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Transport properties of a-Si1ÀxCx :H films investigated by the moving
photocarrier grating technique

J. A. Schmidt,* M. Hundhausen, and L. Ley
Institut für Technische Physik, Universita¨t Erlangen-Nu¨rnberg, Erwin-Rommel-Strasse 1, D-91058 Erlangen, Germany

~Received 7 April 2000; revised manuscript received 8 August 2000!

The photoconductivity, electron and hole drift mobility, recombination lifetime, and optical properties of
hydrogenated amorphous silicon-carbon alloys have been systematically studied as a function of the optical
gap. Samples have been prepared by glow-discharge decomposition of silane-methane mixtures with high
hydrogen dilution. The methane concentration in the gas phase has been varied between 0 and 66%, obtaining
samples with optical gaps between 1.72 and 2.09 eV. Transport parameters have been measured by using the
moving photocarrier grating technique. We have found a large decrease in the electron drift mobility with
optical gap, especially when small amounts of carbon are incorporated into the silicon matrix. The hole drift
mobility is correlated with the Urbach energy, as predicted by the multiple-trapping model. The recombination
lifetime shows a maximum for a gap energy close to 1.85 eV, which we assign to competition between a
widening of the band tails and an increase in the density of defects acting as recombination centers. We have
observed a power-law dependence of the transport parameters on the generation rate. The characteristic power-
law exponents are presented as a function of the optical gap.
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I. INTRODUCTION

The preparation and characterization of amorphous hy
genated silicon-carbon alloys (a-Si12xCx :H) are topics of
major interest both fundamentally and technologically. F
many useful applications such as window layers for so
cells,1 electroluminescence devices,2 phototransistors,3 color
sensors,4 and light-emitting diodes,5 a material with good
and stable electrical properties is needed. Carbon incorp
tion into a-Si:H leads to an increase in the optical gap, b
the drawback is a deterioration of the photoconductivit6

Attempts have been made to find deposition conditions le
ing to improved electrical properties. It has been found t
glow-dischargea-Si12xCx :H deposited under high hydroge
dilution exhibits a lower defect density and a higher pho
conductivity gain.7,8 In order to optimize the material a de
tailed knowledge of the transport parameters, i.e., elec
drift mobility (mn), hole drift mobility (mp), and recombi-
nation lifetime (tR), is of importance. Up to now most of th
studies have dealt with the steady-state photoconduct
(sph). A few groups have measuredmn ~Refs. 9–12! and, to
our knowledge, only two groups have measuredmp ~Refs. 11
and 12! as a function of the carbon content.

The dependence ofmn andtR on the generation rate~G!
provides another important source of information. T
steady-state photoconductivity exhibits a characteri
power-law dependence on the generation rate,13 sph}Gg.
Similar expressions can be observed for the drift mobi
and the lifetime:mn}Gd, tR}Gk. The Rose factorg has
been measured for amorphous silicon carbide samples
function of the carbon content~Ref. 14!. On the other hand
up to now the characteristic exponentsd and k have only
been reported for pure amorphous silicon.15

The moving photocarrier grating~MPG! technique16,17al-
lows us to determinemn , mp , and tR individually. In this
work we use the MPG method to study the transport par
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eters ofa-Si12xCx :H samples over a wide range of carbo
content. We also report the dependence of the transport
rameters on the generation rate and the characteristic po
law exponents as a function of the optical gap.

II. EXPERIMENT

The a-Si12xCx :H samples have been deposited
plasma-enhanced chemical vapor deposition~PECVD! of
methane/silane mixtures under high hydrogen dilution in
conventional capacitively coupled reactor. We prepa
samples under the following deposition conditions: substr
temperature between 220 and 315 °C, chamber pressure
tween 0.92 and 2.5 mbar, total flow rate@SiH41CH41H2#
of 40 standard cubic centimeters per minute~sccm!, and fre-
quencies of 13 and 50 MHz. The methane concentration
the gas phase, defined as the ratioxgas5@CH4#/@SiH4
1CH4#, was varied in the range 0<xgas,0.67. We used a
hydrogen dilution ratio@H2#/@SiH41CH41H2#50.9. The
deposition regime was the so-called ‘‘low power regime
where there is no direct dissociation of the CH4 molecule.
This results in an effective carbon incorporation of about
of the gas phase concentration.6

Conductivity measurements have been performed in
coplanar configuration, with a gap of 1 mm between tw
graphite electrodes. The absorption coefficient has been m
sured by transmittance and reflectance for energies la
than the band gap, while we have used photothermal de
tion spectroscopy~PDS! in the subgap region. The visibl
part of the spectrum was used to estimate the optical
(EG) by using the Tauc procedure. The Urbach energy (EU)
was obtained from a fitting of the exponential tail in th
absorption coefficient spectrum, while we obtained an e
mation of the defect density from the absorption coefficie
at a fixed energyEG20.7 eV.

