

In order to investigate the effects of deposition
conditions on the deposition rates，three different
series of thin films were deposited w ith different
gas pressures （ p g ） ，different plasma power density
（ P d ） and different excitation frequency （ νe ） of
VHF-PECVD．T he deposition rates varied w ith the
corresponding deposition conditions were shown in
Fig．1（ a） ，（ b） and （ c） ，respectively．

Figure1（ a） show s the deposition rates of μc-
Si∶H films as a function of the plasma excitation
frequency．It can be seen that the deposition rates
are much higher than those prepared by RF-
PECVD technique and increased from 0.74nm／s to
1.3nm／s as increasing the plasma excitation fre-
quency from 60MHz to 90MHz．Comparing to the
RF-PECVD，the VHF plasma having lower elec-
tron temperature and higher electron density pro-
vides sufficient source of favorable gas phase reac-
t ive species which is required to obtain a fast
grow th of crystalline material．As proved previous-
ly［15］，high frequency plasma can enhance dissocia-
t ion of silane in the bulk plasma，reduce the thick-
ness of plasma sheath，namely low ion energy．
T hus an increased radical density （ such as hydro-
gen and SiHx precursors） can be prone to help them
traverse the sheath and reach the grow ing surface
of the film，thereby improve the deposition rate．
T he high density of H* radicals required by effec-
t ive selective etching to the disordered Si-bond is
also beneficial to obtain μc-Si∶H film．In addition，
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comparing to the previous work，no maximum de-
position rate was observed here during the change
of plasma excitation frequency in the same range as
they used．T his disagreement implies that the
grow th process of μc-Si∶H films strongly depends
on the deposition system．

Fig．1 Dependence of deposit ion rate on excita-
t ion frequency of plasma （ a） ，pressure of w orking
gases （ b） ，and pow er density of plasma （ c）
From Fig．1 （ b ） ，the deposition rates of μc-

Si∶H films obviously increase w ith the pressure p g
and can be reached to about 1.4nm／s at p g ＝
170Pa．As well known，higher working gas pres-
sure means there are higher concentration of reac-
t ive radicals．Guo et al．［16］ have ever proposed a
novel high-pressure depletion （ HPD ） method in
their RF-PECVD system and the deposition rate
can reach 0.93nm／s at 350℃．Recently，the combi-
nation of HDP method w ith VHF plasma has been

sucessfully developed［17，18］．
Figure 1（ c） show s the deposition rate as a

function of the discharge power density．An abnor-
mal result can be observed clearly．T he deposition
rate increases in the lower power density range and
reaches a maximum around the power density of
1W／cm2，then it decreases w ith the further increas-
ing of power density．T his can be explained by the
enhanced bombardment effect at higher power den-
sity of plasma，but the essential cause needs to be
further investigated．Some valuable results have al-
so been obtained by the optical emission spec-
troscopy，which w ill be reported elsewhere．

3．2 Raman scattering

T he change in the Raman spectra w ith the in-
crease of T s，S c and νe are shown in Fig．2（ a） ，（ b）
and （ c） ，respectively．As described in detail by pre-
vious work［9］，the results of Raman spectra can
provide tw o parameters，the crystallinity （ X c） and
the average grain size （ d ） ，to characterize the
structural properties of samples．

From Fig．2 （ a ） ，the transition from amor-
phous phase to crystalline phase w ith different T s
can be observed．T he transition temperature oc-
curred at nearly T s＝150℃，that is to say，the uti-
lization of VHF plasma can effectively lower the
formation temperature of μc-Si∶H films．Further-
more，the crystallinity X c and the average grain size
d increased w ith the increase of T s are also well ob-
served．Figure 2（ b） reveals the similar transition
as shown in Fig．2（ a） ，but the crystallinity X c and
the average grain size d are decreased w ith the in-
crease of silane diluted concentration and the tran-
sition approximately occurs at S c＝6％～8％．Fig-
ure2（ c） directly show s the influence of plasma ex-
citation frequency on the Raman spectra．Obvious-
ly，when the plasma excitation frequency varying
from 60MHz to 90MHz，all the deposited films
have the uniform average grain size d （ ～8.4nm） ，
the crystallinity X c increases from 60MHz to
80MHz and arrives at a maximum at 80MHz （ ～
65％） ，then begins to decrease appreciably betw een
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80MHz and90MHz．Such a result clearly indicates
that the VHF plasma should not be taken as the
only factor for fabricating the device quality μc-Si
∶H thin film at both low temperature and high de-
position rate．Usually，the deposition conditions
need to be optimized and the optimum conditions
are generally different for different deposition sys-
tems．So it is important to understand the grow th
mechanism of μc-Si∶H film，despite many efforts
have been made．It is still ongoing work waiting for
further investigation．

