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An investigation of the effect of the total gas pressure on the deposition of microcrystalline thin
films form highly diluted silane in hydrogen discharges was carried out at two different frequencies.
The study was performed in conditions of constant power dissipation and constant silane partial
pressure in the discharge while using a series of plasma diagnostics as electrical, optical, mass
spectrometric, andin situ deposition rate measurements together with a simulator of the gas phase
and the surface chemistry of SiH4/H2 discharges. The results show that both the electron density
and energy are affected by the change of the total pressure and the frequency. This in turn influences
the rate of high energy electron–SiH4 dissociative processes and the total SiH4 consumption, which
are favored by the frequency increase for most of the pressures. Furthermore, frequency was found
to have the weakest effect on the deposition rate that was enhanced at 27.12 MHz only for the
lowest pressure of 1 Torr. On the other hand, the increase of pressure from 1 to 10 Torr has led to
an optimum of the deposition rate recorded at 2.5 Torr for both frequencies. This maximum is
achieved when the rate of SiH4 dissociation to free radical is rather high; the flux of species is not
significantly hindered by the increase of pressure and the secondary gas phase reactions of SiH4 act
mainly as an additional source of film precursors. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1866477g

I. INTRODUCTION

The application of hydrogenated microcrystalline silicon
smc-Si:Hd in single junction or tandem devices during the
last decade, has demonstrated a promising potential for
stable, high-efficiency, and cost-effective thin-film solar
cells.1–4 The intrinsic material is typically deposited at rela-
tively low rates from highly diluted silane in hydrogen rf
discharges. The key obstacle for generalizing the usemc
-Si:H is still, primarily for economical reasons, the need for
higher absorbing layer thicknesses5,6 which imposes growth
at much higher rates while maintaining the film quality.7,8

The results of the continuing research efforts have clari-
fied so far that both the properties and the growth rate are
affected by the variation of the partial pressure of silane,9 the
interelectrode distance,10 the rf power,11 the excitation
frequency,12 and the total gas pressure.13 Among these, the
increase of frequency and pressure were found to have a
stronger effect on the growth rate.

In particular, the increase of the excitation frequency
from 13.56 MHz to very high frequencysvhfd was found to
have a beneficial effect on the deposition rate without sig-
nificantly affecting the film properties.14–20This has led to a
number of theoretical and experimental studies focused on
the effects of frequency on the plasma structure,21 the ion
and electron kinetics,22 the electron energy distribution func-
tion seedfd,23 the power dissipation,24 and the production of
radicals through electron–molecule collisions.25 Through
these investigations it is now quite well understood that the

increase of frequency enhances the electron density and in-
creases the SiH4 dissociation rate towards free radicals, thus
increasing the film precursor fluxes towards the surfaces.19,25

The high crystalline volume fraction observed in films de-
posited at higher frequencies is attributed to the hydrogen
atom flux towards the substrate which increases for similar
reasons.19

On the other hand, the increase of the total gas pressure
above 1 Torr, initially proposed by Guoet al.,26 is also being
intensely investigated by several groups.27–35 It has been
shown that it is possible to deposit device grademc-Si:H
thin films at deposition rates as high as 15 Å/s even at the
conventional frequency of 13.56 MHz,13 while recent results
have demonstrated high efficiency devices withmc-Si:H
layers deposited at the pressure of 10 Torr.36,37These studies
include interpretations of the beneficial effect of pressure on
the film growth rate and crystallinity based on “expected”
changes like the enhancement of silane consumptionsdeple-
tiond, the high hydrogen atom flux to the surfaces and the
reduction of ion bombardment under these conditions.13,35

However, there is no experimental or theoretical evidence to
support or quantify these “logical” assumptions. As an ex-
ample, although the high pressure regime is often called the
“high pressure silane depletion technique” no experimental
measurements of SiH4 consumption are usually reported in
the relevant publications.

It is obvious from this discussion that there is a need for
further experimental and theoretical work for understanding
the basic changes that do occur in reality in this high pres-
sure regime, in order to be able to exploit its limits. In this
direction, the present work has three main goals: First, to
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investigate the effect of the total gas pressure increase on the
SiH4/H2 discharge properties and the film growth rate. Sec-
ond, to study the specific importance of the increase of either
the rf frequency or the total gas pressure on the same param-
eters, and while finally the third goal is to see if a combina-
tion of frequency and pressure increase can be beneficial. In
order to accomplish these goals, special attention is focused
on isolating as much as possible the true effect of frequency
and pressure on the deposition process from other possibly
interfering discharge parameters. This is achieved by per-
forming all the experiments in conditions of constant rf
power consumption in the discharge and at the same time
with constant silane partial pressure. The process is investi-
gated by a set of plasma diagnostics including Fourier trans-
form power and impedance analysissFTPIAd, spatially re-
solved emission spectroscopysSRESd, mass spectrometry
and laser reflectance interferometrysLRId, together with an
extended simulator of the gas phase and the surface pro-
cesses. The experimental measurements and the model re-
sults are then used to examine the effect of pressure and
frequency on the electron density and energy, the rate of
electron-induced SiH4 dissociation, the total SiH4 conver-
sion, the species mass transport to the deposition surface, and
finally the film growth rate. These results are further dis-
cussed and compared against literature findings.

