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a b s t r a c t

In order to increase industrial viability and to find niche markets, high deposition rate and low temper-
ature depositions compared to standard deposition conditions are two recent trends in research areas
concerning thin film silicon. In situ diagnostic tools to monitor gas phase conditions are useful in quick
optimization processes of deposition parameters without going into time consuming material charac-
terizations. Optical emission spectroscopy is an efficient technique to monitor/predict growth rate and
phase of the material (amorphous or nanocrystalline). However, at high growth rate conditions which are
generally achieved at high chamber pressures (p), the simple correlation breaks down. We see that at high
pressure condition a higher H�/Si* is needed for the onset of crystallinity than that is found at lower pres-
sure conditions. Additional methods such as estimating the silane depletion from the experiment and the
olar cell flux ratio of atomic hydrogen to deposited silicon atoms from simulations can be used for fine-tuning the
amorphous to nanocrystalline transition regime. On the other hand, intensity of Si* line loses its character
as a monitoring tool for deposition rate. Moreover, the plasma changes its character when the pressure is
varied, even when the pd product is kept constant. In situ diagnosis of the ion energy distribution func-
tion by a retarding field ion energy analyzer has thrown new lights on the role of hydrogen dilution for
depositions at low substrate temperature conditions, namely to compensate the loss in ion energy due to
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lower gas temperature.

. Introduction

For the last several years the photovoltaic market is growing
t an average rate of 40% [1]. Both bulk Si as well as thin films
ave increased their markets, however the share of thin film sil-

con has actually fallen and it is at present around 7%. The efforts
owards thinner wafers, especially for HIT type of cells shown by
anyo for thicknesses down to 70 �m [2] and thin cells (50 �m) by
ransfer technology [3] and the progress in ribbon type silicon tech-
ology [4] are going to take away some of the advantages of thin
lm based solar cells as far as material cost is concerned. On the
ther hand, thin film silicon solar cells have to also compete with
ther types of thin film materials such as CdTe and CIS. The recent
eports from First Solar (US) indicate that the manufacturing cost of
Please cite this article in press as: J.K. Rath, et al., Mater. Sci. Eng. B (2008),

heir CdTe based modules reach $1.25/Wp [5] and a claimed energy
ay back time of 1.1 years. Their expansion to Europe (120MW at
rankfurt (Oder) Germany) puts a chalange to other thin film tech-
ology based productions in Europe. CIS technology has brought
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n new players such as Honda motors (Japan) [6]. Moreover, except
or CSG solar [7], all other industries want to use nanocrystalline
ilicon (nc-Si) in combination with amorphous silicon (a-Si) based
ells in a Tandem (so called “micromorph”) or triple junction con-
ept (Kaneka Co. [8], Sharp Co. [9], Unisolar Co. [10]) to achieve high
table efficiencies. Hence the deposition rate of both a-Si as well as
c-Si has to be increased substantially compared to the present
tatus at the industries. Several deposition techniques promise to
eliver that. However, the thin film Si, especially nc-Si, made by
ery high frequency plasma enhanced chemical vapour deposi-
ion (VHF PECVD) has so far shown the best results, in terms of
fficiency as well as deposition rate [11]. This can be attributed
o the available ion energy that can be tuned by pressure, cou-
led power, process temperature, plasma frequency and external
pplied voltage bias to the RF electrode. Moreover the technique
as been used to deposit cells and fabricate modules on flexible
lastic substrates by either a transfer process [12] or direct depo-
doi:10.1016/j.mseb.2008.10.035

ition [13]. We present here how to find a suitable combination of
hese parameters to obtain nanocrystalline silicon at high growth
ates (>5 nm/s). Further optimizations are achieved by identifying
he so called crystalline to amorphous transition regime, letting the
as distribution in the plasma zone by a suitable showerhead design

dx.doi.org/10.1016/j.mseb.2008.10.035
http://www.sciencedirect.com/science/journal/09215107
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our findings at low pressure conditions where a linear relationship
between the Si* intensity and the deposition rate has been observed
[16]. The most likely explanation is that, due to the depletion, the
primary dissociation rate of silane does not vary with increasing
power for the high pressure case, whereas the concentration of silyl
ARTICLESB-11814; No. of Pages 6
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nd finding a deposition process that avoids the progress towards
he dusty plasma regime. Amplitude modulation of the RF plasma
s proposed as a candidate to achieve the last case. We will show
ow various diagnostic tools, such as optical emission spectroscopy
OES), voltage–current (V–I) impedance probe and ion energy ana-
yzer can be used in the optimization process to obtain state of the
rt nc-Si as well as a-Si solar cells with high deposition rates and/or
t low temperatures.

