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Abstract

The effects of substrate bias voltage on the growth rate and structure of silicon thin films, deposited from highly diluted 13.56 MHz SiH4/H2

discharges at elevated pressures (2.5 Torr) are presented. More precisely, the possibility to increase the deposition rate by exciting the substrate
holder with positive or negative dc bias mixed with a low frequency voltage (20 kHz) was investigated. The results are compared to those obtained
using grounded and floating substrate configurations. Significant effects were observed concerning both the deposition rate and the film
crystallinity. Plasma diagnostics were implemented in order to understand if the changes are purely due to ion bombardment and to identify other
plasma parameters that are affected as well. Namely, plasma electrical measurements were used to maintain constant power consumption and to
monitor changes in the discharge current and impedance. In addition, spatially resolved emission spectroscopy was applied for recording changes
in the discharge structure. The results are discussed and the main problems related to the application of bias together with the best configuration
allowing fast deposition of μc-Si:H thin films are presented.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogenated microcrystalline silicon (μc-Si:H) thin films
produced in low temperature plasma processes have found
application in thin film solar cells [1–3]. However, due to the
low optical absorption of μc-Si:H higher deposition rates are
required to further consider the use of μc-Si:H in industrial
applications [4]. The main macroscopic discharge parameters
controlling the deposition of μc-Si:H are RF power, frequency,
gas composition, substrate temperature, discharge geometry and
total gas pressure. The variation of any of these parameters can
significantly alter the discharge properties by affecting the
charged particle kinetics, gas phase chemistry, and finally
plasma–surface interaction.

Among the above-mentioned parameters, an increase of the
plasma excitation frequency and high pressure together with
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high power are mostly used to optimize the film deposition rate
[5–8]. A common indirect conclusion from these studies is that
for a certain SiH4/H2 gas mixture a proper combination of
frequency, pressure and power may optimize ion bombardment
on the growing film surface, resulting to device quality material
deposited under high growth rates. This assertion is mainly
based on theoretical and experimental studies dealing with the
contribution of ion flux and energy to the deposition rate [9] and
film properties [10].

The most straightforward method to alter the flux and energy
of the ions that strike the surface of the growing film is through the
application of an RF or dc bias on the substrate holder. Recently,
N. Kosku et al. [11] have investigated the effect of substrate bias
on the microcrystalline film growth from inductively-coupled
plasma (ICP) of H2-diluted SiH4. By applying a dc bias, the
crystallinity is significantly improved even though the deposition
rate has almost no evident variation. In addition, H.J. Jia et al. [12]
also demonstrated the effect of dc substrate bias on high-rate
deposition of microcrystalline silicon films using a high-density
microwave plasma source. Their results proved that microcrystal-
line silicon films deposited under appropriate negative dc
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Fig. 1. The configuration of the substrate holder used for biasing the glass
substrate. Points 1, 2 and 3 where Raman measurements were performed.
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substrate bias exhibit improved film crystallinity and reduced
defect density along with thinner amorphous silicon incubation
layer at the initial growth stage. Concerning the low density
capacitively-coupled glow discharges that are widely used to
deposit this material, several attempts have been made to
investigate the role of the application of an external bias voltage
in amorphous and microcrystalline silicon deposition [13–17].
However, these studies include controversial conclusions con-
cerning the effect of ion bombardment. In some cases negative
values of dc bias appears to be beneficial for the initial growth
stage and the films crystallization. In other cases a positive bias
and a reduction of plasma potential is reported to improve the film
growth rate, morphology and electronic properties, while there are
also studies that have found almost no effect of the bias voltage on
the deposition process.

The present work has two main targets: The first one is to
investigate if it is possible to improve the deposition rate of μc-
SI:H thin films through the application of an external bias
voltage and the second one is to clarify if biasing of the substrate
can be beneficial for the films crystallinity. The study was
performed in high pressure–high power capacitively-coupled
SiH4/H2 discharges under different substrate holder configura-
tions (positive, negative ac and dc biasing, grounded, and
floating) with a subsequent monitoring of the film deposition
rate and crystallinity. All the experiments were performed in
conditions known to be close to the transition from a-Si:H to μc-
Si:H growth and the interpretation of the results was supported
by the application of in situ plasma diagnostics as electrical
measurements and 2D spatially resolved plasma emission
spectroscopy.

