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a b s t r a c t
Using an internal inductively coupled plasma (ICP)-type-plasma enhanced vapor deposition system,
microcrystalline silicon thin ﬁlms were deposited as a function of H2/SiH4 gas ratio at 180 °C. Especially, the
effects of deposition with/without an initial thin silicon layer formed with a very high hydrogen percentage
on the microstructure of the deposited silicon thin ﬁlm were investigated. The deposited silicon thin ﬁlm
showed higher crystallization percentage at the higher hydrogen percentage in H2/SiH4 due to the high ratio
of H/SiH in the plasma. At the same gas mixture of H2/SiH4, the deposition of silicon thin ﬁlm after the
formation of an initial silicon layer with a high hydrogen percentage on the glass substrate increased the
crystallization percentage from 3 to 14%. The initial silicon layer deposited with a high hydrogen percentage
showed a nanocrystalline grain structure; therefore, the nanocrystalline structure in the initial silicon layer
appeared to act as a nucleation site for the growth of microcrystalline silicon thin ﬁlms. Using the internal
ICP-PECVD, the microcrystalline silicon having about 87% of crystallization could be deposited on the glass
substrate at 180 °C with the 90% of hydrogen dilution percentage and with the thin initial silicon layer.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Considerable attention has been paid to hydrogenated microcrystalline or nano-crystalline silicon ﬁlm deposited at low temperature
because of its promising application to stable high efﬁcient solar cell,
thin ﬁlm transistors, color sensors, etc. [1,2]. In particular, the
development of microcrystalline silicon ﬁlm is one of the key issues
in developing active matrix liquid crystal displays (AMLCD) and active
matrix organic light emitting displays (AMOLED). However, during the
initial stage of the hydrogenated microcrystalline silicon ﬁlm growth
process, amorphous silicon layer is generally formed before the
nucleation and growth of the microcrystalline silicon on the glass
substrate [3]. This amorphous silicon initial layer affects the electrical
characteristics of the grown thin ﬁlm such as carrier transport along
the ﬁlm growth direction and deteriorates the device performance [4].
For the ﬂat panel display (FPD) device processing, capacitively
coupled plasma (CCP) sources are generally employed due to the
excellent plasma uniformity over the large area substrate even though
the processing throughput is low due to the low plasma density of the
CCP source. However, to improve device processing properties such as
the increase of the throughput, the decrease of the processing
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temperature, etc., various high-density plasma sources have been
recently studied for the material processing of thin ﬁlm transistorliquid crystal display (TFT-LCD) by using various tools such as an array of
helicon source [5], an external inductively coupled plasma (ICP) source
composed of a large loop antenna [6], ICP sources composed of internal
linear antennas [7,8], etc. Among these sources, internal-type ICP
sources which do not require a thick dielectric window for transmitting
the electromagnetic ﬁeld to the plasma from the source antennas and
which are easily extendable to large area have been intensively studied
for the application to next generation FPD materials processing.
In this study, silicon thin ﬁlm was deposited at a low temperature
of 180 °C by using an internal ICP-plasma enhanced chemical vapor
deposition (PECVD) in H2/SiH4, and the effect of hydrogen percentage
in H2/SiH4 on the degree of crystallization of the silicon thin ﬁlm was
investigated. Especially, the effect of an initial thin crystallized silicon
layer before the deposition of silicon thin ﬁlm on the ﬁnal crystal
structure of the grown silicon thin ﬁlm was investigated.
2. Experimental
A schematic diagram of the internal-type ICP-PECVD system used in
the experiment is shown in Fig. 1. The processing chamber was a rectangular shape and the inner size of the chamber was 1020 mm×830 mm
and the substrate size was 470 mm×370 mm. The samples were loaded to
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Fig. 1. Schematic diagram of the internal ICP-PECVD system used in this experiment for the deposition of microcrystalline silicon thin ﬁlm.

