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Transport properties of a-Si;_,C, :H films investigated by the moving
photocarrier grating technique
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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.

. INTRODUCTION eters ofa-Si;_,C, :H samples over a wide range of carbon
content. We also report the dependence of the transport pa-

The preparation and characterization of amorphous hydrorameters on the generation rate and the characteristic power-
genated silicon-carbon alloysa{Si; ,C,:H) are topics of law exponents as a function of the optical gap.
major interest both fundamentally and technologically. For
many useful applications such as window layers for solar
cells?! electroluminescence devicéghototransistors,color Il. EXPERIMENT
sensor$, and I|ght—em|tt|ng Qodg%,a material Wlth_good The a-Si,_,C,:H samples have been deposited by
and stable electrical properties is needed. Carbon incorpora- . .
S . . . . plasma-enhanced chemical vapor depositi®fECVD) of
tion into a-Si:H leads to an increase in the optical gap, but

. . . 8 methane/silane mixtures under high hydrogen dilution in a
the drawback is a deterioration of the photoconductiVity. . . entional capacitively coupled reactor. We prepared

Attempts have been made to find deposition conditions leadsy mpjes under the following deposition conditions: substrate
ing to improved electrical properties. It has been found thaEemperature between 220 and 315 °C, chamber pressure be-
glow-dischargea-Si, - C, :H deposited under high hydrogen yyeen 0.92 and 2.5 mbar, total flow rdt8iH,+ CH,+ H.]
dilution exhibits a lower defect density and a higher photo-of 40 standard cubic centimeters per min(gecn), and fre-
conductivity gain’® In order to optimize the material a de- guencies of 13 and 50 MHz. The methane concentration in
tailed knowledge of the transport parameters, i.e., electrothe gas phase, defined as the rakigas= [ CH,]/[ SiH,

drift mobility (un), hole drift mobility («p), and recombi-  +CH,], was varied in the range<0x,,s<0.67. We used a
nation lifetime (rr), is of importance. Up to now most of the hydrogen dilution ratio[H,]/[ SiH,+CH,+H,]=0.9. The
studies have dealt with the steady-state photoconductivitdeposition regime was the so-called “low power regime”,
(opn). A few groups have measured, (Refs. 9-12and, to  where there is no direct dissociation of the Chiolecule.

our knowledge, only two groups have measyigdRefs. 11 This results in an effective carbon incorporation of about 1/3
and 132 as a function of the carbon content. of the gas phase concentration.

The dependence qi,, and 7 on the generation rate) Conductivity measurements have been performed in the
provides another important source of information. Thecoplanar configuration, with a gap of 1 mm between two
steady-state photoconductivity exhibits a characteristigraphite electrodes. The absorption coefficient has been mea-
power-law dependence on the generation +%ltephocGV. sured by transmittance and reflectance for energies larger
Similar expressions can be observed for the drift mobilitythan the band gap, while we have used photothermal deflec-
and the lifetime:u,>G®, 7r<G*. The Rose factory has tion spectroscopyPD9 in the subgap region. The visible
been measured for amorphous silicon carbide samples aspart of the spectrum was used to estimate the optical gap
function of the carbon conteitRef. 14. On the other hand, (Eg) by using the Tauc procedure. The Urbach eneigy)(
up to now the characteristic exponenisand « have only was obtained from a fitting of the exponential tail in the
been reported for pure amorphous sili¢an. absorption coefficient spectrum, while we obtained an esti-

The moving photocarrier gratingPG) techniqué®’al-  mation of the defect density from the absorption coefficient
lows us to determingt,, u,, and 7 individually. In this  at a fixed energfeg—0.7 eV.
work we use the MPG method to study the transport param- In the MPG technique two coherent laser beams are
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'_:IG' 1. Electron and ho'? drift mob_ilities as a function of the FIG. 2. Recombination lifetime as a function of the optical gap.
optical gapEg . The dotted lines are visual guides. Note that for The dotted line is a visual guide. A typical error bar is shown.
Ec=1.9 eV only upper limits for, are given. Typical error bars

