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Steady-state photocarrier grating (SSPG) and steady-state photoconductivity, sph, experiments have been carried out to investigate the electronic transport properties of undoped
hydrogenated microcrystalline silicon (mc-Si : H) ®lms prepared with very high frequency
plasma enhanced chemical vapor deposition (VHF-PECVD). Material with different crystalline
volume fractions was obtained by variation of the silane concentration (SC) in the process
gas mixture. Pure amorphous silicon material was investigated for comparison. The
ambipolar diffusion length, Lamb, which is dominated by the minority carrier properties, is
obtained both from the best ®t to the experimental photocurrents ratio, b, versus grating
period (L), and from the ``Balberg plot'' for the generation rates between 1019 and
1021 cm 3 s 1. Lamb increases from 86 nm with increasing SC and peaks around 200 nm for
the SC  5.6% and decreases again for higher SCs. Lamb values obtained from the intercept of
the Balberg plot result in a small difference of around 5% for most of the samples. Minority
carrier mobility-lifetime (mt)-products are much lower than those of majority carriers,
however, both majority and minority carrier mt-products in microcrystalline silicon are higher
than those of undoped hydrogenated amorphous silicon. The grating quality factor (g0)
changes from 0.70 to 1.0 indicating almost negligible surface roughness present in the
samples.
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1. Introduction

Hydrogenated microcrystalline silicon mc-Si : H) has
become an important material for large area electronics
such as solar cells [1±4]. The wide range of electronic
properties is due to its heterogeneous microstructure,
which is mainly controlled by the silane concentration
(SC) in the silane±hydrogen gas mixture of the
deposition process [2]. Steady-state photocarrier grating
(SSPG) technique [5, 6] developed for a-Si : H ®lms is
used to study electronic transport properties of mc-Si : H
®lms under illumination [1]. Ambipolar diffusion length,
Lamb , measured by the SSPG technique gives a direct
access to mt products of minority carriers, which was
shown to be an essential transport parameter in p-i-n type
solar cells [1]. It was also found that the highest
ef®ciency solar cells were produced for the silane
concentrations of 5%, which results in a material close
to the amorphous phase transition. In this study,
steady-state photoconductivity, sph , and the SSPG
techniques were used to investigate both the majority
and the minority carrier transport properties of mc-Si : H
®lms [1] with different structural composition
ranging from highly crystalline to mixed phase of
crystalline and amorphous prepared using different
silane concentrations.
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2. Experimental methods

Undoped mc-Si : H ®lms with thickness between 400 nm
and 800 nm were prepared using a multi-chamber
deposition system consisting of six parallel plate reactors
at 95 MHz plasma excitation frequency and varying
silane concentrations (gas ¯ow ratio, SC [SiH4 ]/
[SiH4  H2 ]) between 3% and 6.3% [2]. The applied
discharge power was 8 W on a substrate area of
10610 cm2 and the process gas total pressure was
300 mTorr. The system is optimized to process at
temperature of 200  C. The ®lms were deposited on
glass substrates (Corning 7059 and/or Corning 1737),
partly covered with 100 nm electron beam evaporated
chromium ®lms to cut off contribution from the glass for
the Raman measurements. The Raman scattering experiment was performed using 488 nm laser light. The control
sample of a-Si : H ®lm was prepared using a standard DCglow discharge method given elsewhere [7].
Experimental con®guration for the SSPG technique is
shown in Fig. 1 [5]. A He±Ne Laser with wavelength of
l  633 nm was used and chopped at the frequency of
40 Hz to measure small-signal photocurrent between the
coplanar electrodes (gap  0.5 mm) of mc-Si : H samples
using a lock-in ampli®er. The polarized laser light is split
into two coherent beams of intensities I1 and I2 by using a
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®lters) implying that for the same photoconductivity
values measured by different ®lters, the generation rate is
assumed to be the same. It was found that for most of the
samples this assumption is valid. Then, the straight line
of generation rate versus photoconductivity curve is
extended to higher generation rates. Higher generation
rates corresponding to the photoconductivity values
measured using 633 nm laser light are ®nally determined
from reading on the straight line. In the SSPG experiment
[6], two coherent laser beams are used to create
photocarrier distribution due to interference fringes
between coplanar electrodes of a sample. The ratio of
the interference photocurrent during the coherent
illumination, Jcoh , to the photocurrent, Jincoh , of the
incoherent laser beams b  Jcoh =Jincoh  is measured for
different grating periods, L. The relationship between b
and L is given as [5, 6],
b1
L
Figure 1 Experimental setup used to measure the ambipolar diffusion
length in SSPG technique.