. Experimental

Most of the depositions of thin film silicon samples, which vary
rom amorphous to nanocrystalline silicon and the solar cells that
mployed these samples were made in an ultra high vacuum mul-
ichamber deposition system called ASTER [14] using VHF PECVD
echnique at 50 or 60 MHz frequency. The in situ monitoring tools,
uch as OES and V–I probe were fitted to the reactor to record and
onitor the gas phase processes and the delivered power to the

eactor respectively. Some of the samples were deposited in ATLAS
igh vacuum system with a reactor that is a replica of the reactors in
STER system. ATLAS is equipped with a UV–vis spectroscopic ellip-
ometer to monitor the growth process and quality of the grown
aterial and a retarding field ion energy analyzer to probe ion

nergy and flux of the ions reaching the growing surface. Solar
ells made in ASTER system were analyzed by current–voltage mea-
urement using a calibrated dual beam solar simulator (Wacom,
apan).

. Results and discussion

.1. High deposition rate nc-Si

A combination of a high frequency (60 MHz), an RF power of
5 W and a pressure of 5 mbar and a novel gas showerhead has
elivered a high stabilized efficiency of 10% for an nc-Si cell in a
-i-n configuration. These cells also turned out to be very stable
ithout suffering from any degradation under AM1.5 light soaking.

he deposition rates of these films were already reasonably high
0.5 nm/s). However, increasing the deposition rate further to ultra
igh values (>5 nm/s) needed an increase of the pressure to 9 mbar
nd the RF power up to 400 W. In situ diagnosis (OES) was used
o carry out the optimization process. A simultaneous increase of
he power and the flow rate in order to maintain similar depletion
onditions has been found as a process to achieve this goal. We
eport below that this process needs a cautious approach and sup-
lementary methods are needed to arrive at an optimum deposition
ondition. This is mainly due to our presumption that (i) intensities
f hydrogen and silicon lines in OES sufficiently describe the condi-
ion for nanocrystalline growth and that (ii) increasing the pressure
s sufficient to keep the ion energy at a desired level for the growth
f device quality nc-Si material.

.1.1. Transition material
One of the important optimization steps for nc-Si material is to

nd the so called transition regime [15], where the material is of
est device quality. To obtain an accurate description of the depen-
ence of plasma characteristics on the deposition conditions it is
ecessary to estimate the real coupled power. In ASTER the V–I
robe is used in the VHF PECVD reactor for the measurement of the
ctual delivered power to the discharge. This is much more accu-
Please cite this article in press as: J.K. Rath, et al., Mater. Sci. Eng. B (2008),

ate compared to the traditional method of monitoring the reflected
ower at the generator, since it is not affected by power lost in
ables and matching network. The phase between the RF voltage
nd the current reflects whether the plasma is more capacitive or
eactive. Since the impedance of the discharge may vary consider-
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bly when the regime is tuned from a pure silane discharge to a
ure hydrogen discharge, these power losses are not merely a con-
tant factor, which is also evident from the fact that the settings
f the matching network need to be adjusted for every change in
as mixture. Furthermore, from the recorded data the resistivity
f the plasma can be calculated, which is an indicator for parti-
le formation and dust generation in the reactor. The impedance
f the reactor was found to be inversely proportional to the dis-
ance between the electrodes that confirms the functioning of the
–I probe. The plasma was characterized by OES in which the light
mission of Si*, SiH*, H� and H� species are monitored. At low
ressure (1.1 mbar) conditions the Si* intensity is proportional to
he growth rate; whereas the H�/Si* ratio is considered as a fin-
er print for determining the phase of the material (amorphous
r nanocrystalline) [16]. We studied the variation of two deposi-
ion parameters for the growth process of silicon films, namely the
ydrogen to silane flow ratio (hydrogen dilution) and the delivered
ower and compared the case of high pressure condition to the low
ressure one.