are shown. . ) ) ) )
until ~1.95 eV, while from this point on there is a satura-

brought to interfere on the surface of the sample. Since #on around a levelu,~4x10"* cn?V~'s ' The hole
small frequency shift is introduced between the two beamsdrift mobility is also influenced by the increase in the carbon
the resulting interference pattern moves with a veloify ~ content, as also shown in Fig. 1. Note that E>1.9 eV
=\Af/[2 sin(@2)], where § is the angle between the two the values given fop, are considered as upper limits, since
beams,Af is the frequency shift, andl is the laser wave- Mmobilities between zero and the values shown in Fig. 1 pro-
length. We have used the line=514 nm from an Ar laser Vide essentially the same fit to our data. In spite of this fact,
and 6=30°. Due to their different mobilities, the photoge- our results still show a clear reduction in the hole drift mo-
nerated electron and hole distributions have a phase shif@ility when the optical gap increases. o
This implies a grating-velocity-dependent dc short circuit ~ Figure 2 shows the dependence of the recombination life-
current, which allows us to determine independently the photime on the optical gap. We have found thatincreases up
tocarrier mobilities and the recombination lifetirtfet’ to Eg~1.85 eV and decreases thereafter. As an independent
We have applied the MPG technique to a series of 18est for the validity of our measurements we have plotted in
samples with optical gaps between 1.72 @re a-Si:H, Fig. 3 a comparison of the mobility-lifetime product obtained
Xgas=0) and 2.09 eV Xy,s=0.66). In all cases we have frqm the MPG technique and the steady—state photoconduc-
adapted the intensity of the laser beam to get the same geHvity. As can be seen, the values obtained from both meth-
eration rateG=8.3x 10?1 cm 3s™ L. For selected samples 0ds are in reasonable agreement, mostly within a factor 3,
with optical gaps of 1.72, 1.82, 1.96, and 2.09 eV we have?Ver the whole range of carbon concentrations.
also measured the dependence of the transport parameters on! he transport parameters usually depend on the genera-
the generation rate. For each sample we performed about téign rate with a characteristic power-law dependence. The
MPG measurements in the range 2A@m 3s =G Rose factory is defined from the power-law dependence of
>10%° cm 3s !, starting from the highest generation rate the steady-state photoconductivity on the generation rate,
to avoid subsequent light-induced degradation. We obtaine@pn>G”- In a similar fashion we define the parametérand
the exponents Characterizing the power-'aw dependence (ﬁfor the electron drift m0b|||ty and the recombination life-
the transport parameters on the generation rate.

10 T T T T T
Ill. RESULTS —.;‘ , E = from MPG
In the “low power” mode of preparation the carbap® 3 10 a O from o

hybridization of the CH precursor is preserved during depo- B . ° "
sition as methyl groups. Solomon and Tes$lérave found § 0¥ ° o ;
that in this case the optical gap varies linearly with the car- % . Q.‘ ©
bon content. We find it convenient to present the evolution of £ 107 F O‘. o 3
the transport parameters as a function of the optical gap, % © ] 0 o
which provides an indirect estimation of the carbon concen- > 107 F ey ‘:oo o 1
tration. Samples with the same optical gap have almost the 3 e N
same transport properties, with a secondary influence of the = 10™ 17 1fe 1:9 2fo 21

particular deposition conditions. The dependence of the pho- Ootical G v
tocarrier mobilities on the optical gap is shown in Fig. 1. As ptical Gap (eV)

can be seen, the electron drift mobility decreases almost four g, 3. Mobility-lifetime product as a function of the optical
orders of magnitude when the optical gap increases frorgap. Circles are data obtained from the steady-state photoconduc-
1.72 eV to 2.09 eV. The value obtained for pure amorphousivity, measured with an externally applied voltage of 10 V. Squares
silicon, w,~1 cn?V~1s !, is consistent with results from are data from the MPG measurements. The dotted line is a visual
time-of-flight experiment$®?° The decrease i, is sharp  guide. A typical error bar is shown.
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FIG. 6. (a) Urbach energy antb) defect density as a function of
the optical gap. Both parameters are obtained from photothermal

FIG. 4. Evolution of the transport parameters as a function ofdeflection spectroscopy. The dotted lines are visual guides. The
the generation rate, for a sample wil;=1.82 eV: (a) steady- defect density is given relative to the value for the sample with
state photoconductivity(b) electron drift mobility,(c) recombina- Ec=172 eV.

