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The variation of ¢-Si:H film quality, deposited by a rf glow discharge of pure silane, is examined
as a function of the interelectrode distance for two different pressures. Constant photocurrent
and modulated photocurrent methods are used to estimate the magnitude and the shape of the
defect states in the valence band and the conduction band, respectively. An effort is made to
correlate the film quality parameters and the defect formation with the plasma macroscopic and
microscopic parameters. The results suggest that, at low interelectrode distances, high sticking
coefficient radicals modify the film growth and the defect formation mechanisms, leading to the
deterioration of the film quality. The conclusions drawn are compared with the predictions of
recent theoretical models concerning the defect formation in a-Si:H.

I. INTRODUCTION

The influence of plasma conditions on the quality of
the deposited a-Si:H film, and their importance on defect
formation, is not directly evident. The exact mechanism
through which plasma microscopic quantities (radicals,
ions, photons, and electrons) interact with the film growth,
still remains a subject of discussion. This is due to the
limited amount of experimental data that correlate directly
externally controllable, or in situ measured microscopic,
plasma parameters to the electronic and structural proper-
ties of the film.

One often forgotten, but still very important, parame-
ter is the discharge geometry, in terms of interelectrode
distance, and powered-to-grounded surface area ratio. The
influence of this parameter is not simple to evaluate, since
the electric discharge symmetry also depends very strongly
on the pressure and the power density. On the other hand,
power density is, in general, calculated arbitrary, because
most of the power fed by the generator is consumed in the
matching network and in various in-line stray capaci-
tances, which differ from system to system. Therefore only
general trends can be obtained by the variation of this
parameter. Which sometimes are only valid for the specific
deposition system. It results that the only parameters that
are accurately controlled today are pressure and flow rate.
However, in order to overcome the problem of light in-
duced degradation of the a-Si:H films one also has to
search for deposition conditions that are outside the valley
of the well known “best film quality” deposition conditions
(low power, low pressure, sufficiently high temperature,
low deposition rate). For this purpose one needs to have
more accurate information about the influence of the basic
discharge parameters to the plasma microscopic character-
istics, and subsequently their correlation to the film
quality.

Concerning the variation of interelectrode distance
(D), which is the main subject addressed by this work,
very little has been done during the past years. There are a
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few reports on the effect of D on the deposition rate and
some properties of the films, in constant power density
conditions,*? while more recent works have addressed the
same problem for the case of Germane.>*

From the existing literature data one cannot have a
clear opinion about the possible correlation of this param-
eter with the film quality. Therefore it is worth examining
if the change in the film properties is due to the plasma
parameters or to the speed of film growth and the after-
growth processes. Recent theoretical models support the
idea that a glass-like thermal equilibrium of the defect den-
sity occurs after the deposition.>® The equilibrium state is
established at a temperature below 300 °C, where the lo-
calized states in the energy gap are defined. Other models
are considering some connection between plasma condi-
tions and the electronic quality of the film. Thus, Winer’
has formulated a model of the surface reactions, in which
the critical parameter for optimal growth is the equilibrium
between deposition rate and hydrogen diffusion. Alterna-
tively, Street® has suggested that the hydrogen chemical
potentials in the film and in the plasma will tend to equal-
ize, and therefore optimal growth will occur if the hydro-
gen mobility is high enough to allow hydrogen equilibra-
tion in the growth zone. In these theories the substrate
temperature (7,) and the rf power are the most important
deposition parameters for an optimum film growth. Thus,
it is suggested that films with optimum quality should be

deposited at a low deposition rate (<1 A/s).

In this work a-Si:H films were deposited at a substrate
temperature and rf power within this optimum range. By
varying the interelectrode distance and the pressure
changes to the defect density and to the electronic proper-
ties of films are measured. The present results are corre-
lated with the spatial distribution of active radicals in the
reactor, which has been previously measured by this
group.>!® The DOS distribution is calculated from CPM
absorption spectra that measures optical transitions from
occupied defect states at the valence band (VB) to the
conduction band (CB) c:dge.11 The energetic distribution
of the localized states at the CB side is estimated from
MPC measurements.'?
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Il. EXPERIMENT