In the MPG technique two coherent laser beams
13 010 ©2000 The American Physical Society
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brought to interfere on the surface of the sample. Sinc
small frequency shift is introduced between the two bea
the resulting interference pattern moves with a velocityvgr
5lD f /@2 sin(d/2)#, whered is the angle between the tw
beams,D f is the frequency shift, andl is the laser wave-
length. We have used the linel5514 nm from an Ar laser
and d530°. Due to their different mobilities, the photog
nerated electron and hole distributions have a phase s
This implies a grating-velocity-dependent dc short circ
current, which allows us to determine independently the p
tocarrier mobilities and the recombination lifetime.16,17

We have applied the MPG technique to a series of
samples with optical gaps between 1.72 eV~pure a-Si:H,
xgas50) and 2.09 eV (xgas50.66). In all cases we hav
adapted the intensity of the laser beam to get the same
eration rate,G58.331021 cm23 s21. For selected sample
with optical gaps of 1.72, 1.82, 1.96, and 2.09 eV we ha
also measured the dependence of the transport paramete
the generation rate. For each sample we performed abou
MPG measurements in the range 1022 cm23 s21>G
>1020 cm23 s21, starting from the highest generation ra
to avoid subsequent light-induced degradation. We obtai
the exponents characterizing the power-law dependenc
the transport parameters on the generation rate.

III. RESULTS

In the ‘‘low power’’ mode of preparation the carbonsp3

hybridization of the CH4 precursor is preserved during dep
sition as methyl groups. Solomon and Tessler18 have found
that in this case the optical gap varies linearly with the c
bon content. We find it convenient to present the evolution
the transport parameters as a function of the optical g
which provides an indirect estimation of the carbon conc
tration. Samples with the same optical gap have almost
same transport properties, with a secondary influence of
particular deposition conditions. The dependence of the p
tocarrier mobilities on the optical gap is shown in Fig. 1.
can be seen, the electron drift mobility decreases almost
orders of magnitude when the optical gap increases f
1.72 eV to 2.09 eV. The value obtained for pure amorph
silicon, mn'1 cm2 V21 s21, is consistent with results from
time-of-flight experiments.19,20 The decrease inmn is sharp

FIG. 1. Electron and hole drift mobilities as a function of th
optical gapEG . The dotted lines are visual guides. Note that
EG>1.9 eV only upper limits formp are given. Typical error bars
are shown.
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until '1.95 eV, while from this point on there is a satur
tion around a levelmn'431024 cm2 V21 s21. The hole
drift mobility is also influenced by the increase in the carb
content, as also shown in Fig. 1. Note that forEG.1.9 eV
the values given formp are considered as upper limits, sinc
mobilities between zero and the values shown in Fig. 1 p
vide essentially the same fit to our data. In spite of this fa
our results still show a clear reduction in the hole drift m
bility when the optical gap increases.

Figure 2 shows the dependence of the recombination
time on the optical gap. We have found thattR increases up
to EG'1.85 eV and decreases thereafter. As an indepen
test for the validity of our measurements we have plotted
Fig. 3 a comparison of the mobility-lifetime product obtaine
from the MPG technique and the steady-state photocond
tivity. As can be seen, the values obtained from both me
ods are in reasonable agreement, mostly within a facto
over the whole range of carbon concentrations.

The transport parameters usually depend on the gen
tion rate with a characteristic power-law dependence. T
Rose factorg is defined from the power-law dependence
the steady-state photoconductivity on the generation r
sph}Gg. In a similar fashion we define the parametersd and
k for the electron drift mobility and the recombination life

FIG. 2. Recombination lifetime as a function of the optical ga
The dotted line is a visual guide. A typical error bar is shown.