tion lifetime. The lines are power-law fits; the exponestss, and
x obtained from the fit are indicated. +0.06, 0.76:0.04, 0.81-0.06, and 0.8%20.07 for the

samples withEg=1.72, 1.82, 1.96, and 2.09 eV, respec-
time, respectively, according to the expressipnsG? and  tively. From the dependence of the recombination lifetime on
7r*G*. In Fig. 4 we show in a double-logarithmic plot the the generation rate we have measuree —0.88+0.06,
dependence Cﬁ'phv Mn, andrg on the generation rate. The —0.96+0.02, —0.89+0.06, and—0.82+0.06 for the same
measurements were taken for a sample with an optical gap ¢t of optical gaps as above. These values are, to our knowl-
1.82 eV; for the other samples we observed similar relationedge, the first reports for amorphous hydrogenated silicon-
ships. A linear fit on logarithmic scales allows us to obtaincarbon alloys.
the power-law exponentg, 6, and k. In Fig. 5 we show
these exponents as a function of the optical gap. The Rose IV. DISCUSSION
factor y, shown in Fig. %a), increases witlE in agreement
with previous result$? The coefficients [Fig. 5b)] also
clearly increases wittEg. We have determined=0.72

Generation Rate (cm®s™)

According to the multiple-trapping model the drift mobil-
ity is the free carrier mobility £°) reduced by the fraction of
time that the carrier spends in the extended states, st that

1r a) E -3 MZMOTfree/(Tfree+ Ttrap)r (1
. 10p i ] where 7, is the free carrier lifetime and,,, is the time
ook Ee ] that the carrier spends in band-tail states. The recombination
’ i ] lifetime is the time between excitation and recombination,
o8k, . . ., ] given by 7= Tieet Tirap - The incorporation of carbon to
10F Ib) ' ' ' ™ the amorphous silicon matrix changes in princip 7¢,ee,
ool E ] and Tiap SIMultaneously, so the three parameters can con-
w gl E ------ 1 tr!bute to the decrea§e of, qnd up that we observe(;ee _
B £ Fig. 1). The free carrier mobility of amorphous materials is
0.7 "E ] limited by the scattering of free carriers due to the intrinsic
0.6 . . . L disorder of the amorphous structure. It is known that carbon
T T T 7 incorporation leads to an increase in the amount of structural
0.7} ©) 8 disorder® Especially for “low power” samples, where car-
« 0.8 E _l bon incorporates as —GHjroups, a distortion of the silicon
o9l E _______________ f """"" ] network is expected. According to De Setzal,?? the inclu-
1.0 [ x ] sion of C in the network causes strong fluctuations at the top
i . o of the valence band. The Urbach energy, which is primarily
17 18 1.9 20 24 proportional to the valence-band tail width, is considered to
Optical Gap (eV) be an indication of the degree of structural disorder. As can

be seen in Fig. &), our samples show an increase in the

FIG. 5. Evolution of the power-law exponenis 8, andx asa  Urbach energy from~50 meV for Eg=1.72 eV to
function of the optical gap. The lines are linear fits. ~90 meV forEg=2.09 eV. Thus, the free carrier mobility
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FIG. 7. Correlation between the electron and hole drift mobili- £ g Free electron mobility as a function B , obtained by
ties and the Urbach energy. The dotted lines are exponential fits tﬁ’nroducing in Eq.(3) the data from Figs. 1, 2, andl§. The line is
the measured data. F&;>80 meV the values fop, are the . isual guide.
upper limits shown in Fig. 1. Typical error bars are shown.

. . . found little change inu, with carbon content. Although a
is expected to decrease with carbon concentration, althougdyrelation between the hole drift mobility and the valence-

the dependence is in principle difficult to quantify. band tail width is predicted by the multiple-trapping motfel,
The free carrier lifetime is determined by Guet al!! did not observe such a correlation, and they argue
that the transport mechanism may be more complex than
Tiree= L/[Npocvn], (2)  simple multiple trapping, or that the band tails may not be

exponential. On the other hand, if we pjof as a function of
‘the Urbach energy, we do see the correlation predicted by the
multiple-trapping model, as shown in Fig. 7. Thus, the

thermal velocity of the carriers. In Fig(I§y we plot the de-, inje_trapping model seems to be valid for our samples.
fect concentration, determined from PDS measurements, a e disagreement with the results of ual* may be due

function of Eg . Assuming that the capture cross sections dqy, gifterences in the deposition conditions of the samples.
not change much witkg, the increase in the defect density — 11,o dependence ofg on Eg shown in Fig. 2 can be

would contribute with a factor of 40 decreaserifee - explained as the contribution of two factors. On the one
Finally, the time that the carriers spend in shallow bandy,5nq the density of midgap states that act as recombination

tail states depends mainly on the energy depth of the statesgnters increases with carbon content. We have observed this
The increase in the Urbach energy shown in Fi@) & an  ¢50t in our PDS measurements as a steady increase in the

indication of a broadening of the valence band tail. The in-g ;021 absorption coefficient wher increase$Fig. 6b
crease is steep untitg~1.95 eV, gap P R $Fig. Gb)].

