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Hydrogenated microcrystalline and amorphous silicon thin films were prepared by very high frequency plasma-

enhanced chemical vapour deposition (VHF PECVD) by using a mixture of silane and hydrogen as source gas. The

influence of deposition parameters on the transition region of hydrogenated silicon films growth was investigated by

varying the silane concentration (SC), plasma power (Py), working pressure (P), and substrate temperature (7%).

Results suggest that SC and T are the most critical factors that affect the film structure transition from microcrystalline

to amorphous phase. A narrow region in the range of SC and T, in which the rapid phase transition takes place, was
identified. It was found that at lower P or higher Py, the transition region is shifted to larger SC. In addition, the dark

conductivity and photoconductivity decrease with SC and show sharp changes in the transition region. It proposed that

the transition process and the transition region are determined by the competition between the etching effect of atomic

hydrogen and the growth of amorphous phase.
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1. Introduction

Microcrystalline silicon (uc-Si:H) thin films are of
great interest for their potential applications in large-
area thin film devices, such as solar cells,!! thin film
transistors,?! and sensors.[?] Several deposition tech-
niques have been developed to prepare pc-Si:H thin
films, e.g., radio-frequency plasma-enhanced chemical
vapour deposition (RF PECVD),[*? VHF PECVD,[¢!
hot wire chemical vapour deposition (HWCVD),[7®]
electron cyclotron resonance plasma chemical vapour
deposition (ECR-CVD),®! and radio-frequency mag-

[10]

netron sputtering. Among these techniques, VHF

PECVD appears to be an optimal deposition method

for its high deposition rate in preparation of high qual-
ity films.[1112]

Microcrystalline silicon thin films used as ab-

sorber layers in solar cells have showed significant

[13,14]

advantages. Compared with amorphous silicon

(a-Si:H) solar cells, puc-Si:H solar cells are more stable
against the light induced degradation.*?l In addition,
the absorption coefficient of pc-Si:H is much larger
than that of a-Si:H in the infrared spectral region. So,
a pc-Si:H solar cell can be combined with a a-Si:H
cell to form the so-called “micromorph” tandem so-
lar cells, which have appeared to be very efficient and
stable.[16]

Studies indicated that the optimum pc-Si:H used
for solar cells is not obtained with the largest grain size
and the highest crystalline content.!'?] In fact, pc-Si:H
solar cells with their i-layers prepared near the transi-
tion region showed the best cell performance.['¥ Thus,
the transition films from microcrystalline to amor-
phous silicon attract considerable attention.'820! It
was reported that the deposition parameters, such as
the substrate temperature, hydrogen dilution,[?!! and
the plasma power,/?2 could influence the transition

process. Some properties of films prepared under the
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deposition conditions near the transition region were
also studied.[?324] However, to the best of our knowl-
edge, there was little information about the combina-
torial effects of the deposition parameters studied by
VHF PECVD. Particularly, the mechanism about the
transition process was scarcely concerned, although
three growth models for puc-Si:H, i.e. the “surface dif-
fusion model”, “etching model” and “chemical anneal-
ing model”,[2%! were proposed.

In this paper, the influence of deposition param-
eters on the transition from pc-Si:H to a-Si:H growth
was studied. Series of samples were deposited under
a variation of SC, Ty, P, and P,.

the structural properties, which indicate the transition

The changes in

from highly crystalline to amorphous growth, were in-
vestigated by Raman scattering and x-ray diffraction
measurements. Electrical properties have been anal-
ysed by the dark conductivity and photoconductivity

measurements.
2.Experiment

Intrinsic Si:H films were prepared on 2cmx 10 cm
glass substrates by VHF PECVD at 60MHz frequency
in an ultra-high vacuum deposition chamber. The dis-
tance between the cathode and the anode was fixed at
2.0 cm. A mixture of silane (SiH4) and hydrogen (Hs)
with a total flow rate of 60 sccm (standard cubic cen-
timeter per minute) was used as the source gas. Series
of samples have been prepared by changing deposition
parameters and the detailed deposition conditions are
listed in Table 1.

Table 1. Si:H films deposition conditions.