II. EXPERIMENT

The measurements were performed in a capacitively
coupled ultrahigh vacuum parallel plate reactor, having a
base vacuum of 10−9 mbar at 250 °C. The 120 mm in diam-
eter rf electrode is fixed to the chamber while the 90 mm
groundedsdepositiond electrode can be freely moved to vary
the interelectrode spacingsdd.

The amount of rf power actually fed into the discharge
chamber is determined using an accurate method employing
Fourier transform analysis of power and phase from acquired
current and voltage measurements. Namely, the rf voltage
and the discharge current wave forms are measured on the
powered electrode lead, using a high impedance 1:100 at-
tenuation voltage probe and a 0.1V transfer impedance rf
current probe, and then processed as described in Ref. 38
Different sets of electrical measurements were initially per-
formed to determine the rf voltages leading to constant
power dissipation in the discharge throughout the range of all
the conditions examined here.

Mass spectrometric measurements were performed using
a hidden analyticalsHAL 301d quadrupole mass spectrom-
eter connected at the exhaust port of the reactor. The gas
sampled, through a variable leak valve in a smaller sampling
chamber was analyzed after 70 eV electron impact ionization
and the partial pressure of SiH4 in the reactor was deter-
mined by measuring the ion currentsIsm/ed at m/e=30, 31,
and 32. The method used for calibration and transformation
of the measured ion currents in the sampling chamber to
actual SiH4 partial pressures in the reactor is described
elsewhere.39

Axial emission intensity distribution profiles of excited
radicals in the interelectrode space were recorded as de-

scribed in Ref. 40. The difference here is that the optical
system, consisting of two slits and an optical fiber manifold
equipped with collimating and focusing optics, is moved in-
stead of moving the reactor. The spatial resolution is better
than 0.1 mm which is more than enough for detecting all the
characteristic features of the emission profiles.

The mc-Si:H films with a typical 2mm thickness, were
grown on Corning 7059 at a substrate temperature of 250 °C
using electronic quality gases that were further purified. The
deposition rate was measuredin situ using LRI.41 Moreover,
powder suppression techniques were used together with laser
light scattering to ensure that the measurements are made in
dust free conditions. In this direction, a relatively high total
flow rate of 400 sccm and heating of the reactor walls were
used. Constant silane partial pressure was assured by using
accurate mass flow measurements while the pressure was
controlled independently from flow using a baratron gauge
and a downstream throttle valve controller before the roots
blower.

III. RESULTS

A possible approach for isolating the effect of the total
pressure on the microcrystalline silicon deposition process is
to keep constant the other possibly interfering discharge pa-
rameters. Among these, SiH4 concentration and discharge
power are the most critical and can be strongly affected by
the increase of pressure. Namely, the increase of pressure
normally increases SiH4 concentration in the reactor if one
compares discharges with the same SiH4/H2 flow ratio.
Moreover, the increase of pressure leads to higher power
consumption if either the voltage or the generator output
power is maintained constant, due to an increase of the
electron–molecule collision frequency and a more efficient
power coupling respectively.38 Experimentally, the constant
silane partial pressures0.025 Torrd was achieved by reduc-
ing the fraction of SiH4 in H2 from 2.5% to 0.25% as the
total pressure was increased, with a step of 2.5 Torr, from
1 to 10 Torr. On the other hand, constant power consump-
tion in the discharges8 W/72 mW/cm2d was achieved by
adjusting the rf voltage while performing FTPIA as de-
scribed in the Sec. II.

Two sets of experiments were carried out, one at the
usual 13.56 MHz frequency and one at 27.12 MHz, which
can be easily adopted in industrial processes with only minor
modifications. At each frequency and pressure, five electrode
gapssfrom 10 to 25 mmd were scanned, in order to examine
the effect of these two parameters at different discharge ge-
ometries. However, in this work only thed=15 mm mea-
surements are presented, mainly because this is the electrode
gap that optimizes the deposition rate independent of fre-
quency and pressure. In addition, the effect of the electrode
gap on the deposition rate is discussed in Sec. III C, while
more details concerning the combined effect of pressure and
electrode gap can be found in Ref. 42.

A. Electrical measurements

As already mentioned, the electrical conditions ensuring
constant power consumption in the discharge were deter-
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mined by performing many different sets of measurements at
each pressure, frequency, and electrode gap. The specific
power level was chosen as being the upper limit of capaci-
tive discharge operation for the examined range of conditions
in our system. Figure 1 presents the results concerning the
variation of the rf voltage, necessary for achieving constant
8 W power consumption, as a function of the total pressure.
It is observed that a drop of the rf voltage is required as the
pressure increases from 1 to 2.5 Torr. Further increase of
pressure up to 10 Torr leads to a continuous increase of the
voltage. This behavior and the pressure where the minimum
required voltage appears, is the same for both frequencies.
However, when increasing the frequency to 27.12 MHz, the
voltage required for the same power drops significantly
s,30%d. This result is compatible with previous studies of
the effect of frequency dealing with lower pressures.24,43,44

Figure 2 shows the total current flow through the dis-
charge as a function of the gas pressure at the conditions of
Fig. 1. The discharge current drops with increasing pressure
at both frequencies. This drop is very steep from
1 to 2.5 Torr for 27.12 MHz and from 1 to 5 Torr for
13.56 MHz. With regard to the effect of frequency, there is a
pressure region around 2.5 Torr where it appears to have
almost no effect on plasma conductivity. In all the other pres-
sures s1, 5, 7.5, and 10 Torrd the current is higher at
27.12 MHz compared to 13.56 MHz, which is characteristic
of the increase of frequency24,45 and in agreement with the
results concerning the voltagesFig. 1d.