the substrate holder in vacuum through a loadlock chamber. The antenna
for the internal-type ICP was made of 10 mm diameter copper tubing
covered with quartz tubing of 15 mm in diameter and 2 mm in thickness.
Five linear antennas were embedded in the process chamber, and each
antenna was connected to an RF power supply (13.56 MHz) through a
matching network alternatively from the opposite ends to form a “double
comb-type antenna”. The other end of the antennas was grounded. More
details of the system can be found elsewhere [9,10].
Corning 1737 glass was used as the substrate and, to deposit
microcrystalline silicon thin ﬁlms on the glass substrates, gas mixtures
composed of SiH4 and H2 were used and the ratio of H2/[H2 + SiH4] (R =
[H2/[H2 + SiH4]] ⁎ 100) was varied from 10 to 95% while keeping the
total gas ﬂow rate at 200 sccm. During the deposition of the silicon
thin ﬁlms, the rf power density was maintained at 0.48 W/cm2 by
applying 4 kW of rf power to the ICP source, the processing chamber
pressure was maintained at 20 mTorr, and the substrate temperature
was maintained at 180 °C (the substrate temperature was measured
on the substrate surface using a thermocouple). Especially, to study
the effect of an initial thin crystallized silicon layer on the ﬁnal
structure of the silicon thin, about 30 nm thick silicon layer was
initially deposited on the glass substrate before the deposition of main
silicon layer. The initial 30 nm thick silicon layer was deposited with a
gas mixture condition of the high hydrogen percentages (deposited
with R = 95% for 100 s followed by deposition with R = 93% for 60 s),
while the following main silicon layer was deposited with different
hydrogen dilution percentages.

The degree of the crystallinity of the deposited thin ﬁlms was
investigated using Raman spectroscopy (Kaiser, Rxn1) and the surface
roughness was measured by atomic force microscopy (AFM, Theromicroscopy, CP Research). The structure of the deposited ﬁlm was
investigated by a high resolution X-ray diffraction method (HRXRD,
D8 Discover Bruker) using Cu Kα1 (1.54 Å). Using high resolution
transmission electron microscopy (HRTEM, JEOL JEM 3000F), the
detailed microstructures of the deposited thin ﬁlm such as interface
structure, the grain size, etc. were observed. The change of radical
species in the plasma during the deposition by H2/SiH4 as a function of
hydrogen dilution percentage was investigated by optical emission
spectroscopy (OES, PCM 420 SC Technology).
3. Results and discussion
Fig. 2 shows the optical emission peaks of Hα
⁎ (observed at
656 nm) and SiH⁎ (observed at 413 nm) and the ratio of Hα
⁎/SiH⁎
measured using OES as a function of hydrogen dilution percentage
R (R = [H2/[H2 + SiH4]] ⁎ 100) from 10 to 95%. The rf power density,
the operating pressure, and the total gas ﬂow rate were maintained
at 0.48 W/cm2, 20 mTorr, and 200 sccm, respectively. As shown in
the ﬁgure, when the hydrogen percentage in the gas mixture was
increased, the optical emission peak intensity of Hα
⁎ in the plasma
was increased while the peak intensity of SiH⁎ was decreased.
Especially, when the R was higher than 90%, signiﬁcant increase of
Hα
⁎ and signiﬁcant decrease of SiH⁎ could be observed. Therefore,
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Fig. 2. OES peak intensities of Hα
⁎ and SiH⁎ in H2/SiH4 and the ratio of Hα
⁎/SiH⁎ as a
function of hydrogen dilution percentage. The rf power density, the operating pressure,
2
and the total gas ﬂow rate were maintained at 0.48 W/cm , 20 mTorr, and 200 sccm,
respectively.