Series number SC/% Ts/°C  Pressure/Pa Power/W
1 1-7 170 120 20
2 4 110-260 120 20
3 4 200 60-180 20
4 1-7 170 50 20
5 4 170 120 15-35

The thickness of the films was measured by opti-
cal transmission spectra, and all of the samples have a
similar thickness of about 1000 nm. Raman scattering
and x-ray diffraction (XRD) measurements were used
to investigate the structural properties of the sam-
ples. The dark conductivity (oq) and photoconduc-
tivity (opn) were measured with a Keithley 617 elec-

trometer at room temperature in a coplanar electrode

configuration, with o,y determined under the white
light (100mW /cm?).

3. Results and discussion

3.1. Structural properties

Figure 1 shows the Raman spectra of films
deposited at various SC under the condition of
T,=170°C, P,=20W, and P=120Pa (series 1). The
transition from microcrystalline to amorphous growth
induced by increasing SC is clearly shown in the figure.
In a Raman spectrum, the peak at about 520cm™! is
due to the transverse optic (TO) mode of crystalline
silicon. The peak at about 510cm™! is attributed to
the crystallites with diameters less than 10nm or a
silicon Wurzite phasel?627l and can also be included
in the crystalline fraction. The broad band centred
at about 480 cm ™! is attributed to the amorphous sil-
icon phase. For samples deposited at SC values be-
low 4%, each Raman spectrum reveals a predominant
peak at about 520 cm ™!, which corresponds to the mi-
crocrystalline phase. When SC increases, the peak
at about 520cm™! decreases. When SC increases to
4%, both amorphous (480 cm™!) and crystalline phase
(520cm 1) are observed. When SC increases to 7%,
the material is predominantly amorphous. This phe-
nomenon demonstrates the shift of uc-Si:H to a-Si:H
growth. An abrupt change in the structure, which in-
dicates the abrupt transition from microcrystalline to
amorphous growth, is observed in the SC range be-
tween 4% and 5%. This analysis is confirmed by the
XRD measurements performed. Figure 2 illustrates
the structural analysis made by XRD measurements.
A continuously increasing amorphous phase with in-
creasing SC can be observed obviously. In the spectra
for samples deposited at SC < 4%, diffraction peaks
corresponding to the (111), (220) and (311) planes ap-
pear with a preferential orientation of (111). The in-
tensities of these peaks decrease as SC increases, which
suggests the decrease of microcrystalline phase and
the increase of amorphous phase. For samples pre-
pared at SC > 4%, the XRD spectra show the amor-
phous phase. In addition, the average grain size of
Si (111), determined by using the Debye—Sherrer for-
mula, decreases with the increase of SC. The growth
transition in the SC regime between 4% and 5% is also
clearly observed in these XRD spectra. The results are

in good agreement with the Raman spectra.
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T _'17000 ' ' 520cm™! and a broad band centred at 480 cm™! are
; observed. From the figure, the abrupt transition from
£ microcrystalline to amorphous silicon growth taking
g_ place in the range of 170 °C-110°C is observed.
8
3
~
> . .
g SC=4%
i
x|
35’ Ts=260°C
4
T g 2
T T ~o
450 500 550 600 2
g 170°
Raman shift/cm ™! é
E 140,
1105
Fig.1. Raman spectra of silicon films deposited at %\.——A
various silane concentration.
450 500 550 600

(1) SC=1%
3 SC=2%
SC=3%
a | SC=4% i
5‘ SC=5%
g SC=6%
o b e SC=1%
H
= | ﬂw'\"u‘“ﬂr e
r It ”AN"T‘"/;‘(W}"\
E VLY
8 i N
<= "'/-MI'MM W
I m,
[y ey,
Y,
Il
20 30

Fig.2. XRD patterns of silicon films deposited at var-

ious silane concentration.

The substrate temperature is found to be another
critical deposition parameter to determine the transi-
tion from pc-Si:H to a-Si:H growth in our experiments.
To determine the dependence of the growth on the
substrate temperature, a series of experiments were
performed at a plasma power P, of 20W, P=120Pa,
and SC=4% (series 2). Raman scattering measure-
ments have been applied to obtain evidence on the
structural changes of the films. Figure 3 shows the
Raman spectra of the films deposited. An increase of
microcrystalline phase can be observed as T increases
from 110°C to 260°C. The film prepared at 110°C
shows mainly a broad band centred at 480cm™!,
which is the characteristic of TO mode of a-Si:H. For
films deposited at Ty higher than 170°C, only a sharp
peak at about 520 cm™! is observed, which represents
that the films are mainly microcrystalline. For the

film prepared at 140°C, both a small peak at about

Raman shift/cm ™!

