
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 7 1 APRIL 2002
Gap state distribution in amorphous hydrogenated silicon carbide films
deduced from photothermal deflection spectroscopy

K. Chew, Rusli,a) S. F. Yoon, J. Ahn, Q. Zhang, and V. Ligatchev
Microelectronics Division, School of Electrical and Electronic Engineering, Nanyang Technological
University, Singapore 639798, Republic of Singapore

E. J. Teo, T. Osipowicz, and F. Watt
Research Centre for Nuclear Microscope, Physics Department, National University of Singapore,
10 Kent Ridge Crescent, Singapore 119260

~Received 29 October 2001; accepted for publication 12 December 2001!

The density of gap states distribution in silicon~Si! rich hydrogenated amorphous silicon carbide
(a-Si12xCx :H) films with varying carbon~C! fraction ~x! is investigated by the photothermal
deflection spectroscopy~PDS!. The films are grown using the Electron Cyclotron Resonance
Chemical Vapor Deposition~ECR-CVD! technique. By using different methane-to-silane gas flow
ratios, a-Si12xCx :H with x ranging from 0 to 0.36 are obtained. A deconvolution procedure is
performed based on a proposed DOS model for these Si richa-Si12xCx :H. Good fits between the
simulated and experimental spectra are achieved, thus rendering support to the model proposed.
Deduction of the DOS enables us to obtain various parameters, including the optical gap and the
valence band tail width. The fitted mobility gapEg is found to be well correlated to the Tauc gap
EtaucandE04 gap deduced from the optical absorption spectra. A correlation is also seen between the
fitted valence band tail widthEvu , the Urbach energyEu and the defect density. All these
parameters are seen to increase with C alloying. A shift in the defect energy level in the midgap with
increasing C incorporation is observed, together with a broadening of the defect distribution and a
stronger correlation between the defect bands, which can be accounted for in terms of the influence
of C dangling bonds on the deep defect density distribution. ©2002 American Institute of Physics.
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I. INTRODUCTION

Hydrogenated amorphous silicon carbi
(a-Si12xCx :H) continues to generate wide interest due to
potential applications in optoelectronics, such as thin fi
light emitting devices1 and flat panel displays.2 Amorphous
silicon based solar cells with improved efficiency has be
achieved whena-Si12xCx :H is used as thep-type window
layer.3 These useful applications stem from the tunable o
cal energy gap and refractive index ofa-Si12xCx :H, which
can be achieved through changing the C fractionx, thus al-
lowing the flexibility of tailoring the alloy to specific appli
cations. However, studies have shown that C incorpora
also increases the defect density in the pseudogap
a-Si12xCx :H films and critically affects their properties suc
as doping efficiency, electronic transport, recombination,
width and potential profile of space charge layers
devices.4,5 Thus it is important to obtain information on th
density of the gap states~DOGS! and their energy distribu
tion.

Photothermal deflection spectroscopy~PDS! is a widely
used technique for measuring optical absorption and de
ing the DOGS distribution in amorphous semiconducto
The strength of PDS lies in that it measures subgap abs
tion, a process that is closely related to the densities
energy levels of all the defects. It is not constrained by

a!Electronic mail: erusli@ntu.edu.sg
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Fermi level position, the type of defects and a limited pro
ing energy range in the pseudogap, as encountered in m
other techniques such as field effect, capacitance and ph
conductivity measurements.6,7 It has been utilized exten
sively to deduce the defect density distribution ina-Si:H,6,8,9

amorphous carbon films,10 and more recently in diamond.11

In contrast, comparatively less work have been carried
for a-Si12xCx :H. In this work we apply it to investigate the
DOGS distribution within the optical gap of Si ric
a-Si12xCx :H films. The films were grown using the electro
cyclotron resonance chemical vapor deposition~ECR-CVD!
technique, with varying C–Si ratio so as to study the eff
of C alloying on the distribution of defect density. The ga
state distribution is deduced from the PDS absorption d
based on a proposed DOGS model, which describes
defect-induced optical absorption in Si richa-Si12xCx :H.
The analysis involves varying several parameters in
model and a deconvolution procedure to calculate the th
retical absorption spectra, and to fit them to those obtai
experimentally. We show that the optical absorption can
well fitted to the experimental data by taking into accou
optical transitions due to the presence of defect states a
midgap, which is enhanced by C alloying. The nature of
defects and their evolution with C alloying are investigat
and analyzed.
9 © 2002 American Institute of Physics
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II. EXPERIMENTAL PROCEDURE