All the a-Si:H films were deposited by 13.56 MHz glow
discharge of pure silane at a substrate temperature of
250 °C. The 16 cm wide stainless steel chamber is equipped
with two round 10 cm in diameter electrodes.!® The rf
electrode is fixed, while the grounded one is mounted on a
linear motion vacuum feedthrough that permits continuous
adjustment of the interelectrode distance. Furthermore, it
incorporates a heating resistance and a J-type thermocou-
ple, inserted through a cylindrical orifice (parallel to the
electrode surface at a distance of 1 mm from it), which
provides feedback to a PID temperature control loop (Eu-
rotherm 093). The interelectrode distance (D) was varied
between 20 and 35 mm. The rf power measured by a low-
power SWR bridge, just after the matching network, was
around 9 W. Since most of the power is believed to be
consumed by the matching network and in-line stray ca-
pacitances, this measurement cannot be accurate and does
not reflect the power dissipated in the discharge. Therefore,
for reference, the value of the rf voltage was kept constant
( Vp=—87V), while the value of the dc floating potential
(V4.) of the rf electrode was continuously measured.

The flow rate (18 sccm), and the pressure (50 or 100
mTorr), were independently adjusted by mass-flow con-
trollers and downstream pressure control via a throttling
valve. The deposition rate (R) was between 0.2 and 1.1
A/s, depending on the interelectrode distance and
pressure,'* while all the films had a thickness of 0.9 um. A
base vacuum of 7X 10~7 mbar was obtained before each
deposition. The oxygen content of the films was measured
by WDS (Wavelength Dispersion Spectroscopy). The level
of oxygen contamination in the films was found to be in the
range 0.6 to 0.9 at. % (~0.2 at. % surface oxygen in-
cluded.)

The influence of preparation conditions to the film
quality was studied by measuring the optoelectronic prop-
erties of the “as grown” samples. The effect of annealing
was studied by heating the samples at 190 °C for 2 h in
vacuum, followed by a very slow cooldown to the room
temperature.

The output from a monochromator, equipped with a
halogen lamp, was used as light source for the CPM mea-
surements. The relative values of the absorption coefficient
a(E), obtained from CPM, were fitted on an absolute scale
to the absorption measured from the optical transmission
spectra.

The defect DOS above the Fermi level was measured
by MPC. For this purpose a uniformly absorbed low in-
tensity light (10°~10"! photons cm~2s~!) of a LED, emit-
ting at 660 nm, was used. The light intensity was sinusoi-
dally modulated in the range of 5 Hz to 40 kHz. The
amplitude [i;, ()] and the phase shift [®(w)], between the
resulting modulated photocurrent and the incident light
beam waveforms, were measured by using a lock-in
amplifier.'?
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lli. RESULTS
A. Evaluation of the DOS

It is assumed that the most significant contribution to
the CPM absorption spectra comes from the electron tran-
sitions to the conduction band. The defect DOS has been
calculated from CPM absorption spectra according to the
method of Jensen.!* Additionally, the DOS was estimated
by simulating the defect absorption spectra a;(E) using a
hypothetical defect distribution. In this direction, the de-
fect absorption spectrum is assumed to originate from a
defect distribution that can be analyzed in two distinct
Gaussian distributions:’

ad(B)=C f N.(E) - NAE) - f(E)dE, (1)

where N (E) is the DOS distribution above E,, which is
assumed to vary as the square root of energy (E), f(E) is
the Boltzmann distribution function, and N, is the total
defect density, taken as the sum of the two Gaussian dis-
tributions:

NyE)=D (E.—E—E\)’
=D exp————5—
a4 ! 202

+D (E,.—E—Ey)* )
eXp———o 7
2 2W3

where D, and D, are the relative heights, E; and E, are the
energies of the corresponding peak positions of the two
distributions, and W, and W, are the half-width at half
maxima (HWHM) of the peaks, respectively.