In the first case the actual delivered power was fixed and the
ydrogen dilution was varied. At low pressure (1.1 mbar) condi-
ions, the plasma remained predominantly capacitive and the phase
emained almost invariant with variation in hydrogen dilution in a
ide range (1–45), whereas in high pressure conditions the plasma

ecame more resistive as the hydrogen dilution was decreased
Fig. 1). These characteristics call for good monitoring of applied
ower to the plasma by the V–I probe, as the power dissipation

n the plasma will be influenced by the resistive component. For
typical case of 375 W delivered power and a pressure of 9 mbar,

he impedance showed a monotonic decrease with hydrogen dilu-
ion, and a concomitant increase in electron temperature (H�/H�).
he increase of the H�/Si* ratio with increasing hydrogen dilution
redicts increased probability of crystal nucleation and nanocrys-
alline growth.

For the study of the effect of delivered power on plasma con-
ition, the pressure (9 mbar) and hydrogen dilution were kept
xed. The atomic hydrogen concentration increased linearly with

ncreased delivered power, whereas the Si* intensity varied lit-
le (Fig. 2). On the other hand the deposition rate was found to
ncrease monotonically with increasing power, showing no corre-
ation with the OES emission from the Si*. This behavior contradicts
doi:10.1016/j.mseb.2008.10.035

ig. 1. Dependence of the phase of the plasma on hydrogen dilution conditions at
wo deposition rate conditions.

dx.doi.org/10.1016/j.mseb.2008.10.035
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Table 1
Two samples showing phase that is opposite to what the OES suggests, but agrees
with the simulation prediction.

Sample Pressure Silane Hydrogen Power (W) H�/Si* Raman

A
A

d
a
c
T
w
a
d
a
d
e
p
p

t
t
t
a
e
t
t
a
p
o

3

b
t
t
m
a
i
t
t
t
e

ig. 2. Variation of the intensity of hydrogen and silicon lines in OES at high power
onditions.

pecies increases due to hydrogen abstraction reaction in the gas
hase.

iH4 + H → SiH3 + H2

The increased hydrogen concentration at high power is
ttributed to the increased dissociation of hydrogen molecules. The
ES data thus showed an increasing H�/Si* ratio at high powers.

The above result already suggests that H�/Si* at such high pow-
rs overestimates the relative fraction of atomic hydrogen reaching
he growing surface. In fact a higher H�/Si* ratio of 13 was observed
or the amorphous to nanocrystalline transition (Fig. 3b) [17]. This
s somewhat higher than the threshold of H�/Si* of 8 (Fig. 3a)
bserved for transition in case of low pressure (1.1 mbar) condi-
ion. A computer simulation using a fluid model (details of which
ill be published elsewhere) supports this finding. The number

f hydrogen atoms reaching the growing surface per deposited Si
tom is proposed as a better indicator for the transition and this can
e predicted by the simulation. The computer prediction, H/Si > 12
that reach the substrate) for nc-material, was confirmed through
xperiment. Table 1 shows in a case where the emission ratio H�/Si*

s 12.5, but the sample is amorphous, while on the other hand, the
nd sample has an H�/Si* ratio of 5.2, though it is highly crystalline
80%). The phase of both these cases was predicted by the simula-
ions which showed that for the 1st case the H to Si ratio reaching
he substrate was below the threshold whereas the case is opposite
or 2nd sample. The experimental method to achieve this optimiza-
ion process was predicted [18] by taking the depletion parameter
Please cite this article in press as: J.K. Rath, et al., Mater. Sci. Eng. B (2008),

nto account as a good indicator fore crystalline growth as explained
elow.

It is observed that as the deposition rate is increased at constant
ilution (increasing the power and the total gas flow), maintain-

ng the H�/Si* emission ratio is itself not sufficient to achieve the

i
[
w
p
d

Fig. 3. The amorphous to crystalline transition a
(sccm) (sccm) (cryst. frac.)