beam splitter. The intensity ratio of the beams (I2 =I1 ) is
reduced to 5% using a neutral density (ND) ®lter. A
quarter wavelength retarder is used for the case of
interference and it is rotated by 90 for no interference
condition. The two beams are made to coincide on the
sample by two mirrors with an angle symmetric around
the normal to the sample surface to obtain equal beam
paths. The sample is moved towards the beam splitter
along the normal to change the grating period (L)
between 0.5 mm and 3 mm. Then, the a.c. photocurrents
Jcoh , and, Jincoh are measured for the interference and no
interference conditions, respectively. Steady-state photoconductivities were measured in the Ohmic region of the
coplanar contacts for generation rates between 1015 to
1022 cm 3 s 1 . Interference ®lters (800 nm and 750 nm)
were used to provide volume absorbed light for uniform
photocarrier generation. Generation rate calculation for
the laser light at 633 nm is not straightforward. Certain
approximations were applied. Relative intensity versus
photoconductivity curves for interference ®lters 800 nm
and 750 nm, and for the bandpass ®lter RG610 are found
to be parallel for most of the samples, indicating the same
exponent g. Uniform generation rate is only calculated
for 800 nm ®lter using calibrated ¯ux, a constant
re¯ection coef®cient R, ®lm thickness, t, and absorption coef®cient a(800 nm) obtained from the
photothermal de¯ection spectroscopy measurement of
the same sample. Since at 5 1 for 800 nm for the
samples, generation rate is calculated from the equation,
G  Flux  1 R  1 exp at=t. When energy of
monochromatic ®lter increases such as 750 nm and other
lower wavelengths, calculated generation rate versus
photoconductivity curves do not overlap with that of
800 nm ®lter due to non-uniform absorption of light
throughout the ®lm. However, effective generation rate
for 750 nm and RG610 can be obtained by normalizing
relative intesity versus photoconductivity curve to that of
800 nm ®lter (since the exponent g is the same for all
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where f is the grating quality parameter de®ned as
f  g0 ggd , where g0 is de®ned to be the grating quality
factor, determined using the experimental g, the
exponent of the sph power law on generation rate G,
the dark conductivity reducing factor de®ned as
gd  sph = sph  sdark , and the best ®t parameter f.
The grating period L is equal to l=2sin y/2, where l,
is the laser wavelength and y is the angle between the two
light beams. Lamb is obtained from a ®t to Equation 1.
Another simple way of ®nding Lamb is to use the intercept
of the so-called ``the Balberg plot'' [8], which is a rearrangement of Equation 1, where L 2 is a linear
function of 2= 1 b1=2 as given in Equation 2. In
addition, using the Lamb , the quasi-Fermi level parameter
b can be calculated as [1],
b
b  1
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where T is temperature and d is the exponent in the
relationship of L2amb ! Gd . The minority carrier mop tRp product can be extracted from the Equation 2 of Droz
et al. [1] as,
mop tRp 

mon tRn 6 qL2amb =kT6 1  g  d
mon tRn qL2amb =kT6 1  g  d
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where mno tnR -products for majority carriers are obtained
from the measured sph .
Several important conditions should be met in the
SSPG experiment: (i) the applied voltage should be in the
Ohmic region of the I±V curve; (ii) the b-value should
not change with increasing voltage; (iii) the sample
should not be heated due to high power illumination by
the laser beam; (iv) a higher generation rate should be
used in order to decrease errors in the experiment for
®lms with a low-level signal; (v) for the mc-Si : H ®lms,
there is some deviation from the straight line of the
Balberg plot due to surface scattering and surface
recombination for small grating periods L 5 2 mm
and for low illuminations, one has to take only linear part
of the Balberg plot to extract Lamb ; (vi) ad should be less

than 1 for uniform absorption, where a is the absorption
coef®cient and d is the thickness of the ®lms. Care has
been taken to meet all these requirements for the SSPG
measurements on mc-Si : H in the present study.

3. Results and discussion

Undoped mc-Si : H ®lms prepared with varying silane
concentrations exhibit different crystalline volume
fractions, which decreases as the SC increases. The
normalized Raman spectra of the mc-Si : H ®lms studied
in this work are shown in Fig. 2. The Raman spectra
show the characteristic resonances at 520 cm 1 and
500 cm 1 of the crystalline phase and at 480 cm 1 of the
amorphous and disordered phase. It can be seen that the
contribution at 480 cm 1 is considerably larger for the
SC  6.3% ®lm.
The steady-state photoconductivity was measured on
these mc-Si : H ®lms for a wide range of generation rates.
The steady-state photoconductivity is dominated by the
majority carrier transport, i.e. electrons for this undoped
material which is slightly n-type. From the steady-state
photoconductivity, the majority carrier mno tnR -products
can be evaluated. The mno tnR -products are plotted versus
generation rate in Fig. 3. The mno tnR -products decrease as
generation rate increases and obey the expected relation;
mno tnR ! Gg 1 . The exponent g is the lowest for
SC  3.1% with g  0.60. For the other ®lms g is
between 0.78 and 0.94, showing no functional dependence on the SC.
Although steady-state photoconductivity measurements were carried out under the applied voltages up to
100 V in the Ohmic region of contacts, these voltages
may not be suitable for the SSPG measurements. For this
reason, the photocurrents ratio b  Jcoh =Jincoh  for
different grating periods should be carefully measured
for the same applied voltages of Ohmic region in order to
make certain that transport is not in¯uenced by the strong
electric ®elds. An example of the b-values versus electric
®eld is shown in Fig. 4 for an a-Si : H ®lm and three
different mc-Si : H ®lms. Even though contacts were
Ohmic for the electric ®elds of up to 2000 V cm 1 for
steady-state photoconductivity measurement, the b-