the increase of hydrogen percentage, R, initially increased the ratio
of Hα
⁎/SiH⁎ slowly and, when the R is higher than 90%, the ratio of
Hα⁎/SiH⁎ increased signiﬁcantly. Hα
⁎ in the plasma originates from
the decomposition of H2 and SiH4 and, it is known that, the
increase of the ratio of Hα
⁎/SiH⁎ increases the crystallization of the
deposition silicon thin ﬁlm [11,12].
To observe the differences of the silicon thin ﬁlm structure
between the silicon ﬁlm deposited with a high R and that with a
low R, about 30 nm thick initial silicon layers were deposited on glass
substrates (RMS surface roughness of glass substrate: 0.495 Å) and the
surface roughness measured by AFM was compared (not shown). The
RMS surface roughness of a 30 nm-thick initial silicon layer deposited
on a glass substrate with a high R (the initial silicon layer (ISL)
deposited with R = 95% for 100 s followed by deposition with R = 93%
for 60 s) was about 4.78 Å and the surface roughness of an initial
silicon layer deposited with R = 0% for 40 s was about 3.85 Å. Therefore,
higher surface roughness was obtained with the initial silicon layer
deposited with the high R. The increased RMS surface roughness
obtained with the high R is believed to be from the high crystallization
percentage of the deposited silicon layer [13] due to the high ratio of
Hα
⁎/SiH⁎ in the plasma.
The initial crystallized silicon layer deposited on the glass substrate
may act as a nucleation site and seed for the growth of microcrystalline silicon. Therefore, about 450 nm-thick silicon thin ﬁlms was
deposited as a function of hydrogen percentage on the glass substrate
with/without the 30 nm-thick initial thin silicon layer, and the effect
of the initial silicon layer on the structure of the ﬁnal silicon thin ﬁlm
deposited with different hydrogen percentages was investigated.
Fig. 3 shows the RMS surface roughness of silicon thin ﬁlms deposited
on the glass substrate with/without the initial crystallized silicon layer
as a function of the hydrogen dilution percentage. The plasma
condition was the same as the condition in Fig. 2 while the deposition
temperature was maintained at 180 °C. As shown in the ﬁgure, the
increase of R in the gas mixture increased the RMS surface roughness
for both ﬁlms deposited on the glass substrate with and without the
initial silicon layer possibly due to the increase of the crystallization
percentage in the deposited thin ﬁlm. However, the silicon thin ﬁlms
deposited with the initial silicon layer showed higher surface
roughness compared to those deposited without the initial silicon
layer possibly due to the higher crystallization percentage of the
grown silicon thin ﬁlm at the same hydrogen percentage in the gas
mixture.
The crystal structure of the silicon thin ﬁlms deposited with and
without the initial silicon layer as a function of R from 10 to 90% was
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Fig. 3. AFM surface roughness of silicon thin ﬁlm deposited as a function of hydrogen
percentage in H2/SiH4 on the glass substrate with/without an initial highly crystallized
silicon layer (ISL). The substrate temperature was maintained at 180 °C. 30 nm-thick
thick ISL was deposited on the glass substrate with R = 95% for 100 s followed by
deposition with R = 93% for 60 s.

investigated by HRXRD and the results are shown in Fig. 4(a) for the
silicon ﬁlms with the initial silicon layer and (b) for the silicon ﬁlms
without the initial silicon layer. As shown in the ﬁgure, the silicon thin
ﬁlms deposited with higher hydrogen dilution ratio showed sharper
diffraction peaks related to (111), (220), and (311) crystallographic
planes for both thin ﬁlms deposited with and without the initial
silicon layer showing higher crystallization of the thin ﬁlm deposited
with higher R. Also, as shown in the ﬁgure, the XRD of the thin ﬁlm
deposited with the initial silicon layer showed higher peak intensities
related to the crystallographic planes at the same R indicating the

Fig. 4. XRD data of the microcrystalline silicon thin ﬁlms deposited as a function of
hydrogen percentage (a) without the ISL and (b) with the ISL.