Fig.3. Raman spectra of silicon films deposited at
various substrate temperature.

The influence of the working pressure on the
transition from microcrystalline to amorphous silicon
growth was also investigated. Figure 4 shows the Ra-
man spectra of films prepared at P ranging from 60Pa
to 180Pa with SC=4%, T,=200°C and P,=20 W (se-
ries 3). A sharp peak at about 520cm™! for each
sample of this series is observed. The transition from
microcrystalline to amorphous phase cannot be clearly
identified from these Raman spectra. However, as the
working pressure increases, the intensity of the crys-
talline peak decreases, which indicates the increase of
amorphous phase with the increase of P. It was re-
ported that the density of the low-energy hydrogen
ion impinging on the substrate increases with the de-
crease of pressure.[?®! This effect may result in the
more microcrystalline phase growth at lower pressure.
For further understanding the influence of the pres-
sure, structural properties of two series of samples
deposited with various SC at 120Pa and 50Pa were
compared. Figure 5 shows some of the Raman spec-
tra of samples deposited at 50Pa, with T,=170°C, and
P,=20W (series 4). The Raman spectra of samples
deposited at 120Pa are shown in Fig.1. The influence
of the working pressure on the transition region is ob-
served: under high-pressure condition (P=120Pa), the
transition starts at 4% of SC (Fig.1); while under low-
pressure condition (P=50Pa), the transition starts at
6% of SC (Fig.5). The result suggests that the tran-

sition region is shifted to larger SC at lower pressure.
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' ' ' higher Py, larger SC is needed to obtain the transi-
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Fig.5. Raman spectra of silicon films deposited with

various silane concentration at 50Pa.

In order to investigate the influence of the power,
we deposited Si:H films with P, ranging from 15W to
35W (series 5). Figure 6 shows the Raman spectra
of these samples. In the range of the power stud-
ied, purely amorphous phase was not observed; each
of the spectra shows a peak at 520 cm™!, which indi-
cates that these films are mainly microcrystalline. The
transition region cannot be clearly identified. How-
ever, when P, increases, the intensity of the crys-
talline peak increases, which indicates that the tran-
sition region will be shifted to larger SC if higher P,
is applied. We give our explanation as following: in-
creases of P, results in an increase of atomic hydrogen
amount as well as the enhancement of SiH; decom-
position. However, in the parameter range of study,
while the decomposition of hydrogen is not saturated,
most of the SiH4 has been decomposed. Therefore, in-
creases of power will result in an increase of the ratio
of atomic hydrogen to film precursors, which leads to

the more microcrystalline phase in the films. So, at

Raman shift/cm ™!

Fig.6. Raman spectra of silicon films deposited at

various plasma power.

Based on the “surface diffusion model” and the
“etching model” for the growth mechanism of Si:H
films,[?% and our experimental results discussed above,
we propose that the transition process and the tran-
sition region are determined by the competition be-
tween the etching effect and the growth of amorphous
phase. Samples of series 1, which were deposited with
In the

whole regime of SC, the amount of atomic hydro-

various SC, were chosen for the discussion.

gen from the plasma decreases with the increase of
SC, which leads to a decrease of surface coverage by
the bonded hydrogen and also a decrease of the local
heating by hydrogen-recombination reactions on the
growth surface.[’] Hence, the surface diffusion length
of the film precursors (e.g. SiHj;) decreases. In ad-
dition, the amount of the film precursors increases
with the increase of SC. In result, when SC increases,
more and more film precursors have no time to find
the stable sites and they quickly bond with the dan-
gling bonds in the growing surface, which leads to the
increase of amorphous phase. Furthermore, atomic
hydrogen has an effect to break the weak Si—Si bonds
in the amorphous network and remove the weakly
bonded Si atom.!?>! This effect is also weakened with
the increase of SC, which results in more amorphous
phase in the films. The increase of the amorphous
phase with SC discussed above can be considered as
the decrease of the etching effect and the enhancement
of the growth of amorphous phase. In general, the film
structure changes from microcrystalline to amorphous
phase on continues increase of SC. In particular, a sig-

nificantly sharp phase transformation happens to take
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place at 4% < SC < 5%.