Figure 2 The normalized Raman spectra of the mc-Si : H ®lms prepared
using VHF-PECVD system for the SCs from 3.1% to 6.3%.

Figure 3 Majority carrier mno tnR -products versus generation rate for the
mc-Si : H samples.

values are independent of the electric ®elds only up to
300 V cm 1 . For the higher electric ®elds, the b becomes
®eld dependent and the transport is not diffusion
controlled any more. For each sample, measurements
of the b-values for different grating periods were carried
out in the low electric ®eld region, where the b-values
were constant.
Experimental results of the photocurrents ratio, the
b  Jcoh =Jincoh , versus the grating period L are shown in
Fig. 5 (symbols) for an a-Si : H and three different mcSi : H ®lms. The b-values change strongly for pure aSi : H ®lm as reported previously [8] and becomes
negative for the grating periods higher than 1 mm. For
the mc-Si : H ®lms, the b-values decrease less with
grating period. The b-values reach negative values only
for the SC  6.3% sample, which has the highest
amorphous volume fraction as seen from the Raman
spectra of Fig. 2, above L  2.5 mm. The rate of decrease
in the b decreases and the b curve becomes less
dependent on L for the highest crystalline volume
fraction mc-Si : H ®lms prepared with the lowest SC's

Figure 4 Electric ®eld dependence of experimental b-values for the
grading period of 1 mm for an a-Si : H and three mc-Si : H ®lms.
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Figure 5 Experimental b versus the grating period L (closed symbols)
for undoped a-Si : H and mc-Si : H ®lms. Open diamond symbols are
measured by R. Bruggemann at University of Oldenburg on the same aSi : H ®lm. The solid lines are ®ts to the data using the Equation 1.

(data not shown). The change in the b is not only
controlled by the Lamb but also the grating quality
parameter f as de®ned in Equation 1 [9]. For this reason,
both parameters, Lamb and f, of the Equation 1 were
obtained simultaneously using the theoretical L data and
the best ®ts to the experimental b-values. The best ®t
results of the b are shown in the Fig. 5 as solid lines. As
theoretically expected, for the lower L values
L5Lamb , the grating disappears and the b becomes
unity for all the samples. The Lamb obtained for the
SC  3.1% is 86 nm. It increases with increasing the SC
and peaks at 200 nm for the SC  5.6% as shown in Fig.
6. Then, Lamb decreases to lower values, towards that of
pure amorphous silicon as the amorphous volume
fraction of microstructure increases with increasing the
SC. The data for the pure a-Si : H sample was measured
in the light soaked state to prevent the light induced
degradation effect in measured photocurrents due to high
intensity of laser illumination during the measurement.
In addition, SSPG measurement on the same a-Si : H ®lm
at the same light soaked condition was also carried out by
R. Bruggemann at University of Oldenburg approximately at the same generation rate. A good agreement
has been found between two independent measurements
carried out on the same a-Si : H as shown as open
diamond symbols in Fig. 5. For each sample, the b versus
the grating period were measured for generation rates
between 1019 and 1021 cm 3 s 1 in order to see the
dependence of the Lamb on the generation rate. The L2amb
versus generation rate change very slowly (data not
shown) for all the samples, except the SC  3.1%. The

Figure 6 Lamb versus silane concentration obtained from the best ®ts to
data of Fig. 5 (circles) and those from the intercept of the Balberg's
plots (squares). The dashed lines are guide to eye.

