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Hydrogenated amorphous silicon (a-Si) and microcrystalline silicon (μc-Si) films were grown in atmospheric-
pressure (AP) He/H2/SiH4 plasma excited by a 150-MHz very high-frequency (VHF) power at a temperature of
220 °C. The variations in thickness and crystallinity of the deposited Si films along the gas flow direction were
studied as functions of gas residence time in the plasma, VHF power density and H2 flow rate. Furthermore,
the electrical characteristics of bottom-gate thin film transistors (TFTs) were investigated to evaluate the film
quality. The results revealed that the chemical reactions both in gas phase and on the growing film surface
were significantly enhanced in AP-VHF plasma, promoting phase transition from amorphous tomicrocrystalline
in a time of the order of 0.1 ms. The performance of the TFTs showed that a-Si layers formed in the upstream por-
tion of the plasma zone had reasonably good electrical property (field-effectmobility of approximately 2 cm2/V s)
despite very high deposition rates around 20 nm/s. While μc-Si layers deposited in the downstream portion were
very defective, which might come from the insufficient passivation of grain boundaries with a-Si tissues due to a
too long gas residence time in the plasma. The precise control of gas residence timeby adjusting the length of plas-
ma will be effective for the phase control of Si films with desired quality.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There has been a considerable interest in the low-temperature and
high-rate deposition processes of hydrogenated amorphous silicon
(a-Si) and microcrystalline silicon (μc-Si) films, which are widely used
in large-area electronic devices including thin film transistors (TFTs)
and thin film solar cells. Especially, a-Si and μc-Si films deposited on
polymer materials can realize flexible TFT-based devices and solar
cells. A promising method for fabricating a-Si and μc-Si films is plasma-
enhanced chemical vapor deposition (PECVD) using silane (SiH4) and
hydrogen (H2) as the source gasses. However, in conventional PECVD
processes, reactive plasma is excited at low pressures by a 13.56-MHz
radio frequency power [1–5], resulting in low deposition rates. In addi-
tion, since substrate heating in the range of 200–400 °C is needed in
order to obtain good-quality Si films, thermosensitive flexible substrates
can hardly be used as far as conventional radio-frequency PECVD pro-
cesses are used.

Recently, there has been a steady increase in the utilization of reac-
tive plasma excited at atmospheric pressure (AP) for PECVD processes.
SinceAPplasma can serve as an efficient source of atomic andmolecular
active species, it can be a viable approach to realize a highly efficient
thin film formation process at low temperatures. Although a number

of investigations have been reported on the depositions of oxide mate-
rials using AP corona, glow and dielectric barrier discharges and also
using AP plasma jets [6–19], fewworks have been published on the de-
position of Si thin films using AP plasma.

We have developed an AP plasma technology in order to fabricate Si
and related thin films with high rates at low temperatures. In this tech-
nology, a 150-MHz very high-frequency (VHF) power is effectively used
to excite stable plasma under AP [20–26], the properties of which are
considered to be different from other AP plasma sources [27]. In our
previous study [21], we demonstrated high-rate depositions of reason-
ably good-quality a-Si films at a substrate temperature of 220 °C by
using a cylindrical rotary electrode. In high H2/SiH4 ratio conditions
(H2/SiH4 N 50), μc-Si films could also be obtained. The high-speed elec-
trode rotation (~5000 rev./min) enabled us to form a one-dimensional
high-speed gas flow in the plasma region of less than 0.5 mm spacing.
However, the deposition process using the cylindrical rotary electrode
suffered some problems. One of the problems was that the length of
plasma in the gas flow direction varied depending on the plasma oper-
ating conditions, such as electrode rotation speed (gas flow rate) and
reactive gas concentration. In addition, because of the cylindrical shape
of the electrode, the gap spacing varied along the gas flow that caused
the non-homogeneities of electric field and gas flow velocity in the plas-
ma region. Moreover, the turbulence of gas flow existing behind the
electrode promoted the gas-phase condensation of precursor molecules,
leading to the contamination of substrate surface by dusty particles in a

Surface & Coatings Technology 234 (2013) 2–7

⁎ Corresponding author. Tel./fax: +81 6 6879 7269.
E-mail address: kakiuchi@prec.eng.osaka-u.ac.jp (H. Kakiuchi).

0257-8972/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.surfcoat.2013.06.108

Contents lists available at ScienceDirect

Surface & Coatings Technology

j ourna l homepage: www.e lsev ie r .com/ locate /sur fcoat

http://dx.doi.org/10.1016/j.surfcoat.2013.06.108
mailto:kakiuchi@prec.eng.osaka-u.ac.jp
http://dx.doi.org/10.1016/j.surfcoat.2013.06.108
http://www.sciencedirect.com/science/journal/02578972


certain condition [26]. These problems limited us to study the growth
process of device-quality a-Si and μc-Si films in AP-VHF plasma.

The goal of the present study is to achieve a highly efficient forma-
tion of device-quality a-Si and μc-Si layers on flexible polymer sub-
strates using AP-VHF plasma on the basis of the results described
above. In this paper, as a first step to the deposition at temperatures
lower than 100 °C, we discuss the growth processes of Si films in
AP-VHF plasma at a temperature of 220 °C, focusing on exploring
the effects of gas residence time in the plasma on the growth of Si
films under a condition of well-regulated gas flow. For this purpose,
we propose the use of a parallel-plate-type electrode system that
can define the length of plasma and gap spacing and can also avoid
a turbulent gas flow around the plasma region. To check the film
quality, we evaluate the performance of bottom-gate TFTs, the chan-
nel layers of which have been prepared in AP-VHF plasma.

2. Experimental details

The experiments were conducted in an AP plasma CVD system
that equipped a load lock chamber. A parallel-plate-type electrode
of 16 mm length and 80 mm width was placed in the reaction cham-
ber. Fig. 1a schematically shows the experimental setup. The elec-
trode surface was coated with alumina of ~0.1 mm thickness in
order to restrain the emission of secondary electrons. Quartz guide
blocks were used to define the gas flow path, achieving a laminar
flow of gasses in the plasma zone. Corning EAGLE XG glass plates of
0.7 mm thickness (100 × 100 mm2) were mainly used as substrates.
The substrates were fixed on a TiN-coated copper susceptor of the
substrate heating stage by a vacuum chuck system that ensured an ef-
ficient heat transfer across the substrate/susceptor interface at AP
[24]. By virtue of the vacuum chuck system, the temperature of the

Fig. 1. (a) Schematic illustration of the experimental setup. (b) Side and (c) front view photographs of AP-VHF plasma excited using a glass substrate in a deposition condition
(H2 = 0.5 slm, PVHF = 16 W/cm2).
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