Moreover, as shown in Fig. 3, the discharge impedance
phase at both frequencies becomes less negative at higher
pressures. As with current, most changes are observed from
1 to 2.5 Torr for 27.12 MHz and from 1 to 5 Torr for
13.56 MHz. In addition, the increase of frequency generally
leads to more resistive discharges except for the 1 Torr case.
It is worth observing that above 5 Torr the 27.12 MHz dis-
charges behave as almost pure ohmic loads.

B. Spatially resolved emission

Spatially resolved measurements of the spontaneous
emission of silylidenesSiH*, A 2D–X 2Pd radicals were re-

corded between the two electrodes in the conditions de-
scribed above. SiH* is produced via one-electron impact dis-
sociative excitation of SiH4 with an energy threshold of
10.5 eV.46 The lifetime of these species is 20 ns,47 which is
quite short compared to the collision times,50 nsd of the
species with the background gas mixture up to the pressure
of 5 Torr. For higher pressuress7.5 and 10 Torrd the colli-
sion time becomes comparable to the de-excitation rate and
thus quenching is possible. Therefore, SRES can be a sensi-
tive tool for the investigation of the effect of pressure on the
average species’ production efficiency of the dischargesup to
5 Torrd as well as for identifying the spatial distribution of
the production of speciessat all pressuresd.

Thus, Figs. 4sad and 4sbd present the normalized axial
distribution of SiH* emission in space for 13.56 and
27.12 MHz and for two pressuress2.5 and 10 Torrd, respec-
tively. In the case of 2.5 Torr and 13.56 MHzfFig. 4sadg, the
maximum rate of SiH* production is located 6 mm from the
rf electrode, indicating that rf electrode sheath ohmic heating
in the main mechanism of electron energy gain. This is also
true for the 27.12 MHz 2.5 Torr case, the only difference
being that the maximum is displaced closer to the rf elec-

FIG. 2. Total discharge current as a function of the total gas pressure for the
frequencies of 13.56 and 27.12 MHz.

FIG. 3. Discharge phase impedance as a function of the total gas pressure
for the frequencies of 13.56 and 27.12 MHz.

FIG. 1. rf voltage amplitude as a function of the total gas pressure for the
frequencies of 13.56 and 27.12 MHz.
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trode s4 mmd, in agreement with the decrease of the sheath
length with frequency that is mainly due to the increase of
the plasma density.24,43 On the other hand, at 10 Torr
13.56 MHzfFig. 4sbdg, the observed differences with the re-
spective 2.5 Torr curve are small and only the location of the
maximum is slightly displaced from 6 to 5 mm, depicting
the expected decrease of the sheath length with pressure. On
the other hand, at 10 Torr 27.12 MHz a quite different dis-
tribution is recorded. A very steep maximum is now ob-
served very close to the rf electrodes2 mmd while almost no
emission is recorded from distances greater than 7 mm. This
indicates that at this frequency and pressure, the discharge
can be maintained by localized rf electrode sheath heating
only because of the significant reduction of charge losses to
the electrodes.

Furthermore, the excited species’ production efficiency
in these conditions is presented in Fig. 5 which shows the
total SiH* emission intensity, calculated by integrating the
emission distribution profiles in space, as a function of the
pressure for the two frequencies. The total SiH* production
at 13.56 MHz drops continuously with increasing pressure
except for the 10 Torr case, where a slight enhancement is
observed. However, as mentioned, this observation is valid
only up to 5 Torr, whereas quenching must be considered at
higher pressures. On the other hand, at 27.12 MHz there is a
clear maximum of the total emission intensity located at
2.5 Torr. In this case, further increase of the pressure leads to
a reduction of SiH* intensity even at 10 Torr. It is worth
noting that similar observations were reported in previous
studies concerning the effect of pressure on the production of
excited species.13,26,27,33In two studies,13,33 the optimum was
observed at 4 Torr, while in the other works26,27 at about
1.5 Torr. Most of the authors attributed this behavior to an
advantageous balance between the SiH4 partial pressure and

the electron temperature. In any case these studies were not
performed under constant power conditions and therefore
their observations include an undetermined increase of
power consumption with pressure leading to an enhancement
of emission with an unknown trend.

The spatial distribution and the total species production
presented so far indicate clearly that in general both fre-
quency and pressure affect the spatial generation of radicals
in a manner that does not favor the deposition rate. Namely,
they both displace the maximum rate of production further
from the substratefFigs. 4sad and 4sbdg and this is more
definite in the high frequency, high pressure case. However,
these changes of the spatial distribution and the total produc-
tion of SiH* species will affect the deposition rate only to the
measure dissociative excitation towards SiH* can be used to
also represent the much lower thresholds8.4 eVd primary
electron induced dissociation of SiH4 towards free radicals.
Some indirect information about this issue can be extracted
from mass spectrometric measurements presented in the next
section.