2. Experimental

Film deposition studies have been performed in a capacitively-
coupled ultrahigh vacuum (UHV) parallel plate reactor, with a
base vacuum of 10−9 mbar. The reactor is equipped with a load
lock system for transportation of the substrates and with four
quartz windows suitable for spectroscopic observations. The
usually grounded (deposition) electrode is mounted on an UHV
linear motion feedthrough, allowing for continuous variation of
the interelectrode distance. In the present study the distance
between the two electrodes was fixed at 1.5 cm. In all cases 4%
silane mole fraction ([SiH4] / [SiH4+H2]) has been delivered to
the reactor at a total pressure of 2.5 Torr. Pressure and flow rate are
independently adjusted by a downstream throttle valve controller
and an upstream mass flow controller, respectively.

One important issue in the application of a bias voltage,
especially when insulating substrates need to be used, is to
ensure that the potential applied to the electrode is also dis-
tributed across the insulating surface [18,19]. Actually, the
value of the dc voltage that is measured behind the substrate
does not correspond to the one in the surface of the insulator,
which strongly depends on the configuration of the surrounding
mask or the shield of the substrate [18]. It is then the plasma
induced conduction or the electric field conduction that drives
the voltage across the insulating surface. Fig. 1 shows the
substrate holder that we have used for substrate biasing. A
conductive (316L Stainless Steel) electrode holds the glass
substrate and it is also used for the development of the desired
voltage at the surface. In the left and right side of the glass there
is a small gap of 1 mm promoting substrate biasing through
plasma induced conduction (Ref. [18], configuration Y). At the
top and bottom side of the substrate there is a conductive shield
covering 2 mm of the substrate and favoring the development of
a surface voltage through electric field conduction ((Ref. [18],
configuration Z). Points 1, 2 and 3 in Fig. 1 denote the spots
where Raman measurements were performed in order to check
the film crystallinity. These measurements were then used as a
guide for the effectiveness of the two substrate biasing modes.

Moreover, special precautions have been taken to isolate the
dc generator from the low (10–110 kHz, ENI AT3200) and high
(13.56 MHz, ENI ACG-5) frequency generators and also from
the grounded walls of the reactor. For this purpose we have used
a high frequency–high voltage 1:100 transformer. The voltage in
the conductive part of the substrate holder was monitored with a
1:10 passive probe (Lecroy, PPE 1:10. The substrate holder
voltage conditions that are presented in this paper are positive
(100+200 sinωlt), grounded, floating, and negative (−100+200
sinωlt). The frequencyωl was 20 kHz in order the time period of
the applied frequency to be about 4 times higher compared to the
ion transit time through the sheath. This condition ensures that
the ions will follow the alteration of the low frequency field, thus
being able to acquire the highest amount of energy during the
cathodic phase of the 20 kHz cycle. For the specific set of
conditions, the transit time of the heaviest silane ions was
estimated to ~ 2.5×10−6 s assuming an average sheath length of
0.002 m andmean ion energy of 1 eV. The high frequency power
(13.56MHz) actually consumed in the discharge and the
discharge impedance was determined by using Fourier transform
voltage and current analysis. The voltage and current waveforms
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were measured on the powered electrode, using a high
impedance 1:1000 attenuation voltage probe (Lecroy PPE
1:1000), an 0.1 Ω transfer impedance RF current probe (FCC
model F-35-1). The detailed method used for the measurement
of the power consumed in 13.56MHz discharges can be found in
Ref. [20]. The setup used to record the emission spectra and
spatially resolved emission profiles consists of a cylindrical or a
focusing achromatic lens, an imaging spectrograph and an iCCD
detector (Andor, iStar734) [21]. Emission profiles were recorded
for SiH⁎, Hα and Hβ by using suitable interference filters.