FIG. 3. Mobility-lifetime product as a function of the optica
gap. Circles are data obtained from the steady-state photocon
tivity, measured with an externally applied voltage of 10 V. Squa
are data from the MPG measurements. The dotted line is a vi
guide. A typical error bar is shown.



e
e
p
on
in

o

c-
on

owl-
on-

l-
f
at

tion
n,

on-

is
sic
on

ural
-

top
rily
to
an

he

y

o

f
mal
The
ith

13 012 PRB 62J. A. SCHMIDT, M. HUNDHAUSEN, AND L. LEY
time, respectively, according to the expressionsmn}Gd and
tR}Gk. In Fig. 4 we show in a double-logarithmic plot th
dependence ofsph , mn , andtR on the generation rate. Th
measurements were taken for a sample with an optical ga
1.82 eV; for the other samples we observed similar relati
ships. A linear fit on logarithmic scales allows us to obta
the power-law exponentsg, d, and k. In Fig. 5 we show
these exponents as a function of the optical gap. The R
factorg, shown in Fig. 5~a!, increases withEG in agreement
with previous results.14 The coefficientd @Fig. 5~b!# also
clearly increases withEG . We have determinedd50.72

FIG. 4. Evolution of the transport parameters as a function
the generation rate, for a sample withEG51.82 eV: ~a! steady-
state photoconductivity,~b! electron drift mobility,~c! recombina-
tion lifetime. The lines are power-law fits; the exponentsg, d, and
k obtained from the fit are indicated.

FIG. 5. Evolution of the power-law exponentsg, d, andk as a
function of the optical gap. The lines are linear fits.
of
-

se

60.06, 0.7660.04, 0.8160.06, and 0.8960.07 for the
samples withEG51.72, 1.82, 1.96, and 2.09 eV, respe
tively. From the dependence of the recombination lifetime
the generation rate we have measuredk520.8860.06,
20.9660.02, 20.8960.06, and20.8260.06 for the same
set of optical gaps as above. These values are, to our kn
edge, the first reports for amorphous hydrogenated silic
carbon alloys.

IV. DISCUSSION

According to the multiple-trapping model the drift mobi
ity is the free carrier mobility (m0) reduced by the fraction o
time that the carrier spends in the extended states, so th21

m5m0t f ree /~t f ree1t trap!, ~1!

wheret f ree is the free carrier lifetime andt trap is the time
that the carrier spends in band-tail states. The recombina
lifetime is the time between excitation and recombinatio
given by tR5t f ree1t trap . The incorporation of carbon to
the amorphous silicon matrix changes in principlem0, t f ree ,
and t trap simultaneously, so the three parameters can c
tribute to the decrease ofmn and mp that we observe~see
Fig. 1!. The free carrier mobility of amorphous materials
limited by the scattering of free carriers due to the intrin
disorder of the amorphous structure. It is known that carb
incorporation leads to an increase in the amount of struct
disorder.6 Especially for ‘‘low power’’ samples, where car
bon incorporates as –CH3 groups, a distortion of the silicon
network is expected. According to De Setaet al.,22 the inclu-
sion of C in the network causes strong fluctuations at the
of the valence band. The Urbach energy, which is prima
proportional to the valence-band tail width, is considered
be an indication of the degree of structural disorder. As c
be seen in Fig. 6~a!, our samples show an increase in t
Urbach energy from '50 meV for EG51.72 eV to
'90 meV forEG52.09 eV. Thus, the free carrier mobilit

f

FIG. 6. ~a! Urbach energy and~b! defect density as a function o
the optical gap. Both parameters are obtained from photother
deflection spectroscopy. The dotted lines are visual guides.
defect density is given relative to the value for the sample w
EG51.72 eV.
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PRB 62 13 013TRANSPORT PROPERTIES OFa-Si12xCx :H FILMS . . .
is expected to decrease with carbon concentration, altho
the dependence is in principle difficult to quantify.

The free carrier lifetime is determined by23

t f ree51/@NDscv th#, ~2!

whereND is the concentration of defects acting as recom
nation centers,sc is its capture cross section, andv th is the
thermal velocity of the carriers. In Fig. 6~b! we plot the de-
fect concentration, determined from PDS measurements,
function ofEG . Assuming that the capture cross sections
not change much withEG , the increase in the defect densi
would contribute with a factor of 40 decrease int f ree .