The a-Si12xCx :H samples were grown using the ECR
CVD technique. The details and schematic diagram of
deposition system can be found elsewhere.12 The microwave
power used was 900 W and the upper and lower magn
coil currents was fixed at 100 and 120 A, respectively. T
deposition pressure was maintained at 20 mTorr and no
tentional heating was applied. The hydrogen (H2) flow rate
was maintained at 100 sccm, while the gas ratio of meth
(CH4) to silane (SiH4) was varied to produce films with
changing C to Si~C/Si! ratio. The films thicknesses are in th
range of 1mm, measured with a Dektak III surface profile

The C fractionsx (C/C1Si) of the films were deduced
from Rutherford Backscattering Spectrometry~RBS!, using
2 MeV H1. The surface barrier detector was mounted at
scattering angle to detect the backscattered particles for
determination of C and Si content in the films. The optic
absorption coefficient~a! over a wavelength range of 200
900 nm was deduced through the transmittance and re
tance spectra measured using a dual beam Perkin–E
Lambda 16 UV-VIS spectrophotometer. The PDS measu
ments were performed using a conventional setup simila
that found in Ref. 6. The probe beam is a 632.8 nm He–
laser, the deflecting medium used is CCl4 and the pump
beam is 1 kW quartz tungsten halogen lamp focused on
slit of a 1/4-m monochromator. The intensity modulation
the output from the monochromator is accomplished usin
mechanical chopper. A low modulation frequency of 10
was adopted to achieve a good signal-to-noise ratio. The
flection of the probe beam was measured by a position
tector and fed into a computer-interfaced lock-in amplifi
The amplitude of the PDS signal is then averaged and
malized to the incident light intensity. The scanning ran
covers photon energies from 1 to 2.8 eV. The spectra at
ergies lower than 1 eV were very noisy and, therefore, d
carded. Various order-sorting filters were used to filter
unwanted diffraction orders. Thea spectra are then cali
brated by matching them to those deduced using the UV-
spectrophotometry at high photon energies.

III. DENSITY OF GAP STATES MODEL

The DOS model proposed fora-Si12xCx :H is shown in
Fig. 1, which follows closely that fora-Si:H. Petrichet al.13

reported that in their Si rich~C content ,20 at.%!
a-Si12xCx :H films grown using the plasma enhanced chem
cal vapor deposition~PECVD! technique with source gase
CH4, SiH4 , and H2, the alloy forms ‘‘amorphous silicon
like’’ lattices. Investigations on the electronic structure of
rich a-Si12xCx :H also revealed that the band edges
Si-like.14 These form the basis for applying thea-Si:H model
to our Si rich a-Si12xCx :H films. Several reports hav
shown that the incorporation of a small amount of C into
a-Si:H network increases the degree of disorder in the film
causing a broadening of the Urbach tail width and an
crease in the defect density, as compared to purea-Si:H.4,15

The C alloying effect becomes progressively prominent ax
advances, where apart from Si dangling bonds, C dang
Downloaded 01 Apr 2002 to 155.69.5.123. Redistribution subject to AI
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bonds are also an increasingly important source of d
defects.14,16 In our model, the deep defects are assumed
arise mainly from Si dangling bonds, and the effect of
alloying can be accommodated in terms of the different d
sity, distribution and energy levels of the defect states.

Based on the proposed model, the optical transitions
are involved can be divided into three categories, i.e., tr
sitions to the conduction band, to the conduction band
and to the empty deep defect states, from each of the foll
ing: The valence band, the valence band tail and the fi
defect states. Therefore, a total of nine transitions are p
sible, which are labeled T1 through T9 as indicated in Fig. 1.
These will give rise to a power-law region in the absorpti
spectra for transitions involving extended states, an expon
tial ~Urbach! edge for transitions related to tail states, and
shoulder region at low absorption energy for transitions
volving deep defect states. In our analysis, all the poss
transitions will be considered in fitting the experimental a
sorption coefficient~a! spectra.

