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Silicon films were grown on aluminium-coated glass by inductively coupled plasma CVD at room temperature

using a mixture of SiH4 and H2 as the source gas. The microstructure of the films was evaluated using Raman

spectroscopy, scanning electron microscopy and atomic force microscopy. It was found that the films are composed of

columnar grains and their surfaces show a random and uniform distribution of silicon nanocones. Such a microstructure

is highly advantageous to the application of the films in solar cells and electron emission devices. Field electron emission

measurement of the films demonstrated that the threshold field strength is as low as ∼9.8V/µm and the electron

emission characteristic is reproducible. In addition, a mechanism is suggested for the columnar growth of crystalline

silicon films on aluminium-coated glass at room temperature.
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1. Introduction

There has been an increasing interest in prepa-
ration of low-temperature crystalline silicon films due
to their potential applications in developing new tech-
nologies including inexpensive flexible electronics, so-
lar cells, thin film transistor arrays of liquid crystal
displays and imaging sensors.[1,2] Solid phase crystal-
lization of amorphous silicon (a-Si) film is a common
method to prepare crystalline silicon films. However,
the crystallization temperature is too high to use glass
or plastic substrates.[3−5] Liquid-phase crystallization
of a-Si films on glass substrates using excimer lasers
has been intensively investigated, but the thickness
for crystallization is less than 100 nm due to the high
absorption coefficient of a-Si for the lasers used.[6]

Many efforts have been made to directly grow
crystalline silicon films at low temperatures. Although
crystalline silicon films can be deposited on glass by
plasma-enhanced chemical vapour deposition,[7,8] the
substrate temperature is still too high for the use of
low-temperature substrates such as the plastic. More-

over, the deposition rate is low. To decrease the sub-
strate temperature and increase the deposition rate
of crystalline silicon films, various plasma sources
have been developed, including electron cyclotron res-
onance, surface wave plasma, and inductively cou-
pled plasma (ICP).[9−12] Of these plasma sources,
ICP has some advantages in the deposition of low-
temperature crystalline silicon films: low plasma po-
tential, low electron temperature, high electron den-
sity (∼1012 cm−3 at 10mTorr) (1 Torr = 133 Pa), spa-
tial confinement of discharge and the simplicity of the
configuration.[13−15]

In this paper, the ICP-CVD technique was em-
ployed to directly deposit crystalline Si films on
aluminium-coated glass at room temperature. The
thickness of the evaporated aluminium layer is about
100 nm. A mixture of SiH4 and H2 was used as
the source gas. The microstructure of the sam-
ples was characterized by micro-Raman spectroscopy,
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The results show that the result-
ing crystalline silicon film has high-density silicon tips
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with a random distribution on the surface and colum-
nar growth in the film. The field emission measure-
ment suggests that the samples have good field emis-
sion characteristics.

2. Experimental details

The plasma was generated by a built-in water-
cooled one-turn induction coil (10 cm in diameter)
made of a copper tube inside the reactor. In or-
der to obtain high-density and homogeneous plasma,
the surface of the induction coil was coated with
a layer of 0.1 cm thick fiberglass as an insulator.
The base vacuum was 1 × 10−3 Pa and the working
pressure was about 10 Pa. The SiH4 dilution ratio
([SiH4]/([SiH4]+[H2])) was fixed at 10%. The radio-
frequency power was 300W. As the substrates were
not completely immersed in the plasma, the measured
substrate temperature was only about 40 ◦C under
plasma heating even at an input power of 300W.

The field emission measurements were conducted
under a vacuum below 1.0×10−3 Pa in a high-vacuum
setup.

3. Results and discussion

The Raman spectra of the silicon films deposited
on bare and aluminium-coated glass are shown in
Fig.1. The broad band centred at 480 cm−1, corre-
sponding to the transverse optical phonon scattering
of amorphous silicon, shows that the structure of the
film deposited on bare glass is amorphous. In com-
parison, the strong Raman peak at 512 cm−1 for the

film deposited on aluminium-coated glass shows that
the aluminium layer significantly enhances the crys-
tallization of silicon film at room temperature.

Fig.1. Raman spectra of silicon films deposited on bare

(a) and aluminium-coated (b) glass.

To obtain more microstructural information for
the obtained silicon films, SEM and AFM measure-
ments were performed. Figure 2(a) shows the surface
image. It can be seen that the grain size is uniform
and is about 140 nm in the lateral direction. The
cross-sectional SEM image (in Fig.2(b)) shows that
the columnar growth predominates for the silicon film
deposited on the aluminium-coated glass. Figure 3
shows the typical 2D and 3D AFM images of the sili-
con film deposited on the aluminium-coated glass sub-
strate. It can be seen that the film surface presents a
random and uniform distribution of silicon nanocones
as the result of the columnar growth. The height and
the mean basal diameter of these cones are ∼140 nm
and ∼ 150 nm, respectively, causing a relatively high
surface roughness (RMS ∼44 nm).