C. Mass spectrometry

SiH4 consumption was measured using mass spectrom-
etry under the same conditions. Figure 6 summarizes the
results of these measurements as a function of the total gas
pressure at 13.56 and 27.12 MHz. At 27.12 MHz the in-
crease of pressure from 1 to 2.5 Torr leads to an important
enhancement of the SiH4 consumption from,15% to 35%.
A further increase up to 10 Torr, slightly favors SiH4 con-
sumption up to,42%. On the other hand, at 13.56 MHz,
SiH4 conversion is almost linearly increasing with pressure
however the highest value is achieved is,32% at 10 Torr.
The observed low silane consumptions either at 13.56 or
27.12 MHz at any pressure do not confirm the term “silane
depletion regime” in capacitive discharge conditionssi.e., in
the absence of particlesd. It should be noted that the constant
72 mW/cm2 power level was chosen as the highest possible
power allowing for particle-free operation over the entire
pressure range. This power levelsor the particle-free opera-
tion regimed is of course responsible for the limited silane

FIG. 4. Spatial distribution of SiH* sA 2D–X 2Pd emission intensity for:sad
2.5 Torr andsbd 10 Torr for the frequencies of 13.56 and 27.12 MHz.

FIG. 5. Total SiH* emission intensity as a function of the total gas pressure
for the frequencies of 13.56 and 27.12 MHz.
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consumption. However, before deciding if this is a low
power level one has to consider the relation of the accurately
measured discharge power to the nominalsgenerator outputd
power. This power increases with pressure from 19 to 36 W
s168–320 mW/cm2d in order to maintain constant power
dissipation in the discharge. These values are in a range with
those reported in several publications concerningmc-Si:H
deposition. This clearly means that the use of high pressures
does not necessarily result in SiH4 depletion.

Concerning the effect of frequency, the SiH4 consump-
tion is always higher at 27.12 MHz compared to 13.56 MHz
for gas pressures above 2.5 Torr. This is not the case for the
pressure of 1 Torr where silane consumption is comparable
or higher at 13.56 MHz. Furthermore, useful conclusions
concerning the dissociation processes can be drawn. Namely,
SiH4 is consumed either by direct electron-impact dissocia-
tion and ionization or through secondary gas phase reactions.
Thus, the increase of SiH4 consumption with frequency can
mainly be attributed to an enhancement of primary electron
impact processes because secondary gas phase reactions are
not directly affected by the increase of frequency. In the
same sense, no certain conclusions can be extracted concern-
ing the effect of pressure on SiH4 consumption with pressure
as both primary processes and secondary reactions are af-
fected by pressure. Thus, the effect of pressure on the gas
phase chemistry and transport will be examined in detail in
Sec. IV.

D. Deposition rate

The deposition rate ofmc-Si:H measured in conditions
of constant power and constant silane concentration while
varying the gas pressure at two frequencies is shown in Fig.
7. Similar to the emission curves there is a maximum depo-
sition rate obtained for the pressure of 2.5 Torr in both fre-
quencies. Beyond this pressure the deposition rate drops to
about 1 Å/s at 10 Torr. Similar features were reported in
previous works concerning the issue,13,26,27,33although with a
different optimal pressure. This discrepancy is certainly due
to the different experimental conditions. In these papers the
SiH4/H2 flow ratio is kept constant instead of silane partial
pressure. However, the pressure at which the maximum is

observed depends on silane concentration and therefore
would be shifted for another silane partial pressure. One may
also argue that in these works, as mentioned in Sec. III B,
there is also an undetermined power effect, whereas it is not
certain that the experiments are performed in the capacitive
regime.

It is worth nothing that a similar effect of pressure on the
deposition rate was observed in experiments performed with
different electrode gaps. Namely, there is always a maximum
located at 2.5 Torr, however the effect of pressure is rela-
tively smoother or more intense for lower and higher gaps,
respectively.42

Furthermore, the increase of frequency has a beneficial
effect on the deposition rate only in the case of 1 Torr,
whereas in all the other pressures there is no clear advantage
of using 27.12 MHz. In fact, for pressures above 5 Torr, the
deposition rate at 13.56 MHz exceeds slightly that of
27.12 MHz. At 2.5 Torr, where the maximum deposition rate
is recorded, there is almost no difference between the two
frequencies. This is inconsistent with most of the previous
studies,13,20,28showing an enhancement of the deposition rate
under the combined increase of pressure and frequency, for
the same reasons mentioned in the previous paragraph.

As a result, the total gas pressure has a dominant effect
on the film growth rate leading to an increase that can reach
up to 65% between 1 and 10 Torr. On the other hand, the
increase of frequency in this pressure region does not affect
the deposition rate as clearly as it affects the electrical char-
acteristics and the consumption of silane presented above.
Moreover, the results concerning the deposition rate are not
related to SiH4 conversion in a straightforward manner.
Namely, at 1 Torr where SiH4 consumption is higher at
13.56 MHz the deposition rate is lower compared to
27.12 MHz. For pressures higher than 1 Torr, where SiH4

conversion is clearly favored at 27.12 MHz the deposition
rate is not affected and for higher pressures drops at the
higher frequency. On the other hand, the deposition rate is
better related to the results of SRES, especially in the case of
27.12 MHz where an optimum on the total emission inten-
sity was found at 2.5 Torr. In addition, the displacement of
the maximum rate of production far from the substrate,

FIG. 6. % SiH4 consumption as function of the total gas pressure for the
frequencies of 13.56 and 27.12 MHz.