In the following, the DOS for the conduction band, v
lence band and gap states are denoted byNk(«), where the
subscriptk denotes the region involved ande is the energy
level measured with reference to the conduction band e
Ec , taken to be«50. The magnitude of the valence ban
edge Ev , therefore, represents the mobility gapEg . The
DOS for the extended states in the conduction bandNc(«)
and valence bandNv(«) are described by the following para
bolic expressions17

Nc~«!5Nco~«1«o!1/2, ~1!

Nv~«!5Nvou~«2Ev2«o!u1/2, ~2!

whereNco and Nvo are the free electron values in the e
tended states and«o is a constant that reduces the abruptn
of Nc(«) andNv(«) at the mobility edges.

The DOS of the band tails are represented by two ex
nentially decaying functions

FIG. 1. The proposed density of states~DOS! distribution model for
a-Si12xCx :H. The transitions involved are represented by T1– T9 . T1 : Va-
lence band to conduction band, T2 : Valence band to conduction band tai
T3 : Valence band to empty defect, T4 : Valence band tail to conduction
band, T5 : Valence band tail to conduction band tail, T6 : Valence band tail to
empty defect, T7 : Filled defect to empty defect, T8 : Filled defect to con-
duction band tail, T9 : Filled defect to conduction band.Ev denotes the
valence band edge,ED the filled defect band,Ef the Fermi level,U the
correlation energy andEc the conduction band edge. The hatched reg
represents filled states, while the unshade region the unfilled states.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Comparison of the parameters obtained from experimental optical absorption spectra and deduced from the PDS measurements ba
proposed DOS model.Etauc andE04 are the optical gaps derived from the Tauc’s relation and ata5104 cm21, respectively, andEu is the Urbach energy.Eg

is the fitted mobility gap,Evu the valence band tail width,ED1 theD0 defect peak energy with reference to the conduction band edge,W andA are the width
and density of the defect distributions, respectively, andU is the correlation energy betweenD0 andD2.

Carbon
fraction,
x

Derived from the experimental
optical absorption spectra Deduced from PDS measurements based on the proposed DOS model

Etauc ~eV! E04 ~eV! Eu ~meV! Eg ~eV! Evu ~meV! ED1 ~eV! W ~eV! A (31017 cm23) U ~eV!

0 1.92 2.17 92 2.00 84 21.05 0.09 2.17 0.29
0.18 1.93 2.20 105 2.05 92 21.00 0.10 2.30 0.30
0.22 1.93 2.21 109 2.06 100 20.97 0.09 4.22 0.29
0.36 2.11 2.45 134 2.36 143 21.29 0.17 8.64 0.60
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Ncbt~«!5NcbtoexpS «

Ecu
D , ~3!

Nvbt~«!5Nvbto expS 2~«2Ev!

Evu
D , ~4!

whereNcbto andNvbto are the conduction and valence ba
tail densities at the respective mobility edges, andEcu and
Evu are, respectively, the conduction and valence band
widths.

For our Si richa2Si12xCx :H, it is though that Si dan-
gling bonds are the major contributor to the defect sta
deep in the energy gap, arising froms defects which are
isolated threefold coordinated sites, as ina-Si:H. There is a
general agreement that for intrinsically undopeda-Si:H, the
midgap densities can be ascribed to a distribution of st
made up of neutral singly occupied dangling bonds,D0. It
has a positive correlation energyU, which is the energy re-
quired to place a second electron on the singly occup
defect states, to create negatively charged dangling bo
D2. Therefore, theD2 states are higher in energy thanD0

states byU, and these are situated above and below the m
gap respectively.18–20 The two distributions can be repre
sented by two Gaussian distributions with densitiesND1 ~for
D0 states! andND2 ~for D2 states! centered at«5ED1 and
«5ED11U5ED2 , respectively,

ND1~«!5
A

WA2p
expS 2~«2ED1!2

2W2 D , ~5!

ND2~«!5
A

WA2p
expS 2~«2ED12U !2

2W2 D . ~6!