An estimation of the attempt-to-escape frequency (v,)
was made by measuring the variation of the phase shift
with temperature and light intensity.'® In all cases v, had a
value between 5% 10'? and 10" s~!. For simplicity, the
value of 10" s~! was used for the determination of the
energy scale for all the samples according to the following
equation:

Eg(0)=kT In(vy/0). (3)

The defect DOS from room temperature MPC mea-
surements was calculated according to the analysis of
Bruggemann et al.:"’

N2 5.4.G, " 2

T a'€a ipn(@)’

4)

where N is the defect density, & is the electric field, G, is
the modulated electron generation rate, A is the conduction
cross-sectional area of the sample, u and v are the mobility
and thermal velocity of carriers, and o is the capture cross
section of the traps. The scale factor u/vo for the deter-
mination of the absolute value of the DOS for the MPC
method can be obtained by estimating the values of the
free-carrier mobility and the capture cross section of the
traps.18 These parameters may be influenced by the varia-
tion of the preparation conditions, or even change from
deposition to deposition, for the same preparation condi-
tions. Therefore, the sensitivity of the phase-shift spectrum
to the bias-light level was used to determine the above
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FIG. 1. Typical phase-shift spectra of a-Si:H at various light intensities.

parameters. More specifically, the phase-shift spectrum
was found to be sensitive to the bias-light intensity, as is
illustrated in Fig. 1, which presents the phase shift as a
function of frequency at different bias-light levels. One can
observe that the phase-shift spectrum is almost indepen-
dent of light intensity at small bias (<10' photons
cm~2s™!). In this case, thermal emission from traps dom-
inates over recombination.'® As the light bias is increased,
the phase shift at low frequencies decreases, while at higher
frequencies increases. A high bias-light increases the re-
combination rate, which in this case dominates over ther-
mal emission from the deeper traps. At high bias-light lev-
els (>10'0), the value of the angular frequency (w,) at
which the phase shift presents a maximum (10 <w,;< 100
Hz, marked by arrows in Fig. 1), increases with the inten-
sity of the bias light. The thermal emission rate at the
specific w, frequency, for each bias-light level, is assumed
to be equal to the capture rate, as can be expressed by the
following equation:'®

nv-o=w,, (5)

where n is the concentration of the free carriers produced
by the bias light. By substitution of the known dc photo-
conductivity relation o, =neu, the above equation can be
written as

K=—=——. (6)

Therefore k=pu/vo can be calculated as the ratio of dc
photoconductivity to the corresponding w,. The calculated
values of the above ratio for different interelectrode dis-
tances and pressures are presented in Fig. 2. The estimated
values of k were found to be of the order of 10° V~1s~1
which is consistent with the values of p=10 cm? V=15~
v=10" cms™!, and 0=10""% cm? that are expected for
a-Si:H.?° The values of the above ratio were found to vary
from preparation to preparation within a factor of ~5.

If a constant « ratio is used, MPC can give up to one
order of magnitude higher DOS, particularly in the most
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FIG. 2. The ratio u/vo as calculated from MPC, for films deposited at
various D.

defective samples.2! On the contrary, if the estimated val-
ues of « are considered, both CPM and MPC methods give
comparable DOS values for all the samples.

B. Influence of interelectrode distance (D)

Figure 3 presents the energy distribution of the deep
defect DOS of a-Si:H films deposited at 100 mTorr and at
interelectrode distances of 21, 25, 28, and 33 mm. The
defect density of the VB was calculated from the CPM
measurements, while that of the CB from the MPC mea-
surements, using the x value calculated for each sample. It
is observed that DOS is increased at lower D for both
bands. The same general effect can be observed for films
deposited at 50 mTorr and interelectrode distances of 21,
23, 29, 32, and 35 mm (Fig. 4). The CPM spectra, as well
as the corresponding DOS (Figs. 3 and 4), show evidence
of two distinguished defect distributions located approxi-
mately at 0.9 and 1.2 eV from E,. Using the method of
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FIG. 3. DOS distribution within the energy gap of films deposited at
various D and 100 mTorr of pure silane from CPM and MPC. (Dotted
lines are drawn as a visual aid.)
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FIG. 4. DOS distribution within the energy gap of films deposited at
various D and 50 mTorr from CPM and MPC. (Dotted lines are drawn
" as a visual aid.)

Vanecek etal,!' and assuming two Gaussian defect
distributions,> an excellent fit to the defect absorption is
obtained. The calculated DOS according to this method is
in very good agreement with that obtained according to the
analysis of Jensen,'* where no assumptions were made
about the number or the shape of the defect distributions.
The best fit to the defect absorption is obtained when the
defect distribution peaks are located between 0.95-1 eV
and 1.15-1.2 eV, depending on the preparation conditions,
with HWHM values of 0.13 and 0.09 eV, respectively.
Nevertheless, in some samples (D=32, 29 in Fig. 4 and
D=27 mm not shown), there is only one intense peak at
1-0.95 eV which dominates over the whole energy distri-
bution. In this case the defect absorption can be repro-
duced from a simulation using a single Gaussian distribu-
tion.