802

H.C. Lee et al. / Surface & Coatings Technology 203 (2008) 799–803

higher crystallization percentage for the thin ﬁlm deposited with the
initial silicon layer.
The degree of crystallization of the silicon thin ﬁlms grown with
and without the initial silicon layer was quantitatively investigated
as a function of R using Raman spectroscopy and the results are
shown in Fig. 5. The Raman spectra could be deconvoluted into
three peaks located at 480 cm− 1 originated from amorphous silicon,
and 510 and 520 cm− 1 originated from crystalline silicon. As shown
in the ﬁgure, similar to the results obtained by the AFM data in
Fig. 3 and the XRD data in Fig. 4, the increase of R increased the
peak intensities related to the crystalline peaks indicating the
increase of crystallization with the increase of R. Also, the silicon
thin ﬁlm deposited with the initial silicon layer showed higher
Raman peaks related to the crystalline silicon at the same R. The
crystalline volume fraction (Xc) was calculated by Xc = A510 + A520 /
A480 + A520 + A510, [14] and the crystalline volume fraction of the
silicon thin ﬁlms calculated from the Raman spectra in Fig. 5 is
shown in Fig. 6 as a function of R and with/without the initial
silicon layer. The increased crystallization percentage with the
initial silicon layer is also shown in the ﬁgure. As shown in the
ﬁgure, the increase of R from 10 to 90% increased the crystallization
percentage of the silicon thin ﬁlm grown without the initial silicon
layer signiﬁcantly from about 8% to 84%. However, when the silicon
thin ﬁlm was grown on the thin initial silicon layer, as shown in the
ﬁgure, the further increase of crystallization percentage from 14
(at R = 10%) to 3% (at R = 90%) could be obtained. Therefore, it is
believed that the formation of an initial thin silicon layer with a
highly crystallization percentage before the deposition of main
silicon thin ﬁlm increases the crystallization of the following silicon
thin ﬁlm by acting as nucleation site or seed for crystallization.
Even though the higher crystallization percentage can be obtained
by depositing with a higher hydrogen dilution percentage, the
increased hydrogen dilution in the gas mixture generally decreases
the deposition rate, therefore, the use of the initial silicon layer can

Fig. 5. Raman spectra of the microcrystalline silicon thin ﬁlms deposited as a function of
hydrogen percentage on the glass substrate with/without the initial silicon layer.

Fig. 6. Crystalline volume faction of the silicon thin ﬁlm deposited as a function of
hydrogen percentage on the glass substrate with/without the initial silicon layer.

improve the deposition rate without decreasing the crystallization
percentage of the grown silicon thin ﬁlm.
The microstructure of the silicon thin ﬁlm grown with the initial
silicon layer at the hydrogen percentage of 90% was observed using
the TEM. Fig. 7(a) shows the cross-sectional TEM of silicon thin ﬁlm
deposited with the initial silicon layer and (b) shows the HRTEM of the
interface between the SiO2 and the initial silicon layer. As shown in
HRTEM of Fig. 7(b), the initial silicon layer was composed of
nanocrystalline silicon grains having about 10 nm diameter grain
size. Also, as shown in Fig. 7(a), long microcrystalline silicon grains
were observed in a direction normal to the substrate. The diffraction
pattern shown in the inset of Fig. 4(a) also shows the high crystallinity
of the deposited silicon thin ﬁlm. Therefore, the initial crystallized

Fig. 7. (a) Cross-sectional TEM of silicon thin ﬁlm grown with the initial silicon layer and
(b) the HRTEM of the interface between the SiO2 and the initial silicon layer. The
hydrogen dilution percentage during the deposition of silicon thin ﬁlm was 90%.
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silicon layer appeared to assist in increasing the crystallization of the
growing silicon thin ﬁlm by acting as the nucleation site for
microcrystalline grains.

formation of nucleation site or seed for the microcrystalline silicon by
the nanocrystalline silicon in the initial silicon layer as observed by the
HRTEM.

4. Conclusions
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