The films were deposited on common glass substrates,
heated at a temperature of 250 °C. The deposition rate was
measured in situ using laser reflectance interferometry. The
structural properties of the films were measured with the JY T-
64000 Raman system, which was excited by the 514.5 nm line
of an air-cooled Ar+ laser. The details for the Raman
measurement can be found in Ref. [22].

3. Results and discussion

The main targets of the present study were to investigate if it
is possible to enhance the μc-Si:H thin film deposition rate and/
or the film crystallinity through the application of an external
Fig. 2. (a) The applied RF voltage amplitude (b) total discharge current (c) dc self-bias
correspond to conditions of constant RF power dissipation in positive and negative bias
bias voltage to the surface. So, the starting point of the study was
to find the plasma conditions that lead to the transition from μc-
Si:H to a-Si:H growth, when the substrate holder is grounded. A
set of experiments was then performed with variable % SiH4

fraction and discharge power in order to determine the values
that lead to the transition at reasonably high deposition rate. The
parameters found were 4% SiH4 in H2 mole fraction, 35 W
13.56 MHz power. At these conditions, the deposition rate was
7.3 Å/s and a very small shoulder appeared in the Raman spectra
appeared at long wavenumbers around 518 cm−1. Then, using
the same parameters we have successfully applied a positive bias
(+100+200 sinωlt), a negative bias (−100+200 sinωlt), while in
the last experiment the substrate holder was floating. Special
care was taken to maintain constant real power dissipated in the
discharge through the different substrate excitationmodes. Fig. 2
(a), (b), (c) and (d) present the variation of RF voltage, discharge
current, discharge phase impedance and RF electrode self-bias
voltage respectively leading to the same power dissipation as the
substrate holder bias conditions change. Any change from the
grounded conditions imposes an increase of the applied
13.56 MHz voltage amplitude to maintain the same power and
this increase is higher for the negative biasing conditions (Fig. 2
(a)). On the other hand, the discharge current presented in Fig. 2
of the RF electrode and (d) phase difference between RF voltage and current that
ing, grounded and floating conditions of the conductive part of the substrate holder.



Fig. 3. Spatial distribution of the normalized Hβ emission intensity at different
substrate holder conditions.
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(b) shows an opposite relation compared to voltage and drops in
any configuration different than the grounded one. Again, the
drop is stronger for the negative biasing conditions. In addition,
the discharge phase impedance, which is plotted in Fig. 2(c)
indicates that in the grounded conditions the discharge exhibits
the most resistive character as the phase is reduced in absolute
value. Finally, the self-bias voltage Vdc that is developed on the
RF electrode is strongly affected by the application of an external
bias voltage on the substrate holder. Actually, the application of a
positive bias leads to an increase of the Vdc to more positive
values, while the application of a negative voltage to more
negative values of Vdc. The floating conditions lead to similar
values of Vdc with the case of negative biasing, indicating that in
these conditions the substrate holder is also negatively charged.
It is also noticeable that in the grounded conditions the value of
Vdc is positive which means that at these conditions of relatively
high gas pressure and power, the discharge has an electro-
negative character. The errors bars in the figures were obtained
from about 10 measurements performed in different days. The
exhaustive check of reproducibility is very important because
the application of the external bias voltage introduces a dis-
tortion on the voltage and current waveforms measured at the RF
electrode.

To summarize the results of the electrical measurements, we
can conclude that in the case of grounded substrate holder, a
lower voltage, a higher current flow and a more resistive
discharge is required to maintain the same discharge power with
the other configurations. Typically, these are conditions of
higher plasma density and lower electron temperature, identi-
fied in previous studies [22] to be beneficial for the precursor
species production, the deposition rate and the film crystallinity.
In addition, the variation of the Vdc clearly indicates that the
application of the substrate bias reconstructs the voltage dis-
tribution in the discharge in such a manner that the time-
averaged plasma potential is always the most positively charged
part of the discharge. Finally, the results of the electrical
measurements have clearly pointed out that the application of
substrate biasing affects all the plasma properties and the
influence cannot be limited to the sheath of the substrate holder
and the ion bombardment.