exponent d in the relation, L2amb ! Gd , is found to be very
small as given in Table I. The grating quality factor g0
was calculated for the samples as described above. As
summarized in Table I, the grating quality factor g0
values are high, changing from 0.70 to 1.0. These
indicate that ®lms show high grating quality and no
signi®cant surface roughness affecting the SSPG
measurements [9].
Furthermore, the Lamb values were also obtained from
the intercept of the Balberg's plot as commonly practiced
[3, 8]. An example of the Balberg plots were also shown
in Fig. 7 for an a-Si : H and two mc-Si : H ®lms. A straight
line can generally be obtained from the best ®t to the
L 2 versus 2= 1 b1=2 for L values higher than 1 mm.
The Lamb values calculated from the intercept of the
Balberg plot are shown in Fig. 6 as a function of the SC.
The Lamb values found from the Balberg's approach also
show the similar functional dependence on the SC, where
Lamb peaks around the SC  5%. However, a small
difference of around 5% exists in the calculated Lamb
values from the intercept of the Balberg plot for most of
the samples. Such a small error is generally introduced
by the measurement error in larger b-values as
previously reported [9].
The Lamb values obtained from the best ®ts to data of
Fig. 5 and the majority carrier (electrons) mno t nR -products
obtained from the sph are used to calculate the minority
carrier (hole) mpo tpR -products using the Equation 4. Those
values calculated for the highest generation rates are

T A B L E I A summary of steady-state photoconductivity and SSPG results for a-Si : H and mc-Si : H ®lms
SC (%)

d(mm)

G61021
(cm 3 s 1 )

g

Lamb
(nm)

LBalberg
(nm)

f

mon tRn 610 7
(cm2 V 1 )

mop tRp 610 9
(cm2 V 1 )

g0

gd

b

3.1
3.7
4.3
5
5.6
6.3
a-Si : H

0.4
0.62
0.6
0.7
0.73
0.78
1.0

2.2
0.6
1.6
0.8
1.6
1.4
0.6

0.60
0.94
0.90
0.91
0.91
0.78
0.87

86
161
151
195
201
155
112

90
164
142
191
203
150
104

0.35
0.7
0.60
0.45
0.53
0.72
0.94

5.20
6.90
3.47
7.01
1.94
2.55
0.38

2.0
4.9
5.0
8.0
7.0
5.6
2.2

0.79
0.88
0.94
0.71
0.76
0.97
1.00

0.93
0.99
0.96
1.00
1.00
0.99
0.94

354
129
78
86
26
44
16
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d
0.48
0.02
0.06
0.01
0.04
0.04
0.12

Figure 7 The Balberg plots of an a-Si : H and two mc-Si : H ®lms
obtained from the experimental b and L (symbols). The solid lines are
the best ®ts to data using the Equation 2.

shown in Table I. The mpo tpR -products are in the range of
2±8610 9 cm2 V 1 , which are much lower than the
majority carrier mno tnR -products changing from 0.6±
1:2610 6 cm2 V 1 as seen in Fig. 3. However, both
majority and minority carrier mt-products for the mcSi : H ®lms are still higher than those of pure amorphous
silicon ®lm for the similar generation rates as indicated in
Table I. This is consistent with the recent results reported,
where higher mt-products were also predicted from the
solar cells characteristics having different mc-Si : H
absorber layers [11, 12]. Derived Lamb values and
measured sph data were also used to ®nd the Fermi
level parameter b. The parameter b calculated using the
Equation 3 are shown in Table I. It is 16 for a-Si : H and
changes from 26 to 354 for the mc-Si : H ®lms, indicating
that the mc-Si : H ®lms show slightly n-type behaviour.
These values of minority carrier mpo tpR -products, Lamb ,
and sph found in this work are in the same range with
those reported previously for the hydrogenated microcrystalline silicon ®lms [1, 4].

4. Conclusions

We have carried out steady-state photoconductivity and
steady-state photocarrier grating measurements on
undoped mc-Si : H ®lms prepared in a VHF-PECVD
system with different silane concentrations. We have
fully applied all the required conditions of SSPG method
to obtain reliably the ambipolar diffusion lengths, Lamb ,
and the grating quality parameter f in mc-Si : H samples.
Lamb increases with the SC and peaks at 200 nm for the
SC  5.6%, then decreases again for higher SCs. The
highest Lamb is obtained for the mc-Si : H ®lms prepared
with the SC around 5%, which is close to the amorphous
phase transition and results in highest ef®ciency solar
cell as reported before [10]. Those values obtained from

the Balberg plot show the similar dependence on the SC.
However, a small difference of around 5% exists in
calculated Lamb values from the intercept of the Balberg
plot. The ®lms show high grating quality factor g0 ,
indicating very small surface roughness affecting the
SSPG measurements. The minority carrier (hole) mpo tpR products derived from the measured Lamb and the steadystate photoconductivity are much lower than those of
majority carrier electrons. However, both majority and
minority carrier mt-products for the mc-Si : H ®lms are
still higher than those of pure amorphous silicon ®lm,
which is also consistent with the results obtained from
the mc-Si : H solar cell characteristics [11, 12]. and the
Fermi level parameter b varies from 26 to 354. The
results reported here are consistent with the corresponding data reported in the literature [1, 4] for
hydrogenated microcrystalline silicon ®lms.
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