A question is that why the microcrystalline phase
decreases abruptly in the narrow transition region.
Why does not the transition process take place gradu-
ally in a broader range? We suggest that the change of
the competition is non-linear in the whole SC range,
which results in the transition region. Figure 7 is a
schematic diagram to describe the transition process.
The range of SC is divided into three regions. In
the first region (SC < 4%), along with the increase
of SC, the ratio of atomic hydrogen to film precur-
sors decreases, which leads to the decrease of etch-
ing effect and the enhancement of amorphous phase
growth. However, the change in the competition is
relatively small and the samples deposited in this re-
gion have large crystallinities and are predominately
microcrystalline. This region is named as the micro-
crystalline growth region. When SC increases to a
certain threshold value (~4%), the ratio of atomic
hydrogen to film precursors and the pc-Si:H nucle-
ation, which is triggered in presence of atomic H in
the plasma,[?! reaches to a critical point. Thus, along
with the increase of SC in the range of 4% < SC <
5%, the etching effect of atomic hydrogen decreases
while the growth of a-Si:H increases remarkably. The

network of the films deposited in this region is in an

transition

region
Il

T T T T T T
microcrystalline \ éamorphous
: ‘growth region

growth region

The etching effect /the growth of a-Si:H

L L L ! 1

0 1 2 3 4 5 6 7
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Fig.7. Schematic diagram of the deposition processes
with various SC. From the left to right, films change
from microcrystalline phase to amorphous phase. The
slope of the line represents the competition between
the etching effect of atomic hydrogen and the growth

of amorphous phase.

intermediate state composed of a random of micro-
crystals, voids and amorphous tissues, which can be
easily perturbed by changing the dose of atomic H

treatment. 3]

This narrow region is named as the tran-
After SC exceeds another threshold

value (5%), although the competition changes further

sition region.

with the increase of SC, the change is much less than
that in the transition region. The films deposited are
predominantly amorphous. This region is named as
The effects of other

deposition parameters, such as Ty, Py, and P, can be

the amorphous growth region.

explained by the similar analysis. The individual ef-
fect of each parameter on the ratio of atomic hydrogen
to film precursors and the transition process is influ-

enced by each other.
3.2. Electrical properties

In order to investigate the electrical properties of
the Si:H films prepared near the transition region, oq
and op, of samples deposited with various SC were
characterized. Samples of series 1 were selected in our
study. Figure 8 shows the behaviour of o4 and oy}, as
a function of SC. Two zones can be observed in this
figure. In the first zone, both o4 and oy, decrease
remarkably as SC increases from 1% to 5%. The sec-
ond zone is identified for SC > 5%, where either o4 or
oph is much smaller than that in the first zone and
shows a weaker dependence on SC. The behaviour
of the electrical properties in the second zone indi-
cates that the content of the microcrystalline phase
in the
range of SC ranging from 4% to 5%, both o4 and oy,

is very small. In the transition region, i.e.
show abrupt changes, along with the decrease of og4
from 1.01 x107%S-cm~! to 4.34 x 107 9S-cm™! and
the decrease of oy, from 4.57 x 1074S-cm~! to 6.41
x 107°S-cm™!. The sample deposited near the tran-
sition region, i.e. the film deposited at SC=4%, has
a photosensitivity (opn /oq) of 452 and is suitable for
the pc-Si:H solar cell as the absorption layer. We sug-
gest that the change of oy, and o4 are due to the
change of the carrier mobility and/or the carrier den-
sity caused by the structural transition. In the tran-
sition region, along with the transition from puc-Si:H
to a-Si:H growth, the carrier mobility as well as the
carrier density changes abruptly, which leads to the

abrupt change of oq and opy.
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Fig.8. Dark conductivity and photoconductivity as a

function of silane concentration.

4. Conclusion

Si:H films were prepared by VHF PECVD to
study the transition from microcrystalline to amor-
phous growth. The structural and electrical proper-
ties of the samples were characterized. Results suggest

that SC and Ty are the most critical deposition param-

eters which affect the transition process. A narrow re-
gion, in which the transition growth takes place, was
observed in the range of SC and T;. It was found that
the transition region is influenced by P and P,. At
lower P or higher P,, the transition region is shifted
to larger SC. We suggest that the transition process is
determined by the competition between the etching ef-
fect of atomic hydrogen and the growth of amorphous
phase. The change in the competition is non-linear in
the whole range of SC and 7. In the transition region,
the competition changes remarkably; while outside of
the region, the change is much less obvious.

Also, we observed that the dark conductivity and
photoconductivity decrease with SC and show sharp

changes in the transition region.
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