The defect states on the CB side also show evidence of
two defect distributions at 0.5 and 0.6 eV from E_, as
indicated from MPC measurements. However, in Figs. 3
and 4 one can observe that for the samples with the highest
defect density, the DOS from MPC is larger than that from
CPM, while for the rest of the samples MPC gives equal or
lower DOS. In this context one must also take into account
that the CPM defect density calculations are sensitive to
the relative positions of the Fermi level and the defect
band, which are not known.?? The discrepancy between the
two methods would probably be reduced if one could take
into account the respective capture coefficient, as was done
for the MPC, and the distance of the Fermi level from the
defect band.

The variation of the defect DOS at the VB, at 1.15 and
0.95 eV, and that of the CB (at 0.6 and 0.5 eV below E_),
are plotted in Figs. 5(a) and 5(b), respectively, as a func-
tion of the interelectrode distance for films deposited at 100
mTorr, shown together with the variation of the deposition
rate. The total DOS distribution of both bands increases
gradually as the interelectrode distance is reduced. Simi-
larly, Figs. 6(a) and 6(b) show the variation of the DOS at
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FIG. 5. DOS at 1.15 and 0.95 eV from (a) CPM and at 0.6 and 0.5 eV
below E, from (b) MPC, for films deposited at 100 mTorr. Dotted lines
show the variation of the deposition rate with D.

the corresponding defect levels specified above, as a func-
tion of the interelectrode distance for samples prepared at
50 mTorr. In this case, the defect DOS of both bands
shows a much stronger dependence on the interelectrode
distance. In this series of samples, the ones deposited at a
22-23 mm interelectrode distance and 50 mTorr pressure
show the highest defect DOS, while those prepared at
D>29 mm, independent of pressure, show the lowest DOS.
The general trend of increase of the DOS with interelec-
trode distance, observed in these results for both 50 and
100 mTorr, has one systematic exception for D <22 mm
and 50 mTorr, which will be further discussed. One must
note that annealing reduces the peak intensities at 0.6 and
0.95 eV by a factor of 2 while it does not significantly
change the other two peaks. This behavior indicates the
metastable character of these defects.

CPM spectra can give further information on the way
the defect density of the films is influenced by the change of
D, if one takes into consideration the above-bandgap ab-
sorption region. Thus, Fig. 7 shows the variation of 1/f,f
being the photon flux necessary to maintain a constant
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FIG. 6. DOS at 1.15 and 0.95 eV from (a) CPM and at 0.6 and 0.5 eV
below E, from (b) MPC, for films deposited at 50 mTorr. Dotted lines
show the variation of the deposition rate with D.
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FIG. 7. CPM spectra for photon energies above the bandgap, for films
deposited at various D and 50 mTorr.

photocurrent, as a function of the photon energy, for films
deposited at various D and 50 mTorr. These curves can be
considered as a depiction of the relative defect depth profile
from the bulk to the surface of the film. The observed
decrease of the 1/ is most probably due to the increase of
the number of recombination centers at the corresponding
absorption depth (1/a), when going from the bulk toward
the surface of the film. The relative increase of the surface
defect density is systematically steeper for samples grown
at large D, while the opposite is true for samples grown at
low D, again with the exception of samples deposited at
D <22 mm. The same effects can be observed for films
grown at 100 mTorr. One must note that annealing tends
to normalize the 1/ f curve toward the value corresponding
to ad=1, and is more effective on the samples with the
steeper bulk-to-surface defect increase.

For reference reasons, in Fig. 8 is presented the value
of V4. as a function of the interelectrode distance for 50

A0 [T e e

O 50 mTorr
A 100 mTorr

V4 (Volts)

D (mm)

FIG. 8. Self-bias dc potential of the rf electrode V. as a function of D for
50 and 100 mTorr. The dotted line indicates the distance between the
electrode edge and the chamber walls.
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{A=620 nm) as a function of D.

and 100 mTorr. One can observe the increase of ¥, with
increasing D and decreasing pressure. This increase is in-
dicative of the decreasing electrical symmetry of the dis-
charge (the powered to grounded area ratio), which gen-
erally decreases with pressure. Additionally, at D
comparable to the distance between the electrodes and the
grounded chamber walls, the discharge becomes even more
asymmetric.