3115 9 mbar 20.0 500.0 200.0 12.5 ∼0%
3227 6 mbar 1.2 100.0 15.0 5.2 ∼80%

esired crystallinity. So we have introduced another technique to
ccurately find a parameter to describe the optimum deposition
ondition. We call this parameter the “gas utilization parameter”.
his quantity is defined as cd = deposition rate/silane gas flow rate,
hich basically is a measure for the depletion condition [18]. By

djusting the total flow rate the depletion can be maintained at a
esired level (which is estimated in our case to be 0.29 nm/s/sccm)
nd the required crystalline fraction is restored. By this method
evice quality nc-Si material was made at 5 nm/s which deliv-
red 6.4% efficiency. We think this new parameter (gas utilization
arameter) is an important concept for nc-Si depositions in the high
ressure depletion regime.

The above two studies show that the amorphous to nanocrys-
alline phase transition can be achieved through either increasing
he hydrogen dilution or increasing the power. Films made with
hese parametric variations indeed showed the phase change from
morphous to nanocrystalline, as characterized by the activation
nergy of electrical conductivity and estimation of crystalline frac-
ion from the Raman spectra. Our study also confirmed that similar
o the behavior at low pressure conditions, the H�/Si* ratio (though
t a higher value at high pressure conditions) is an indicator of the
hase of the material and a threshold value of it is needed for the
nset of nucleation and nanocrystalline growth.

.1.2. Pressure and inter electrode distance
In order to increase the deposition rate the RF power has to

e increased, which leads to an increase in ion energy. Nanocrys-
alline silicon films deposited under high energy ion bombardment
end to be very defective and such a process should be avoided to

ake device quality nc-Si material [19]. Hence, to compensate the
dverse effect of high power on ion energy an increase in pressure
s needed. The ions are cooled in such a gas phase condition due
o loss of energy by multiple collisions. Another positive effect is
hat the high pressure condition can also lead to an increase in
he number of growth precursors due to collisions. If the inter-
lectrode distance is kept constant, the Si* intensity increases with
doi:10.1016/j.mseb.2008.10.035

ncreasing pressure to reach a maximum and thereafter decreases
16,20]. In the mean while the H�/Si* ratio continuously decreases
ith increase in pressure. The power can be increased at such high
ressure conditions to bring the plasma to a more depleted con-
ition and this leads to a high deposition rate as well as increased

t low (a) and high pressure (b) conditions.

dx.doi.org/10.1016/j.mseb.2008.10.035
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similar results have been obtained for both the frequencies. Fig. 5
shows the effect of hydrogen dilution on the ion energy. For any
SiH4 + H2 gas mixture condition, the ion energy is less at the lower
substrate temperatures. As the deposition rate changes very little
with the change of substrate temperature for any fixed hydrogen

Table 2
Parameters obtained from the simulation of the ellipsometry data. R: H2/SiH4, �SE:
Surface roughness (ellipsometry), Eo: Oscillator peak energy. A is a parameter related
to the compactness of the film.
ig. 4. The variation of the hydrogen (left) and Si* (right) lines in OES for the
mm + 3.8 mbar and 6 mm + 5 mbar.

tomic hydrogen concentration. However, increasing the pressure
nd power to such high levels results in increased gas phase reac-
ions that result in higher silicon radicals and dusts. This will have
n adverse effect not only on the material quality but also on the
evice performance using silicon materials made by such a method.
solution to this problem can be found by decreasing the inter

lectrode distance to decrease the amount of gas phase reactions.
he consequence of this optimization step is that the distance
etween the electrodes come down from ∼20 mm for the depo-
ition of optimum quality nanocrystalline silicon at low deposition
ates (0.1 nm/s) to near 6 mm for a high deposition rate material
5 nm/s). This optimization process can be in situ analyzed by OES
o understand how the deposition process is affected by chang-
ng pressure and inter-electrode distance simultaneously. In order
o keep the plasma conditions comparable, the product of pres-
ure and distance (pd) was kept constant. Fig. 4 shows the H�

nd Si* emission lines for the case of 4 inter-electrode distances,
mm, 8 mm, 10 mm and 12 mm with the corresponding pressures
mbar, 3.8 mbar, 3.0 mbar and 2.5 mbar respectively. The applied
ower was kept constant for all the cases as monitored by the V–I
robe. It is observed that there is a small increase in Si* intensity
ith decrease in pressure, which explains the increase in deposi-

ion rate, whereas the H� intensity increases by more than a factor
f 2.5. We thus observe a continuous increase of H�/Si* ratio with
ecrease in pressure. This is reflected by the increases in Raman
rystalline fraction from 0.44 to 0.66. This effect could be attributed
o a decrease of the electron temperature and/or hydrogen loss
ue to the abstraction reaction at the high pressure conditions.
n interesting observation is that the deposition rate increases

rom 0.45 nm/s to 0.62 nm/s while going from 5 mbar + 6 mm to
.5 mbar + 12 mm condition.

.2. Low deposition temperature

The growth of silicon films by a CVD process needs certain
xternal energy both for the production of growth precursors by
issociation of silicon containing gases and the surface reactions.

n a thermal CVD process, the heat energy is used for the pyrolitic
issociation of gasses as well as the surface reactions. In a low
ressure PECVD process, being a non-thermal equilibrium case,
he electron temperature is very high whereas the ion tempera-
ure remains same as the cold gas temperature. The high electron
emperature basically does the job of electron impact dissociation
f molecules and the substrate temperature is optimized so as to
ive sufficient energy for the surface reactions. For an amorphous
Please cite this article in press as: J.K. Rath, et al., Mater. Sci. Eng. B (2008),

ilicon case the optimum substrate temperature has been found
o be around 200 ◦C [21], which is a balance between the diffu-
ion length of the growth precursors on the growing surface and
he hydrogen evolution from the growing surface. The same con-
ept holds good for the HWCVD and photo-CVD growth processes

P

P
P
V
H

interelectrode distance + pressure conditions. 12 mm + 2.5 mbar, 10 mm + 3 mbar,

here the dissociations of molecules are done by a catalyst and the
ight respectively. This allows a much lower substrate temperature
o be used than the thermal CVD. However, the additional local heat
enerated from the interaction of gas species at the growth surface
as a crucial role in determining the quality of the films. For all of
hese cases the chemical annealing by atomic hydrogen takes place,
hereas a PECVD process provides further extra energy through

he energetic ions. Spectroscopic ellipsometry gives a good indica-
ion on the contributions of temperature, ions and hydrogen on the
ompactness of the film. We simulated the dielectric function of
he films by using dispersion laws where the dielectric function is
escribed by Tauc–Lorentz dispersion law [22].

The imaginary part of the dielectric function in a TL model is
escribed by,

im(E) = AE0C(E − Eg)2

(E2 − Eg)2 + C2E2

1
E

, E > Eg (1)

im(E) = 0, E ≤ Eg (2)

here E0 is the peak transition energy, Eg is the gap energy, C is a
roadening parameter, and A is related to the film compactness [22].
sample made at 100 ◦C is found to be less compact compared to

hat at 200 ◦C, both made by PECVD with pure silane (comparing the
op two rows in Table 2). An interesting observation comparing the
wo samples (last two rows) made at similar substrate temperature
f ∼100 ◦C, similar deposition rates (0.13 nm/s for the VHF PECVD
ayer and 0.11 nm/s for the HWCVD layer) and similar deposition
ressure conditions (0.1 mbar for HWCVD and 0.16 mbar for VHF
ECVD) is that the VHF PECVD sample is more dense, which can be
ttributed to the beneficial aspect of ion energy.