FIG. 7. Deposition rate of microcrystalline silicon as a function of the total
gas pressure for the frequencies of 13.56 and 27.12 MHz.
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which was observed from the increase of both frequency and
pressure, is also consistent with the drop of the deposition
rate for pressures higher than 2.5 Torr. However, the emis-
sion curves and the deposition rate are not related at
13.56 MHz, especially concerning the absence of an emis-
sion maximum. Possible reasons for the existence of the op-
timum and for the pressure and the frequency effect on the
deposition rate are presented in Sec. IV.

IV. DISCUSSION

The basis of this investigation is the choice to perform
the experiments in conditions of constant discharge power
while maintaining at the same time constant silane partial
pressure. This choice has led to a combination of operating
voltage, current, and phase impedance as presented in Sec.
III A. However, these electrical characteristics are linked
with electron properties like number density, energy, drift
velocity, and collision frequency, quantities that are signifi-
cantly altered while the power consumption is maintained
constant. Among these, the effect of pressure and frequency
on the electron density can be estimated if one examines the
variation of the ohmic part of plasma impedance. The space
averaged electron densitynAV and the discharge resistanceR
are related as follows:24,48

nAV =
nmdbme

RAe2
=

nmdbmeId

Ve cosfAe2 , s1d

whereme is the electron mass,db is the bulk length,A the
discharge cross section,e the electron charge,nm the electron
momentum transfer collision frequency,Ve, Id, and f the
voltage amplitude, the discharge current, and the phase dif-
ference between them, respectively. The momentum transfer
collision frequency was estimated using a Boltzmann equa-
tion solver,49 which gives a value of,53109 Torr−1 s−1 for
all the gas mixtures used in this study. In addition, the whole
interelectrode spaces15 mmd was taken asdb mainly be-
cause in these high pressure conditions ohmic heating in the
sheaths and its contribution to the discharge resistance is
very important. Figure 8 shows the calculated average elec-
tron density as a function of the total gas pressure. A differ-
ent behavior is observed at each frequency. Namely, the in-
crease of pressure at 13.56 MHz gives an optimum electron
density at 2.5 Torr. The lower electron density is calculated
for the pressure of 1 Torr while the increase of pressure
above 5 Torr has almost no effect on the plasma density. On
the other hand, at 27.12 MHz there is a slight enhancement
of electron density with pressure up to 7.5 Torr followed by
a small drop at 10 Torr. The increase of pressure at
13.56 MHz can give an up to 50% increase while at
27.12 MHz the differences in electron density never exceed
30%. In any case, the electron density is higher compared to
13.56 MHz at any pressure and the difference is more impor-
tant at higher pressures. This is consistent with many pub-
lished results on the effect of frequency in gas
discharges.21,22,24

Moreover, from the electron density calculations one can
also estimate the electron energy, taking into account that
most of the power in these discharges is dissipated by elec-

trons, the power consumed by ions being negligible at these
low voltage conditions.24,50 The average energy gained/lost
by electrons can be easily found by dividing the total power
to the average electron density. Since the total power is
maintained constant, electron energy will drop with the in-
crease of frequency and will present its highest value for the
13.56 MHz, 1 Torr case. As an illustration, the estimated av-
erage energy per electron will be 4.5 eV for 13.56 MHz,
1 Torr, and 1.1 eV for the same pressure at 27.12 MHz.

It is normal that these changes in both the electron den-
sity and energy will strongly affect all electron–impact SiH4

and H2 processes and in particular those requiring high en-
ergy electrons. This has already been observed in Sec. III B,
where the effect of pressure on the total SiH* species pro-
duction was presented. Namely, the differences observed de-
pend directly on the evolution of the effective electron den-
sities for this process at the two frequencies. However, the
significant drop of emission intensity above 5 Torr at both
frequencies, especially at 27.12 MHz, cannot be explained
by the electron density changes, indicating that quenching of
excited species also plays a role here.

Besides the electron properties that will strongly affect
the rate of silane dissociation of SiH4 and H2, there are im-
portant changes in the mass transport of precursors with
pressure. In particular in the conditions examined here,
where there is a wide variation of pressure while maintaining
a constant total mass flow, an estimation of the changes of
the gas flow regime is required. For this purpose, the main
parameters involved in the mass transport of species like the
diffusivity of species, the gas mixture velocity, as well as the
Reynolds and Pecklet criteria, were calculated. The diffusion
coefficient was calculated for SiH4 in the binary mixture
with H2 according to the Chapman–Enscog theory,51 whereas
the Pecklet numberfPe=su·dd /DSiH4

g swhereu is gas veloc-
ity, d electrode gap, andDSiH4

silane diffusion coefficientd
was computed in terms of the SiH4 diffusion coefficient. The
Reynolds numberfRe=su·d·rd /mg swherer is gas density
andm binary mixture viscosityd was calculated by again us-
ing the interelectrode space as the characteristic length. The
results are summarized in Table I, where the mean residence
time of SiH4 is also included. As anticipated, the increase of

FIG. 8. Space-averaged electron density as a function of the total gas pres-
sure for the frequencies of 13.56 and 27.12 MHz.