C. Variation of the transport properties with D

The room temperature photoconductivity, for all the
samples, was between 10~7 and 107> Q! cm ™!, while the
dark conductivity varied between 10~!' and 1071
O~ 'cm™!, The value of the optical gap was found to be
always in the range of 1.7-1.75 eV, which is consistent with
the almost constant value of the hydrogen content of about
7%-12% that was obtained from hydrogen evolution mea-
surements.

Figure 9 display the ur product, calculated from the
steady-state photoconductivity for a photons flux of 10
photons cm~'s~! at 620 nm, as a function of D for films
prepared at 50 and 100 mTorr. In both pressures a slight
decrease of ur,, is observed with the decrease of D. More
specifically, as can be seen from Figs. 5 and 6, the proposed
reduction of the ury is consistent with the respective en-
hancement of the defect density. Consequently, the de-
crease of the ur,, product is most probably associated with
the increase of the recombination of the free carriers at
deep defect states, as the DOS increases at low D.

From the present results, describing the optoelectronic
properties of the samples, one cannot have direct informa-
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FIG. 10. The characteristic slope E, of the valence band obtained from
the absorption edge measured by CPM.

tion about eventual modifications of the film microstruc-
ture with D. However, as results from Fig. 10, the charac-
teristic slope of the valence band is rather insensitive to the
variation of D; E,, which gives a macroscopic measure of
the disorder of the a-Si:H network, is about 50 meV in-
dependent of D.

iV. DISCUSSION

The results presented here show a direct relation be- .

tween interelectrode distance D and the defect DOS and
deposition rate. In general, this indicates that the specific
plasma conditions play an important role in defect forma-
tion. The main observable effect is that the decrease of D
increases the defect DOS, and this effect is more pro-
nounced at lower pressures. However, at lower pressures
the DOS presents a maximum for D=23 mm and then
drops again. The explanation of the phenomena observed
here is not straightforward due to the complexity of the
influence of D to the plasma characteristics. The variation
of D, while keeping a constant total power, modifies several
microscopic plasma parameters, depending on the dis-
charge symmetry.!® The power density increases with D!
thus increasing the mean electron density and electron
temperature. This is mainly due to the fact that the con-
tribution of the sheaths to the overall discharge volume
increases, since the magnitude or the shape of the sheaths
does not change with D. Therefore there is an enhanced
contribution of sheath related fast electrons (either second-
ary or wave riding) that modify the shape of the electron
energy distribution in space. This change favors higher en-
ergy electron—collision processes (ionization, excitation,
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high energy dissociation) against the low energy ones
(lower energy dissociation, momentum transfer). Indeed,
previous work of this group has indicated that there is a
redistribution of the energy consumption between high en-
ergy processes and lower energy ones.'? More specifically,
simultaneous laser induced fluorescence (LIF) and optical
emission spectroscopy (OES) measurements have shown
that the overall intensity of both the ground-state SiH and
the excited state SiH* radicals, as well as the SiH*/SiH
ratio, increase at smaller D.

A direct consequence of the redistribution of energy
consumption is the increase of the high sticking coefficient
to the low sticking coefficient radicals flux ratio. Namely,
the relative abundance of each radical and their role in the
film growth process will be modified at high power
densities.?? If one takes into account the main dissipation
reactions of SiH, and SiHj,

(R,) SiH,+SiH,-Si;Hg k;=1X10"1" cm%/s,%
(R,) SiH;+SiH;-SiHg k;=1.5% 1071 cm®/s;%

it results that low power density will lead to higher
SiH,/SiH, flux ratio to the surface (radical-radical reac-
tions are less important?®), which additionally will increase
at larger interelectrode distances because of the fast reac-
tion rate of SiH, with silane (R;).2® The opposite is true at
high power densities (low distances) when SiH;-SiH,
(R,) reactions become important, while SiH, and the
other “sticky” radicals have enhanced possibilities to reach
the surface. Calculations of the total possibility of each
radical to reach the anode surface have indicated that this
effect is predominantly influencing the anodic deposition.'
This is because the production of radicals is inhomoge-
neous in space, and at these conditions the location of the
radicals generation profile in space does not depend on the
location of the grounded electrode.