eV, in agreement with the ¢ effect, which persists in the whole range of optical gaps,
energy range where the mobility decreases abruptly. Thigyngs to shorten the carrier lifetime. On the other hand, we

fact points towards a correlation between the hole drift moy,56 found a sharp increase in the valence-band tail width
bility and the Urbach energy. Although less affected by theyhen small amounts of carbon are added to the silicon ma-
disorder than the valence-band tail, the conduction-band tajliy  \while further carbon incorporation has a less pro-

width is also expected to increase with carbon content. Meg;nced effect. An increase in the conduction- and valence-

surements performed by using the time-of-flight transieny, ;g widths leads to the presence of deeper electron and hole
photoconductivity  techniqdé and  response time yang The resulting increase in the reexcitation time may
measur_emen%shave revealed a widening in the conduction- g njain the initial increase of the recombination lifetime.
band tail. The presence of deeper traps increases the reeXgijhen this effect comes to a saturation and the tail width no

tation time of carriers and consequently decreases the drifhger increases, the increase in the density of recombination
mobility. Although the Urbach parameter is primarily & meéa-conters prevails, explaining the decreasing tendency of the
sure of the valence-band tail width, a proportionality be-|itatime for Ec>1.85 eV.

tween valence- and conduction-band tail widths is plausible Knowing the individual dependence pf, , 7 andrq
. . ’ ree»
and theoretically expectéd.If that is the case, the Urbach ¢ . finction of, we are also able to estimate the depen-

parameter would characterize not only the degree of strucs ) -
tural disorder but also the width of both band tails. Under(éegc(el)c’;;zz;rsvz elgftron mobilie, on Eg . Combining
these circumstances, a correlation between the drift mobili- as- 9
ties an_d the Urbach parameter should _be _expected. We in- MgZMnTR[NDUcUth]- 3

deed find such a correlation, as shown in Fig. 7.

A decrease inu, due to carbon alloying has also been We have assumed the same capture cross section for all the
observed by other authors. Measurements performed by trfi@mplespc=10"*° cn?, andvy,=10" cm/s. These values
time-of-flight technique over a more limited range of optical give u=10 cnfV s for pure amorphous silicon. By
gaps are in general agreement with our resfatsollection introducing in Eq.(3) u, from Fig. 1, 7 from Fig. 2, and
of experimental data from different laboratories can be foundNp from Fig. 6b) we obtain the dependence pﬁ on Eg

in the work of Guet al, Ref. 11. However, these authors shown in Fig. 8.

whereNp is the concentration of defects acting as recombi
nation centersg. is its capture cross section, ang, is the
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We turn now to the discussion of the dependence of the .
power-law exponents o . According to the results of Fig. 107
5(a), y>1 for the sample witlE;=2.09 eV. This result has

been attributed to the presence of sensitizing states in the > 10" r
valence-band tail, which have a small capture cross section “g I
4 . . S 1012 |
for electrons®* When the generation rate increases, the =
quasi-Fermi-level for holes approaches the valence-band & 0 i
edge, populating these states with holes. The lower capture § 10" r

cross section for electrons implies that holes in these states \
have a longer lifetimg*safe hole traps’). Since electrons 10
recombine with holes, the electron lifetime also increases
with the generation rate. The generation-rate-induced quasi-
Fermi-level shift is also the reason for the signédand «.
When the quasi-Fermi-levels move towards the band edges FIG. 9. Computed concentratiotd) , N5 , andN/, of single,
there is a decrease in the density of states acting as electrdnubly, and unnoccupied dangling bonds, respectivély, and
traps and an increase in the density of recombination center@,, of electrons and holes trapped in conduction- and valence-
This implies an increase of the electron drift mobility and aband-tail states, respectively, amdand p of free electrons and
decrease of the recombination lifetime with the generatioﬂ‘me& as a function of the generation rate. The vertical line indi-
rate. i.e. 5>0 andx<0. cates the range of values where our measurements were performed
S . — (10P°%<G=<10?? cm 3s7Y).
The increase of with Eg shown in Fig. %b) can also be

explained qualitatively with simple arguments. As we havegtate photocarrier gratingSSPG method. From transient