Thus, besides the changes of the electrical properties of the
discharge, variations in the production of film precursor species
are also expected. In order to follow these changes, spatially
resolved emission spectroscopy was applied and profiles of
excited silylylidene radical SiH (Α2Δ → Χ2Π) and α- and β-
balmer lines of atomic hydrogen were recorded. Fig. 2(a) and
(b) present the absolute and the relative spatial distribution of
Hβ line for the different substrate holder modes. The spatial
profiles were obtained by averaging the radial emission
intensity from the center of the plasma to electrodes edges. As
we can observe the change in the substrate holder modes affect
both the rate of production and the spatial distribution of the
excited species. The change in the production rate is more
clearly seen in Fig. 3(a) where the absolute values of emission
intensity are plotted. The grounded condition is by far the most
efficient in species production everywhere in the discharge and
is followed by the positive biasing configuration. The negative
and floating modes present almost the same rate of Hβ

production. The results for SiH⁎ and Hα were about the same
despite the differences between grounded and positive bias
conditions were not so strong. As for the changes in the spatial
distribution of species, these are better reflected in Fig. 3(b)
where the normalized values of Hβ emission intensity are
plotted. The first observation is that for the positive, negative
and floating conditions the optimum of the emission intensity is
located closer to the RF electrode compared to the grounded
configuration. In addition, a second peak close to substrate
holder appears in these configurations. The appearance of this
peak indicates that the plasma potential is enhanced in these
conditions in relation to the grounded conditions where the
highest voltage drop seems to take place in the sheath of the RF
electrode. The positive biasing condition gives the more
symmetric profiles compared to all other cases.

The variations in the production and distribution of species
in the discharge lead also to changes in the film growth rate, as
presented in Fig. 4(a). The modification of the substrate holder
mode, from positive biasing to grounded, floating and finally to
negative biasing, results in a continuous drop of the deposition
rate. Actually, the fact that the deposition rate is higher in the
case of positive biasing compared to the grounded conditions is
not an expected result according to the previous discussion
concerning the electrical properties and the lower rate of species



Fig. 4. (a) Deposition rate and (b) Raman spectra of the films deposited in
different substrate holder conditions.

Fig. 5. Raman spectra at three different points of the films deposited (a) under
positive biasing and (b) grounded configurations of the conductive part of the
substrate holder.
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production (Fig. 3(a)). This enhancement is due to the more
symmetric discharge in the case of positive biasing, which in
turn favors the production of species closer to the substrate,
increasing thus their probability to reach the growing surface.
The increase of plasma potential, which was also predicted from
the emission profiles for the case of positive biasing will result
to an increase of the ion flux towards the substrate and this may
also contribute to the enhancement of the deposition rate either
through direct incorporation of the ions or through the enhance-
ment of the mobility of the physisorpted species.

Moreover, the structure of the films deposited at the different
conditions was estimated by using Laser Raman Spectroscopy
and the results are shown in Fig. 4(b). As already mentioned, the
films deposited under grounded conditions were in the transition
from μc-Si:H to a-Si:H growth. So, for this film only a small
‘shoulder’ appeared at long wavenumbers around 518 cm−1. In
addition, the films deposited under negative biasing and floating
conditions are purely amorphous and only one peak around
480 cm−1 appears in the Raman spectra. On the other hand, the
film deposited with a positive bias presents a sharp peak at ~
519.6 cm−1 due to the TO phonon mode, which means that the
crystalline phase is significantly enhanced. Thus, the application
of positive biasing seems to improve the deposition rate while at
the same time favoring film crystallinity.
It must be noted that the Raman spectra presented in Fig. 4(b)
were obtained from the middle of the glass (point 1, Fig. 1). As
already discussed in the experimental section, the application of
an external bias on an insulator like glass and the achievement of
the desired voltage drop in the sheath of the substrate holder is a
difficult task and depends on the setup around the substrate. In
order to check the effectiveness of the configuration applied in
inducing the desired voltage drop across the glass we have used
Raman spectroscopy as a probing tool. Thus except of the
spectra obtained from the center of the samples two more
measurements were done: one close to right edge of the substrate
(point 2, Fig. 1) and one close to the cover shield of the substrate
(point 3, Fig. 1). These measurements are presented in Fig. 5(a)
and (b) for the films deposited under positive and grounded
conditions, respectively. Measurements for the films deposited
under negative and floating modes were also performed but
these films in all positions were purely amorphous. On the other
hand, the Raman measurements of the film deposited under
positive biasing have shown that the crystallinity varies with
position and for point 2 that corresponds to the area of the
substrate biasing through plasma induced conduction [18], the
amorphous phase is reduced. Moreover, for the point 3, which
matches to the area of substrate biasing through electric field
conduction, the deposited film present almost no amorphous
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phase. The same trend is maintained also for the film deposited
under grounded conditions of the conductive part of the
electrode although the crystallinity of this film at each of the
measured points is lower compared to the one in Fig. 5(a).