Therefore, high-sticking coefficient radicals (Si, SiH,
SiH,) at lower D have an enhanced probability to arrive at
the growing film surface, and begin to have a significant
participation to the film growth mechanism. This phenom-
enon is much more important at lower pressures, where the
diffusion/reaction lifetime ratio of these radicals is higher.
These low mobility radicals are incorporated in the film
network at or very near the position where they are ad-
sorbed. This situation alters the film growing mechanism,
and, for high enough numbers of “sticky” radicals, may
lead to structural irregularities that cannot be accommo-
dated anymore by the normal film structure. For the case
of the 50 mTorr curves (Fig. 6), an additional phenome-
non is involved at very low distances. The presence of the
maximum and the slight amelioration of the DOS for
D <23 mm observed in these data can be due to the fact
that at low distances and low pressures the electron density
drops because of the enhanced depletion of electrons strik-
ing the electrode surfaces. It has been observed by LIF
measurements that this influences only the ground state
radicals generation rate.!® Additionally, the same behavior
has been observed for the influence of D to the deposition
rate.!> However, other changes in the plasma conditions,
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such as the enhancement of silane depletion or ion bom-
bardment, can also be the cause, at least partially, for this
behavior.

Concerning the various defect formation models that
have been proposed, the results presented here can be in-
terpreted as follows. According to the weak bond—dangling
bond conversion model, an enhancement of the defect den-
sity is expected when a number of weak bonds from the
valence band tail exceeding an energy demarcation level
(E4,) are converted spontaneously to dangling bonds.”’” As
the characteristic slope of the valence band tail is almost
constant in these samples, an increase of the defect DOS at
low D can be explained by a shift of the Eg, toward the VB.
Thus, at higher D, in both pressures examined here, Eg, is
estimated”’ to be about 0.39-0.41 eV, while at low D it is
about 0.34-0.36 eV from the VB. This can be explained by
the hypothesis that the local microstructure of the films
deposited at low D, favors the formation of a number of
undercoordinated atoms instead of weak bonds.

The explanation given for the experimental results is in
agreement with the model proposed by Hata et al®® As
was explained earlier, the growing network cannot accom-
modate more than a certain number of “sticky” radicals
producing surface irregularities, and this results in an ex-
cessive number of defects. Therefore the annealing energy
barrier is large and cannot be met by the given temperature
or ion bombardment conditions.”*® Thus, films grown in
low D conditions do not present large differences between
bulk and surface defects, as shown in Fig. 7, while at large
D the bulk defect is reduced by annealing during the
growth of the film.

On the contrary, although the samples presented here
are grown under low deposition rate conditions ( < 1 A/s),
which is believed to be sufficiently low in order to allow the
accommodation of defects, according to the model of
Winner,’ there is an evident relation between the plasma
conditions and the defect density. Moreover, the deposition
rate varies with D with a different trend than the DOS
(Figs. 5 and 6).

V. CONCLUSION

An effort was made to link some macroscopic plasma
characteristics to the a-Si:H film electronic properties. It
was found that the electronic properties and the DOS char-
acteristics, i.e., the magnitude and the shape of the various
defect bands within the energy gap, are strongly influenced
by the interelectrode distance, D. More specifically, when
D decreases the defect density increases, while the deposi-
tion rate is changing in a different way, suggesting that the
film growth rate and the defect formation mechanism are
influenced by the plasma conditions. These observations
are correlated with the previous work of this group regard-
ing the influence of discharge geometry to the radical gen-
eration mechanism. It is suggested that at low D high stick-
ing coeflicient radicals, which are expected to have a larger
contribution to the film growth under these conditions,
produce surface irregularities, thus altering the film micro-
structure. The situation can be improved by the increase of
ion bombardment that increases the radical surface mobil-
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ity. Thus, in both ways, plasma conditions have significant
influence on critical parameters that define the defect den-
sity characteristics and thus the film properties. The results
presented here do not show any systematic correlation to
the deposition rate, which, in any case, is lower than 1 A/s.
Thus, the change of the film electronic properties cannot be
explained by a hydrogen diffusion bottleneck. To the con-
trary, the suggested modification of the microstructure re-
sults in an annealing barrier that cannot be met by the
specific energetic conditions during the growth.
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