In the above,A/(WA2p) is the peak amplitude, andW is
known as the width, or more specifically the root-me
square deviation from the mean value of the distribution.21–23

The full width at half maximum~FWHM! of the distribution
is given by 2WA2 ln 2, and the integrated area is given byA,
which also represents the overall defect densities.24 It should
be noted that this model applies only to Si rich samples. I
rich samples, the model will have to be modified to acco
for the presence ofp states in threefold coordinated (sp2)
sites of C.14

For electronic transitions in amorphous semiconducto
energy conservation is observed, but momentum conse
tion is relaxed. This allows all pairs of states separated by
Downloaded 01 Apr 2002 to 155.69.5.123. Redistribution subject to AI
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same photon energy to contribute equally toa. As such,
within the one-electron approximation and following th
Velicky summation rule, the optical absorption coefficie
a(hn) at a photon energyhn, for transitions between the
energy levels« and «1hn, can be represented by the co
volution of the continuous densities of initial~filled! Ni(«)
states and final~unfilled! Nf(«1hn) states.25,26 It can be
written as

a~hn!5
M

hn E Ni~«! f ~«!•Nf~«1gn!@12 f ~«1hn!# d«,

~7!

where f («) and f («1hn) are the Fermi–Dirac distribution
functions at the initial and final state energies, respectiv
The prefactorM is proportional to the dipole moment matri
elements.25 By substituting the different initial and fina
states using Eqs.~1!–~6! and summing up all the contribu
tions, the theoretical absorption spectra can be obtained

IV. RESULTS AND DISCUSSIONS

The parameters that are kept constant in the deconv
tion procedure are as follows. In Eqs.~1! and ~2!, Nco

5Nvo56.731021 cm23 eV23/2 following Refs. 26 and 27,
and«o is fixed at 0.0223 eV to yield 131021 cm23 eV21 for
both Nc(«50) andNv(«5Ev) at the mobility edges.17,28,29

Naturally, Ncbto and Nvbto in Eqs. ~3! and ~4! are set to 1
31021 cm23 eV21 for a continuity in the DOS between th
extended and tail states at the mobility edges. The Fe
level is assumed to be very close to midgap,Ef;0.9 eV
below Ec for x50 since the film is intrinsically
undoped.20,21,29Note that the fitted mobility gapEg of this
sample is about 2 eV, see Table I. We assume thatEf remains
unchanged across the samples with varyingx, which is sup-
ported by the results of Robertson,14 where it was shown tha
Ef moves in parallel withEc for small x ~,0.4!. In Si rich
a2Si12xCx :H, the band edges are Si-like,14 thus it is ex-
pected that their characteristics are similar toa-Si:H, where
the tail width is wider at the valence band than the cond
tion band. As a result, the valence band tail states are
pected to be the major contributor to the exponential reg
of the a spectra. In order to deduce the valence band
width Evu , we have takenEcu to be a constant withEcu

50.03 eV, which is within the experimental range.17,30,31In-
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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deed, it will be shown thatEcu is much smaller than the fitte
Evu ~see Fig. 7 or Table I!, which thus justifies the assump
tion made.

In Eq. ~7!, M is taken to be a constant for all the trans
tions regardless of the photon energy. Strictly speak
among the optical transitions, those involving localized
localized states will have smallerM. If these transitions were
to have any significant contribution, it will only occur fo
hn,1 eV ~see Fig. 3!. Since we are only considering exper
mental data forhn.1 eV, therefore, our assumption of
constantM will have no effect on the fitting process. Indee
it is experimentally confirmed by Jacksonet al. that in
a-Si:H, the spectral dependence of the dipole moment ma
elements are weak~within a factor of 2! in the subgap and
above the mobility edges, up to;3.4 eV.32 For the two de-
fect distributions given in Eqs.~5! and~6!, as a first approxi-
mation, they are assumed to be equal in their heights
widths. A similar approximation has been made for the g
state defect distributions ina-Si:H and in diamond using the
PDS technique.11,24,33 However, it is also noted that ther

FIG. 2. Breakdown of the contributions from all the nine possible tran
tions considered. Thea-Si12xCx :H sample withx50.22 is used in this
example.~a! Contribution from the filled defects,~b! contributions from
valence band tail, and~c! contributions from the valence band.
Downloaded 01 Apr 2002 to 155.69.5.123. Redistribution subject to AI
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exist reports where these are assumed to be differen8,34

Summing up, a total of seven parameters are to be fit
These include the prefactorM, the mobility gapEg (5Ec

2Ev), the valence band tail widthEvu , the widthW and the
height of the defect distributions~which also gives the defec
density A! and their peak energy levels,ED1 and ED2