10 10" 10" 10" 10 10%
Generation Rate (cm®s™)

mentioned, there is a broadening of the conduction-band ta; hotoconductivity they obtainedc~—0.73, while from
when the carbon content increases. A wider band tail implie SPG they obtainegi~ —0.96. Our resullt fé)la-Si'H o~

a larger shift of the electron quasi-Fermi-level for a certain_ j oo, 0.06, is in agreement with their results. It is inter-

Va”?f.t'(.m ?f_me geneﬁr‘.at.lont r(‘jate andt consequgfqtly E’?I Iaﬁ%ﬁr esting to note that our results of Fig. 5 show the dependence
coefticient. Thee coetlicient does not vary signicantly with - ¢ ¢ power-law exponent§ and « as a function of the

Eg; the values that we have measured for the four Sample&ptical gap
are all located withink= —0.89+0.07. However, this value '
itself may seem relatively large. It implies that the total den-
sity of electrons(free plus trappex given by n,,;=G7g,

depends only weakly ofB: ni,;=G°*. On the other hand e have studied the transport parametera-&f; _C, :H

the free electron density, proportional tg,,, evolves as gajioys as a function of the optical gap by using the moving
Niree* G” With y~0.88. It should be noted, however, that photocarrier grating technique. When the Tauc gap of the
for the generation rates typically used in our experimentssamples increases from 1.72 t1.95 eV due to carbon
most of the charge resides in localized states. In order tg|loying, we observe a sharp increase in the Urbach energy
visualize the distribution of charge as a function of the genand a concomitant decrease in the electron and hole drift
eration rate we performed some computer simulations. Wenopilities. A further increase in the Tauc gap, however, re-
used a standard mod&lbased on Shockley-Read statistics sults in litle change o€y, u,, andu,. This fact points
and a density of states distribution approximated by paragowards a correlation between the drift mobilities afg.

bolic bands, exponential band tails, and correlated defectphe recombination lifetime shows a maximum for samples

distributed with a Gaussian profile. The parameters used ifith a gap around 1.85 eV. The widening of the band tails,
our modeling are taken from Ref. 26 and are typical for

a-Si:H. In Fig. 9 we present the computed concentrations 10°
NY of neutral dangling bondg\; andNy of charged dan-
gling bonds,Q., andQ,, of electrons and holes trapped in
conduction- and valence-band-tail states, apde andpsee

of free electrons and holes, plotted as a function of the gen-
eration rate. The simulations can reproduce quite well the
dependence of the transport parameters on the generation
rate (see Fig. 10 In the range of generation rates that we
have used in our experiments €20cm 3s <G
<10%? cm 3s 1) electrons are mainly located I~ states,
while holes are mainly trapped in the conduction-band tail.
As can be seen in Fig. Ny increases slightly withG,
giving rise to the dependenecg,;«G°*L On the other hand,

the density of free electrons increases sharpl@% Thus,

the computer simulations support our measurements and also FIG. 10. Photoconductivity as a function of the generation rate.
give k~—0.89. The power-law exponert has been mea- The solid line, obtained from the simulations of Fig. 9 as,
sured fora-Si:H by Haridim, Zelikson, and WeisErby us-  =e[ u®ny e+ KpPireel, reproduces well the experimental values of
ing small signal transient photoconductivity and the steadyFig. 4(a).

V. CONCLUSION
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which leads to the presence of deeper traps, contributes witlty, electron drift mobility, and recombination lifetime as a
an initial increase in the trapping time. For samples withfunction of the generation rate. We show the dependence of

larger gaps, the increase in the density of recombination cenhe corresponding power-law exponents on the optical gap.
ters tends to prevail, leading to a final decrease in the recom-

bination lifetime withEg . We suggest that the combination

of these opposite effects explains the observed maximum in
Tr. For selected samples we have also measured the depen-
dence of the transport parameters on the generation rate. We J.A.S. gratefully acknowledges support from the Alex-
observe a power-law relationship between photoconductivander von Humboldt Foundation.
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