073303-6 Amanatides et al. J. Appl. Phys. 97, 073303 ~2005!

Downloaded 23 Mar 2005 to 150.140.190.25. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



pressure result in a significant reduction of both SiH4 the
diffusion coefficient and the gas flow velocity. The drop of
these two parameters decreases the Pecklet number, which
anyhow has rather small values, indicating that diffusion is
still the main transport mechanism of species in the reactor
even at the highest pressure used here. Thus, in the present
conditions the cell behaves like a perfectly stirred tank reac-
tor, which in turn ensures a uniform distribution of SiH4 and
H2 although a single point gas entrance is used instead of a
showerhead. This, combined with the low SiH4 consumption
sFig. 6d, ensures that there is no significant error in the cor-
relation of plasma parameters and especially SRES data with
the deposition rate. In fact, the increase of pressure for the
same volumetric gas flow favors diffusion relative to convec-
tion leading to a significant suppression of the mass transport
of species. In addition, the Re number drops significantly
with pressure. Thus, for pressures higher than 2.5 the flow is
laminar, while at 1 Torr is in the intermediate regime.

Moreover, the mean residence time of the gas mixture in
the reaction space increases with pressure. However, the cal-
culations of the Pe number have clearly showed that the re-
actor is far from the ideal plug flow or perfectly stirred re-
actor models. From this point of view, the mean residence
time is meaningless; the parameter of interest being the dis-
tribution of the species residence time. Thus, in order to have
a better estimation of the effect of pressure on the SiH4 resi-
dence time, the model of dispersed axial flow was applied.52

According to this model, the fractionF of SiH4 molecules
that leave the discharge at timet is given by the relation:

Fstd =
C

C0
=

1

2F1 − erfSÎPe

2

1 − st/t̄d
Ît/t̄

DG , s2d

whereC is the concentration of SiH4 at the reactor’s exit at
time t, Co is the initial SiH4 concentration in the reactor, and
t̄ the mean residence time. Thus, the increase of the calcu-
lated SiH4 residence time with pressure is shown in Fig. 9.
According to these calculations the time required for 90% of
the SiH4 moleculessTable I, t90 and arrow in Fig. 9d to leave
the reactor at 1 Torr is 13 s, while at 10 Torr it becomes
141 s. This is extremely high compared to the mean resi-
dence time and it clearly reflects the deviation of the plasma
reactor from ideal plug flow reactors. The main reason for
this rather high residence time is the significant domination
of diffusion over convection that favors back mixing, radial
diffusion, and trapping of molecules in the reactor. It also

worth noting that similar results are obtained if one uses the
N-in series continuous stirred reactorsCSTRd reactors model
instead of the axial dispersion model.

The fact that a large number of SiH4 molecules leave the
reactor at times much longer than the mean residence time
will affect SiH4 conversion which will normally increase
with pressure. This has been already observed in Sec. III C,
however a more detailed analysis of the gas phase chemistry
of SiH4/H2 discharges is proposed.

The main reactions that are expected to contribute to the
consumption of SiH4 in the case of highly diluted SiH4 in H2

discharges are:

e− + SiH4 → SiHx + s4 − xdH sx = 0 – 3d, s3d

e− + SiH4 → SiHx
+ + s4 − xdH + 2e− sx = 0 – 3d, s4d

H2
+ + SiH4 → SiH3

+ + H2 + H, s5d

H + SiH4 → SiH3 + H2, s6d

SiH2 + SiH4 → Si2H6, s7d

SiH2 + SiH4 → Si2H4 + H2, s8d

SiH + SiH4 → Si2H5, s9d

SiH2
+ + SiH4 → SiH3

+ + SiH3. s10d

In order to distinguish between SiH4 conversion due to
electron impact dissociation s3d from that in
ion/ radical–SiH4 reactionss6d–s10d a mass transfer model,
described in detail in a previous work of this group,53 was
used. Briefly, the one-dimensional model simulates SiH4/H2

discharges in a parallel plate reactor taking into account
plasma–surface interaction besides gas phase chemistry. The
model inputs are the total SiH4 consumption, calculated from
the mass spectrometric measurements, and the spatial distri-
bution of silane electron induced dissociation that is simu-
lated by the SiHsA 2Dd emission profilessFig. 4d. The results
of the model are the SiH4 electron induced dissociation rate,
the density distribution of various species in the discharge,
the radical flux towards surfaces, and the deposition rate.

TABLE I. SiH4 diffusion coefficient in the SiH4/H2 mixture sDSiH4
d, gas

mixture velocitysud, PeckletsPed, and ReynoldssRed numbers, mean SiH4
residence timest̄d and time required for 90% of SiH4 molecules to leave the
reactorst90d at five different gas pressures.