The variation of the crystalline volume fraction in the films
can be either a result of non-uniform species flux or/and a result
of the charged species transport. A possible explanation can be
that a strong radial field is developed between the conductive
part of the holder and the insulator and this drives the motion of
charged species near the surface, enhancing their role in the film
growth. Due to the large number of collisions as the total gas
pressure is relatively high, the field intensity decays gradually
resulting to the observed spatial changes in the film structure. In
addition, as the electric field conduction is more effective
compared to the plasma induced conduction, the developed
electric field intensity is expected to be higher in the top and
bottom compared to the left and right side of the glass and this
seems to be beneficial for the film crystallinity. The fact that this
is observed only for the films deposited under positive biasing
and grounded conditions and not in the case of floating and
negative biasing clearly indicates that the glass surface and the
deposited film is always negatively charged independently of the
biasing conditions due to the higher electron mobility. Thus,
only the positive biasing and the grounded conditions can induce
the necessary charge difference for the development of a strong
electrostatic field. Further work is in progress with different and
more complicated masks and substrate holders to improve the
structure uniformity of the deposited films, to confirm the ef-
fectiveness of positive substrate biasing in the deposition
process of μc-Si:H thin films and to further clarify the reasons
for the observed effects on the deposition rate and crystallinity.

4. Conclusions

A study of the effect of the substrate bias on the deposition
process of μc-Si:H thin films was performed with the purpose to
investigate the possibility to enhance the deposition rate and/or
the film crystallinity.

Positive and negative biasing together with grounded and
floating conditions of the conductive part of the substrate holder
has been tested. The other experimental parameters as power,
total gas flow, pressure and SiH4 mole fraction have been
chosen to be in the transition from μc-Si:H to a-Si:H growth.

The results of the electrical measurements have shown that in
order to maintain constant power dissipation as the substrate
holder configuration changes, all the electrical parameters need
to be modified. In fact, the grounded configuration required the
lowest applied voltage, the highest discharge current and pre-
sented the higher resistive character. In addition, the results of
the spatially resolved emission profiles of excited species in the
discharge have shown that the rate of species production in the
discharge is higher for the grounded configuration. On the other
hand, the positive biasing mode resulted in more symmetric
species production, indicating also an important enhancement
of the plasma potential.

Moreover, the deposition rate and the film crystallinity were
favored by the positive biasing conditions. A deposition rate
increase of ~20% was recorded as we changed from the
grounded to positive biasing conditions, while the film crystal-
linity was also improved. The negative biasing and floating
configuration gave in both cases worst results. Raman mea-
surements at different points of the deposited films show struc-
ture non-uniformities and higher crystalline volume fractions in
the areas close to the conductive part of the substrate holder for
both the positive and grounded configuration. This result
indicates that the development of a strong electrostatic field
across the glass substrate can be beneficial for the deposition
rate and the film crystallinity. So, we can conclude that an
appropriate positive substrate biasing during the film growth
can improve both the deposition rate and crystallinity of μc-Si:
H thin films. An important issue for further application of this
technique and a subject under investigation is the possibility to
avoid the structural non-uniformities with the proper application
of more complicated setups of the substrate holder.
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