Fig．2 Raman spectra w ith temperature of sub-
strate T s （ a） ，diluted concentration of silane S c（ b）
and excitation frequency （ c）

3．3 XRD，TEM and SAED

T he X-ray diffraction results of samples de-
posited w ith different plasma excitation frequency
and a typical thick sample are shown in Fig．3and
Fig．4，respectively．T he scattering angle range
used here was 10°～60°．From Fig．3three narrow
peaks corresponding to the （111） ，（220） and （311）
lattice plane Bragg reflections can be seen．T he

shoulder on the left side of the （111） Bragg reflec-
t ion is due to the amorphous glass substrate，which
gives rise to a broad band centered about 25°．XRD
experiments w ith the range as w ide as 10°to 120°
have also been done，but no other peaks have ever
appeared，in other w ords，there are three preferen-
t ial crystalline orientations （111） ，（220） and （311）
in the μc-Si ∶ H thin films deposited w ith VHF
plasma．Goerlitzer et al．have ever reported a strong
preferential crystalline orientation at （ 220） ［11］．
However，in our deposition system，the similar re-
sult has never been observed except using the RF
glow discharge．T he average crystalline grain size
of every crystalline orientation can be evaluated ac-
cording to Debye-Schurr formula，but the data pre-
sented in Fig．3may introduce big error because of
the weak XRD signal due to the “thin” （ ＜1μm）
thickness of samples．In order to estimate the aver-
age grain size more accurately，XRD experiments
on “thick” samples （ ＞10μm） are made intention-
ally．

Fig．3 XRD signal w ith different plasma excita-
t ion frequencies

Fig．4 T ypical XRD signal of a “thick” sample
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  Figure 4 is one of the typical results，from
which we can estimate the different average grain
sizes8.5nm at （111） ，9.6nm at （220） and11.2nm
at （311） ．T he results are a litt le difference from
that evaluated by Raman spectra．T his difference
can be explained w ith tw o possible reasons．First，
both the evaluations w ith Raman and XRD are not
very accurate to describe the real grain size in sam-
ples．Secondly there are some other crystalline ori-
entation grains w ith very small size in the films
that influence the Raman spectra but not observed
in the XRD measurements．Certainly，this explana-
t ion needs to be further identified．

TEM and SAED are also used to characterize
the micro-structural properties of μc-Si ∶H thin
films．Samples used here were deposited on special
copper nets．Figure 5（ a） and （ b ） show the T EM
dark-field image and the SAED pattern of a sample
deposited at an condition described on the bottom
of the figures，respectively．T he result of T EM
dark-field image is inferior to the SAED pattern for
characterizing the crystallization of μc-Si ∶ H
films．T he same preferential crystalline orientations
as shown in the XRD experiments are clearly veri-
fied by SAED．

Fig．5 T EM dark-field image （ a） and selected-area
electron diffraction pattern （ b） of sample deposited
at 200℃，80MHz，60Pa，75sccm，1W／cm2

4 Conclusions

In summary，we have succeeded in fabricating
the μc-Si∶H films at low temperature by VHF-
PECVD technique．T he investigations on series of

films showed that VHF plasma can effectively low-
er the formation temperature of μc-Si∶H film and
enhance its deposition rate．Other deposition pa-
rameters such as T s，p g and P d also strongly influ-
ence the deposition rate．Whereas，w ith the increase
of the plasma power density，the deposition rate in-
creased to a maximum at first，then decreased．T he
transitions from amorphous phase to the micro-
crystalline phase have been observed w ith varying
the substrate temperature T s and also w ith differ-
ent silane concentration S c，i．e．the crystallinity and
the average grain sizes of μc-Si∶H films strongly
depended on T s and S c．T he crystallinity is sensitive
to plasma excitation frequency but the average
grain size is not．Finally，three preferential crys-
talline orientations，corresponding to （111） ，（220）
and （311） lattice planes，are obviously observed，
and the average grain sizes are different for every
crystalline orientation．
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VHF-PECVD法氢化微晶硅薄膜的低温制备*
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摘要：采用 VHF-PECVD 方法，以高氢稀释的硅烷为反应气体，低温条件下成功地制备了系列μc-Si∶H 薄膜．对薄
膜的厚度测量表明：增大激发频率和反应气压能有效提高沉积速率；随着等离子体功率密度的增大，沉积速率呈现
出先增后减的变化．薄膜的 Raman 光谱、XRD 及 T EM 等测试结果表明：提高衬底温度或减小硅烷浓度，可增大薄
膜的结晶度和平均晶粒尺寸；等离子体激发频率的增大只影响薄膜的结晶度，并使结晶度出现极大值；薄膜中存在
（111） 、（220）和（311）三个择优结晶取向，且各结晶取向的平均晶粒尺寸不同．

关键词： 微晶硅薄膜；甚高频等离子体增强化学气相沉积；沉积速率；结晶度
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