Pressure
sTorrd

DSiH4
scm2/sd

u
scm/sd Pe Re t ssd t90 ssd

1 1014 16.12 0.023 1279 0.093 13
2.5 428 6.45 0.0226 517 0.23 34
5 218 3.22 0.0221 259 0.46 70

7.5 146 2.15 0.0220 173 0.69 105
10 110 1.61 0.0219 129 0.93 141

FIG. 9. Fraction of SiH4 molecules leaving the dischargeFstd as a function
of the timet elapsed from their entrance.
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Application of the model to the present experimental
conditions has led to the calculation of the electron impact
SiH4 dissociation ratek* as presented in Fig. 10. Actually,k*

is the product of the electron-energy dependent rate constant
multiplied by the average electron density and therefore is
the electron–SiH4 collision frequency leading to dissociation
towards free radicals. The increase of pressure leads to a
continuous drop of the SiH4 dissociation rate for both fre-
quencies. This drop is more pronounced in the region be-
tween 1 and 5 Torr and especially at 13.56 MHz. The disso-
ciation rate is higher at 1 Torr, 13.56 MHz, while in all the
other pressures is lower or about equal to the same one at
27.12 MHz. Furthermore, there are two important observa-
tions that have to be made concerning the variation ofk*

with pressure and frequency. First, the values ofk* corre-
spond to electron–silane collision times that are higher than
the mean residence time and within the range of the SiH4

residence times presented in Fig. 9. The second observation
is that the variation of electron impact SiH4 dissociation rate
does not follow the evolution of the deposition ratesFig. 7d.
Thus, despite the fact that at 1 Torr the rate of radical pro-
duction is higher, the diffusive precursor fluxes towards the
surfaces will be favored compared to any other pressure
sTable I, diffusion coefficientd and the probability to reach
the surfaces is enhancedfspatial distribution of species, Figs.
4sad and 4sbdg the deposition rate is optimized at 2.5 Torr.
This leads to the conclusion that the production of radicals
through secondary gas phase reactions plays a very impor-
tant role in these conditions and is determining the film
growth rate. In order to further analyze this role, the total
SiH4 conversionXSiH4

was written as the sum of the con-
sumption due to each one in the group of parallel reactions
s3d–s10d: XSiH4

=oi=1
8 Xi, where,X3–10 corresponds to the con-

version due tos3d–s10d respectively. The values ofX3–10 can
then be calculated using their rate constants and the resi-
dence time of SiH4. For instance the electron molecule col-
lision processes are treated as first order reactions and the
conversionX1 can be calculated as

X3 =E
0

`

s1 − e−k*tdFstddt =E
0

1

s1 − e−k*tddFstd. s11d

Thus, Fig 11 shows the fraction of SiH4 consumption due to
electron impactsX1+X2d as a function of the total gas pres-
sure for the two frequencies. The increase of pressure leads
to a drop of the relative importance of primary electron–SiH4

impact reactions to the total SiH4 conversion, for both fre-
quencies. Namely, at 1 Torr the contribution ofs3d ands4d to
the total consumption is about 90% the rest being left to
secondary reactions. This means that the process mechanism
is simpler in this case, i.e., silicon based free radicals and
ions are mostly produced through electron–SiH4 collisions
and they are lost to the surfacesssubstrate, rf electrode,
wallsd due to diffusion or drift in the field. However, Fig. 7
shows that this is not the most favorable scheme for the film
growth rate. In addition, these conditions do not favor film
crystallinity since the films deposited at 1 Torr had the low-
est crystalline volume fraction compared to all other
pressures.54 Namely, the crystallinity of the films, as esti-
mated by laser Raman spectroscopy, was 75% at 1 Torr and
,85% for all the other pressures.

On the other hand, at pressures higher than 5 Torr and
for both frequencies, secondary gas phase reactions start to
play an equal or even a major role, participating by more
than 50% to the total SiH4 consumption. Under these condi-
tions, radicals and ions initially produceds3d and s4d, have
the chance to further react with SiH4 s7d–s10d due to the
decrease of the rate that they reach the surfaces and the in-
crease of SiH4 residence timesFig. 9d. Furthermore, the re-
actions of hydrogen atoms and ions with SiH4 s5d ands7d are
also favored from the pressure increase for the same reasons,
giving in such a manner to the secondary gas phase reactions
the major role in the total SiH4 consumption. Therefore, at
higher pressures the deposition mechanism becomes more
complicated, i.e., the film precursors are some free radicals
s3d that escape from secondary reactions and mainly of radi-
cals produced from secondary reactionss6d and s8d–s10d.

FIG. 10. Rate of SiH4 electron-impact dissociation as a function of the total
gas pressure for the frequencies of 13.56 and 27.12 MHz.

FIG. 11. Fraction of SiH4 conversion due to primary electron–SiH4 colli-
sionsfsX3+X4d /XSiH4

g as a function of the total gas pressure for the frequen-
cies of 13.56 and 27.12 MHz.
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Nevertheless, also this mechanism, where the precursors
come mainly from the radical/ion–SiH4 reactions, is not the
most advantageous for the achievement of fast growth rates.
In fact, at 10 Torr where the contribution of secondary reac-
tions to the total conversion is about 65% the lowest depo-
sition rates were recorded.