Finally, the time that the carriers spend in shallow ban
tail states depends mainly on the energy depth of the sta
The increase in the Urbach energy shown in Fig. 6~a! is an
indication of a broadening of the valence band tail. The
crease is steep untilEG'1.95 eV, in agreement with th
energy range where the mobility decreases abruptly. T
fact points towards a correlation between the hole drift m
bility and the Urbach energy. Although less affected by
disorder than the valence-band tail, the conduction-band
width is also expected to increase with carbon content. M
surements performed by using the time-of-flight transi
photoconductivity technique12 and response time
measurements9 have revealed a widening in the conductio
band tail. The presence of deeper traps increases the re
tation time of carriers and consequently decreases the
mobility. Although the Urbach parameter is primarily a me
sure of the valence-band tail width, a proportionality b
tween valence- and conduction-band tail widths is plaus
and theoretically expected.24 If that is the case, the Urbac
parameter would characterize not only the degree of st
tural disorder but also the width of both band tails. Und
these circumstances, a correlation between the drift mo
ties and the Urbach parameter should be expected. We
deed find such a correlation, as shown in Fig. 7.

A decrease inmn due to carbon alloying has also bee
observed by other authors. Measurements performed by
time-of-flight technique over a more limited range of optic
gaps are in general agreement with our results~a collection
of experimental data from different laboratories can be fou
in the work of Guet al., Ref. 11!. However, these author

FIG. 7. Correlation between the electron and hole drift mob
ties and the Urbach energy. The dotted lines are exponential fi
the measured data. ForEG.80 meV the values formp are the
upper limits shown in Fig. 1. Typical error bars are shown.
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found little change inmp with carbon content. Although a
correlation between the hole drift mobility and the valenc
band tail width is predicted by the multiple-trapping model25

Gu et al.11 did not observe such a correlation, and they arg
that the transport mechanism may be more complex t
simple multiple trapping, or that the band tails may not
exponential. On the other hand, if we plotmp as a function of
the Urbach energy, we do see the correlation predicted by
multiple-trapping model, as shown in Fig. 7. Thus, t
multiple-trapping model seems to be valid for our sampl
The disagreement with the results of Guet al.11 may be due
to differences in the deposition conditions of the samples

The dependence oftR on EG shown in Fig. 2 can be
explained as the contribution of two factors. On the o
hand, the density of midgap states that act as recombina
centers increases with carbon content. We have observed
fact in our PDS measurements as a steady increase in
subgap absorption coefficient whenEG increases@Fig. 6~b!#.
That effect, which persists in the whole range of optical ga
tends to shorten the carrier lifetime. On the other hand,
have found a sharp increase in the valence-band tail w
when small amounts of carbon are added to the silicon
trix, while further carbon incorporation has a less pr
nounced effect. An increase in the conduction- and valen
band widths leads to the presence of deeper electron and
traps. The resulting increase in the reexcitation time m
explain the initial increase of the recombination lifetim
When this effect comes to a saturation and the tail width
longer increases, the increase in the density of recombina
centers prevails, explaining the decreasing tendency of
lifetime for EG.1.85 eV.

Knowing the individual dependence ofmn , t f ree , andtR
as a function ofEG , we are also able to estimate the depe
dence of the free electron mobilitymn

0 on EG . Combining
Eqs.~1! and ~2! we get

mn
05mntR@NDscv th#. ~3!

We have assumed the same capture cross section for a
samples,sc510215 cm2, andv th5107 cm/s. These values
give mn

0510 cm2 V21 s21 for pure amorphous silicon. By
introducing in Eq.~3! mn from Fig. 1, tR from Fig. 2, and
ND from Fig. 6~b! we obtain the dependence ofmn

0 on EG

shown in Fig. 8.

-
to

FIG. 8. Free electron mobility as a function ofEG , obtained by
introducing in Eq.~3! the data from Figs. 1, 2, and 6~b!. The line is
a visual guide.
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We turn now to the discussion of the dependence of
power-law exponents onEG . According to the results of Fig
5~a!, g.1 for the sample withEG52.09 eV. This result has
been attributed to the presence of sensitizing states in
valence-band tail, which have a small capture cross sec
for electrons.14 When the generation rate increases,
quasi-Fermi-level for holes approaches the valence-b
edge, populating these states with holes. The lower cap
cross section for electrons implies that holes in these st
have a longer lifetime~‘‘safe hole traps’’!. Since electrons
recombine with holes, the electron lifetime also increa
with the generation rate. The generation-rate-induced qu
Fermi-level shift is also the reason for the sign ofd andk.
When the quasi-Fermi-levels move towards the band ed
there is a decrease in the density of states acting as ele
traps and an increase in the density of recombination cen
This implies an increase of the electron drift mobility and
decrease of the recombination lifetime with the generat
rate, i.e.,d.0 andk,0.