To further understand the effect of ion energy on the structure
f materials made at low substrate temperatures, the ion energy
istribution functions (IEDF) have been measured by means of a
-grid electrostatic energy analyzer with retarding field. Experi-
ents have been done at two frequencies 50 MHz and 60 MHz and
doi:10.1016/j.mseb.2008.10.035

rocess T (◦C) H2/SiH4 �SE (nm) Eo (eV) A

ECVD 200 Pure silane 4.3 3.62 209
ECVD 100 Pure silane 4.9 3.69 194
HF* 100 20 4.7 3.62 206
WCVD* 100 20 10.6 3.62 182

dx.doi.org/10.1016/j.mseb.2008.10.035
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[

[

[13] F.J. Haug, V. Terrazzoni-Daudrix, T. Söderström, X. Niquille, C. Ballif, Technical
ig. 5. Ion energy flux as function of silane fraction at indicated substrate temper-
tures.

ilution condition, we can infer that the ion energy per deposited
pecies is reduced at the lower temperatures. This will lead to a
ecrease in the compactness of the films. This means that at the

ower temperatures a PECVD process loses to some extent its advan-
age concerning the ion energy, if the gas phase conditions are not
hanged. However, the good news is that the ion energy is sen-
itive to the hydrogen dilution [23]. The peak in the ion energy
istribution function constantly shifts to high energy with increas-

ng dilution, whereas at very low dilution conditions, the peak is
lmost blurred due to increased collisions of ions with the other
pecies. Hence, at low temperatures, the ion energy per deposited
pecies can be increased by increasing hydrogen dilution and this
xtra energy can compensate the loss due to lower gas temper-
ture. Indeed, the increase in ion energy per deposited species
SiH3 + SiH2) at high dilution conditions has been confirmed by the
imulations using a fluid model for a gas temperature of 350 K [24].

e have shown here the need for increasing hydrogen dilution for
he low substrate temperature growth for a reason that is very spe-
ific to a plasma enhanced deposition process. This extra benefit
rom the hydrogen dilution should be counted in addition to the
hemical annealing that is relevant to all sorts of CVD deposition
rocesses. We may also consider here that there are other methods
o compensate the loss in ion energy, such as lowering the pres-
ure, increasing the power and use of noble gasses such as Ar to
eliver extra energy. We have only studied the hydrogen dilution
onditions and how it should be adapted for different substrate
emperature conditions to make the best device quality materials
t various temperatures [25,26]. We have indeed observed that the
ilution (H2/SiH4) conditions are 1, 15 and 40 respectively for 200,
00 and 39 ◦C substrate temperatures for the deposition of opti-
um quality a-Si. The photoresponse of the a-Si sample made at

00 ◦C is ∼106 which is comparable to the case of 200 ◦C sample.
ith this optimum dilution condition, a respectable defect den-

ity of 2 × 1016/cm3 and Urbach edge parameter of 55 meV were
btained. Efficiency of 7.3% for a p-i-n type cell on Asahi u-type
ubstrate and 5.3% for an n-i-p type of cell on smooth Ag/ZnO
oated stainless steel substrate have been obtained. The difference
n behaviour of these cells made at 100 ◦C compared to the 10%
fficiency cells made at 200 ◦C, can be partly attributed the effect
f substrate roughness on the shunting behaviour of the cell, an
Please cite this article in press as: J.K. Rath, et al., Mater. Sci. Eng. B (2008),

ffect that limits the use of efficient scattering and optical con-
nement, that would give higher current density. Our experience
n the low temperature deposited materials conveys the message
hat it is possible to obtain device quality materials down to very

[

[
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ow temperatures, however, that is achieved at a cost of deposition
ate which monotonically decreases with the increase in hydro-
en dilution. With our understanding on the ion energy changes
ith temperature, we may propose that with alternate sources to

nhance the ion energy such as high power, low pressure or Ar
n the gas mixture, a comparatively lower hydrogen dilution can
eliver the same device quality. This will help to maintain a high
eposition rate at low substrate temperature.

. Conclusion

Optical emission spectroscopy is a useful gas phase diagnostic
ool for the deposition of thin film silicon, especially for predict-
ng amorphous to nanocrystalline transition and the growth rate,
owever, this technique fails to deliver unambiguous prediction for
anocrystalline silicon films deposited at high pressure conditions
o achieve high growth rates. In situ ion energy analysis also pro-
ides valuable information on the ion fux and ion energy which
re critical parameters that define the properties of the material
n a plasma enhanced deposition process. We found in this study
hat hydrogen dilution has an extra role than increasing reactions at
he growing films, namely increasing the ion energy per deposited
pecies. This characteristic is very beneficial for the deposition of
ilicon films at low substrate temperatures.
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