Finally, there is a pressure region between 2.5 and 5 Torr
where electron-induced SiH4 dissociation/ionization is still
the main mechanism of SiH4 conversions60%–70%d while
secondary reactions cannot be neglected as in the 1 Torr
case. As shown again in Fig. 7, this combination gives the
best results from the deposition rate point of view. The clear
advantage of the limited participation of secondary gas phase
reactions on the deposition mechanism can be better under-
stood if one compares the results concerning the 1 and
5 Torr cases. The rate of free radicals production at 1 Torr,
13.56 MHz is about 1 order of magnitude higher than the
corresponding 5 Torr onesFig. 9d, while the flux of these
species towards the surface is more favored at the lower
pressure. However, the deposition rate is higher at 5 Torr and
this can only be due to the additional production of film
precursors through secondary reactions. This additional
source of precursors, together with the relatively high SiH4

dissociation and the limited hindering of radicals fluxes to
the substrate, leads finally to the observed optimum of the
deposition rate at 2.5 Torr, for both frequencies.

The identification of the radicals responsible for the sig-
nificant increase of the film growth rate is unambiguously an
important subject of investigation. The model used here pre-
dicts that Si2H4 is mostly favoreds8d by the controlled con-
tribution of secondary reactions to the total SiH4 conversion
at the intermediate pressure. However, this result depends on
the branching ratio ofs3d and the sticking coefficient of this
radical to the surfaces, which are both unknown. SiH3 and
Si2H5 are also species that will be enhanced through reac-
tions s6d ands9d, but in order to be considered as responsible
for the observed increase of the deposition rate must have
sticking coefficients much higher than the ones0.1d usually
reported in the literature.55,56 In addition, the formation of
silicon ion hydrides and especially of SiH3

+ is favored by
secondary reactionss5d and s10d but the mechanism of ion
incorporation as well as their precise role in the film growth
is another interesting subject for research. Finally, concern-
ing the role of hydrogen atoms inmc-Si:H growth, the
model predicts that hydrogen atoms dominates the flux of all
the speciessmore than 1 order of magnitude higher than
silicon hydridesd over the entire range of pressures. For the
lowest pressures1 Torrd the hydrogen atoms flux is en-
hanced relative to all other species due to the higher diffu-
sion coefficient and the limitation of their consumption
through the silane insertion reaction. This could increase the
importance of silicon etching by hydrogen atoms at 1 Torr.
However, the specific weight of this process on the deposi-
tion rate depends on the probability of hydrogen to extract a
silicon atom from the surface and the values found in litera-
ture vary a lot. For instance, if one uses the probability pro-
posed in Ref. 57 then H atom etching is of minor importance.

On the other hand, if the probability proposed by Tserepiet
al.58 is used then the observed drop of the deposition rate at
1 Torr is determined by etching.

V. CONCLUSIONS

An investigation of the total gas pressures1–10 Torrd
effect on the deposition of microcrystalline silicon thin films
from highly diluted SiH4 in H2 discharges was carried out at
the frequencies of 13.56 and 27.12 MHz. The study was
based on the application of a series of plasma diagnostics
together with a gas phase and surface simulator of SiH4/H2

discharges in conditions of constant rf power consumption in
the discharge and at the same time constant silane partial
pressure.

The achievement of constant power dissipation in the
discharge has led to a minimum excitation voltage for the
pressure of 2.5 Torr. The increase of pressure from
1 to 10 Torr is associated with a continuous drop of the dis-
charge current and a monotonic displacement of the dis-
charge phase to less negative values, for both frequencies.
These changes of the discharge electrical parameters show a
clear effect of pressure and frequency on the electron density.
Namely, the increase of pressure results in a sharp optimum
of electron density at 2.5 Torr for the 13.56 MHz case and to
a weaker maximum at 7.5 Torr for the 27.12 MHz case. The
electron energy is expected to follow an inverse relation to
electron density as the total energy transferred to the plasma
is maintained constant.

Moreover, the changes of the electron density and en-
ergy affect the rate of electron–SiH4 impact processes that
are mostly favored at lower pressuress1 and 2.5 Torrd for
both frequencies. In addition, SRES measurements have
shown that the increase of pressure displaces the maximum
rate of species production far from the substrate, thus affect-
ing the process in a manner that does not favor the film
growth.

On the other hand, the % SiH4 consumption is enhanced
with pressure and is higher at 27.12 MHz; however, despite
the rather high pressures, is far from depletion. The increase
of SiH4 conversion is attributed to the increase of SiH4 resi-
dence time in the reactor and the consequent enhancement of
the contribution of secondary gas phase reactions to the total
SiH4 conversion.

Finally, the deposition rate was found to present a clear
optimum at 2.5 Torr and to be almost the same for 13.56 and
27.12 MHz, indicating that there is no clear advantage of
using a combination of high pressure and frequency for the
achievement of highmc-Si:H deposition rate. The existence
of this optimum was further analyzed, revealing that at these
conditions the maximum of the film growth rate appears at
the pressure where the SiH4 dissociation rate to free radicals
is rather high, while the fluxes of species to the surfaces are
not significantly hindered and the secondary gas phase reac-
tions act mainly as a source of additional film precursors. It
should be noted that these conclusions are valid for the ca-
pacitive regime of operation where the presence of particles
is excluded as in the case of the experiments presented here.

Further work is needed for the identification of the radi-
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cals responsible for the significant increase of the film
growth rate and the elucidation of the mechanism of ion
incorporation.
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