The increase ofd with EG shown in Fig. 5~b! can also be
explained qualitatively with simple arguments. As we ha
mentioned, there is a broadening of the conduction-band
when the carbon content increases. A wider band tail imp
a larger shift of the electron quasi-Fermi-level for a cert
variation of the generation rate and consequently a larged
coefficient. Thek coefficient does not vary significantly wit
EG ; the values that we have measured for the four sam
are all located withink520.8960.07. However, this value
itself may seem relatively large. It implies that the total de
sity of electrons~free plus trapped!, given by ntot5GtR ,
depends only weakly onG: ntot}G0.11. On the other hand
the free electron density, proportional tosph , evolves as
nf ree}Gg with g'0.88. It should be noted, however, th
for the generation rates typically used in our experimen
most of the charge resides in localized states. In orde
visualize the distribution of charge as a function of the g
eration rate we performed some computer simulations.
used a standard model26 based on Shockley-Read statisti
and a density of states distribution approximated by pa
bolic bands, exponential band tails, and correlated def
distributed with a Gaussian profile. The parameters use
our modeling are taken from Ref. 26 and are typical
a-Si:H. In Fig. 9 we present the computed concentratio
ND

0 of neutral dangling bonds,ND
1 andND

2 of charged dan-
gling bonds,Qcb

2 andQvb
1 of electrons and holes trapped

conduction- and valence-band-tail states, andnf ree andpf ree
of free electrons and holes, plotted as a function of the g
eration rate. The simulations can reproduce quite well
dependence of the transport parameters on the gener
rate ~see Fig. 10!. In the range of generation rates that w
have used in our experiments (1020 cm23 s21,G
,1022 cm23 s21) electrons are mainly located inD2 states,
while holes are mainly trapped in the conduction-band t
As can be seen in Fig. 9,ND

2 increases slightly withG,
giving rise to the dependencentot}G0.11. On the other hand
the density of free electrons increases sharply asG0.88. Thus,
the computer simulations support our measurements and
give k'20.89. The power-law exponentk has been mea
sured fora-Si:H by Haridim, Zelikson, and Weiser15 by us-
ing small signal transient photoconductivity and the stea
e
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state photocarrier grating~SSPG! method. From transien
photoconductivity they obtainedk'20.73, while from
SSPG they obtainedk'20.96. Our result fora-Si:H, k'
20.8860.06, is in agreement with their results. It is inte
esting to note that our results of Fig. 5 show the depende
of the power-law exponentsd and k as a function of the
optical gap.

V. CONCLUSION

We have studied the transport parameters ofa-Si12xCx :H
alloys as a function of the optical gap by using the movi
photocarrier grating technique. When the Tauc gap of
samples increases from 1.72 to'1.95 eV due to carbon
alloying, we observe a sharp increase in the Urbach ene
and a concomitant decrease in the electron and hole
mobilities. A further increase in the Tauc gap, however,
sults in little change ofEU , mn , and mp . This fact points
towards a correlation between the drift mobilities andEU .
The recombination lifetime shows a maximum for samp
with a gap around 1.85 eV. The widening of the band ta

FIG. 9. Computed concentrationsND
0 , ND

2 , andND
1 of single,

doubly, and unnoccupied dangling bonds, respectively,Qcb
2 and

Qvb
1 of electrons and holes trapped in conduction- and valen

band-tail states, respectively, andn and p of free electrons and
holes, as a function of the generation rate. The vertical line in
cates the range of values where our measurements were perfo
(1020<G<1022 cm23 s21).

FIG. 10. Photoconductivity as a function of the generation ra
The solid line, obtained from the simulations of Fig. 9 assph

5e@mn
0nf ree1mp

0pf ree#, reproduces well the experimental values
Fig. 4~a!.
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which leads to the presence of deeper traps, contributes
an initial increase in the trapping time. For samples w
larger gaps, the increase in the density of recombination c
ters tends to prevail, leading to a final decrease in the rec
bination lifetime withEG . We suggest that the combinatio
of these opposite effects explains the observed maximum
tR . For selected samples we have also measured the de
dence of the transport parameters on the generation rate
observe a power-law relationship between photoconduc

*Permanent address: INTEC~UNL-CONICET!, Güemes 3450,
3000 Santa Fe, Argentina.
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