Fig.2. Surface (a) and cross-sectional (b) SEM images of the silicon film deposited on aluminium-

coated glass.
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Fig.3. Typical 2D and 3D AFM images of the silicon film deposited on aluminium-coated glass.

It is well known that the recrystallization tem-
perature of amorphous silicon films can be effectively
decreased by making them in contact with some met-
als such as Al or Au, which is called metal-induced
annealing crystallization.[16−20] Normally, the crys-
tallization temperature of amorphous silicon films is
about 500 ◦C in Al-induced annealing crystallization
processes. Our results indicate that the crystallization
temperature of silicon films can be further decreased
by Al-induced crystallization in the ICP-CVD process.
Here we make the tentative assumption that the re-
duced crystallization temperature is due to the dif-
ference in the ways of supply of silicon atoms in the
traditional annealing process and the Al-induced crys-
tallization growth process in ICP-CVD. Meanwhile,
the strong nonequilibrium chemical processes caused
by the high-density electrons in ICP also play an im-
portant role in decreasing the induced crystallization
temperature. Our reasoning is as follows.

In the traditional Al-induced annealing crystal-
lization process, silicon atoms that diffuse into Al
layer and recrystallize, come from the breaking of Si-
Si bonds in amorphous silicon with the assistance of
the Al layer.[21] Although the existence of the Al layer
can decrease the crystallization temperature, it still
needs higher temperature to activate the Si-Si bonds
to break. However, in ICP-CVD process, the sili-
con atoms are provided by high energy state SiHx

(0 ≤ x ≤ 3) radicals created by plasma stimulation,
which effectively reduces the crystallization tempera-
ture.

With the continuous dissolution of silicon atoms,
the silicon concentration in Al exceeds the saturation

value. They will precipitate from the aluminium lat-
tice and nucleate in the low-energy sites, such as the
aluminium grain boundaries or the surface of the alu-
minium layer, as shown in Fig.4. The grains which
nucleate in the aluminium grain boundaries will stop
growing when the grains touch the upper and lower
surfaces of the aluminium layer. The silicon grains
which have nucleated on the surface of the aluminium
layer will continue to grow in the direction of the nor-
mal of the upper surface of the aluminium layer as
silicon atoms accumulate at the bottom of the silicon
grains, leading to the columnar structure of the re-
sultant silicon film as shown in Fig.2. Such a growth
process is schematically demonstrated in Fig.4.

Fig.4. Schematic diagram of Al-induced growth of crys-

talline silicon films by ICP-CVD: (1) diffusion of SiHx

(0 ≤ x ≤ 3) to the substrate; (2) diffusion of silicon atoms

in the aluminium layer; (3) nucleation of silicon atoms; (4)

growth of silicon grains.

The films with the microstructure as shown in
Figs.2 and 3 are highly advantageous to the applica-
tions in solar cells and electron emission devices. To
check the electron emission characteristic of the film
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deposited on the aluminium-coated glass substrate, we
measured the field electron emission from 0 to 1000 V.
The crystalline silicon film on aluminium-layer served
as a cathode and the distance between the anode and
the cathode was fixed at 50µm using a glass spacer.
The measurement was performed repeatedly at a pres-
sure below 1.0×10−3 Pa. The J–E curves obtained are
shown in Fig.5. The typical threshold field strength,
which is defined as the macroscopic field to

Fig.5. Field emission characteristics of the silicon film de-

posited on aluminium-coated glass. The corresponding

F-N curve is plotted in the inset.

detect a current density of 20µA/cm2, is about
9.8V/µm, which is considerably lower than that (∼
20Vµm−1) observed for conventional micro-fabricated
silicon materials.[22] This could be attributed to the
random and uniform distribution of silicon nanocones
on the surface and the columnar microstructure of the
film. More importantly, there was no distinct change
of the J–E curves measured at different times, sug-

gesting that the sample has a stable field electron
emission performance. The F-N plot shown in the in-
set of Fig.5 is in agreement with the F-N theory, from
which the slope of the F-N plot, S, can be expressed
as

S =
−Bφ3/2

β
,

where B is a constant having the value
6.831×103 eV−3/2Vµm−1, φ is the effective work func-
tion (being about 4.15 eV for silicon),[23] β is the field
enhancement factor. In our case, the calculated β is
about 1136. Thus, the shape of the surface humps
of silicon crystallites on the aluminium-coated glass
might be the reason of the lowered threshold voltage
compared to bulk silicon.

4. Conclusions

In summary, we have deposited silicon films on
aluminium-coated glass at room temperature by ICP-
CVD. The films are composed of columnar grains and
the lateral grain size is about 140 nm. The 3D AFM
images show that silicon nanocones are randomly and
uniformly distributed on the film surface. The height
and mean basal diameter of the silicon nanocones
are about 140 and 150 nm, respectively. The field
electron emission measurement shows that the silicon
films deposited on the aluminium-coated glass have
low threshold field strength of about 9.8 V/µm, re-
sulting from the random and uniform distribution of
silicon nanocones on the film surface and the colum-
nar microstructure in the films. Moreover, the field
electron emission characteristic is reproducible.
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