5ED11U.
To clearly understand the contributions of the vario

optical transitions to thea spectra, the absorptions arisin
from each transition are illustrated in detail in Fig. 2, for t
sample withx50.22. Figs. 2~a!–2~c! depict the absorption
spectra due to transitions from the filled defect, valence b
tail and valence band states respectively to the various hig
energy states. Figure 3 shows the overall fitted curve, cle
detailing the dominant transitions that shape thea spectra. In
particular, transitions to the conduction band are the m
significant due to its high density of empty states availab
Transitions from the filled defect states to the conduct
band tail at aroundhn51 eV (T8) and from the valence
band to empty defect states (T3) at aroundhn51.5 eV are
also affecting the overall spectra. In fitting the spectra, it
noted that the width of the Gaussian distributionW and cor-
relation energyU are mainly reflected in the absorption co
responding toT3 and T9 . We obtainedW;0.1 eV, U
;0.3 eV andED1;1 eV belowEc for all samples~except
for x50.36, which will be discussed in the next sectio!
which are similar to the values observed for a typic
a-Si:H.17,19–21,35This gives support to the assertion that t
defect states in Si richa-Si12xCx :H arise mainly from Si
dangling bonds, as in the case ofa-Si:H. In our calculation,T
is taken to be 300 K, the temperature at which the meas

-

FIG. 3. The absorption spectrum deduced for the sample withx50.22,
taking into account all the nine possible transitions. From Figs. 2~a!–2~c!,
the major transitions contributing toa are singled out and shown here.

FIG. 4. Experimental~symbols! and calculated~solid lines! PDS spectra
based on the DOS model proposed fora-Si12xCx :H with varying compo-
sition x. The spectra are displaced vertically by a decade for clarity.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4323J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Chew et al.
ments are performed. A difference is observed if the z
temperature approximation is used, especially at lower p
ton energies, as elucidated in Figs. 2 and 3,~compare the
solid and the dotted lines!. Thus usingT5300 K in f («) will
lead to more accurate results.

In the deconvolution procedure, the best-fitted para
eters obtained for all the samples withx varying from 0 to
0.36 are summarized in Table I. The theoretical PDS spe
calculated based on these parameters are shown in Fi
together with the corresponding experimental spectra.
good agreement between them as seen provides further
port to the application of the DOGS model to Si richa
2Si12xCx :H. The slight deviation observed at large phot
energies (hn.2.6 eV) is attributed to the parabolic ban
edge assumption made@see Eqs.~1! and~2!#, which may not
be valid forhn that exceeds far beyond the optical gap~see
Fig. 6 or Table I!. The DOS distributions constructed from
the best-fitted parameters for all the samples are show
Fig. 5, with the origin of the energy scale«50 set at the
conduction band edgeEc .

Besides the fitted parameters, some other parameter
duced directly from the experimental absorption spectra
also shown in Table I for comparison. The best fittedEg

increases withx, and as shown in Fig. 6, have values that a
in betweenEtauc andE04, which are, respectively, the Tau
gap and the optical gap at whicha5104 cm21. We noticed
that usingE04 for Eg in the PDS spectra fitting will result in
a too drastic decrease at the shoulder of the power law re
of the a curve, whereas usingEtauc will produce a curve
which is broader than what is obtained experimentally.

FIG. 5. The density of states distributions calculated based on the best-
parameters obtained in the PDS spectra deconvolution procedure.

FIG. 6. The optical gaps ofa-Si12xCx :H as a function ofx. Eg is the fitted
mobility gap, Etauc is the Tauc gap andE04 the optical gap at whicha
5104 cm21. The latter two parameters are deduced from the optical abs
tion spectra.
Downloaded 01 Apr 2002 to 155.69.5.123. Redistribution subject to AI
o
o-

-

ra
4,
e

up-

in

de-
re

e

on

n

amorphous semiconductors, there is no distinct demarca
energy level to define the energy gap. Therefore,Eg obtained
from the PDS fitting can be interpreted as an approxim
average value betweenEtauc andE04, and just like the two,
also represents an indicative value of the optical gap.

The valence band tail widthEvu found from the fitting
procedure are shown in Fig. 7. It correlates well with t
Urbach energyEu deduced from the exponential region
thea spectra using the equationa5ao exp(hn/Eu). The band
tail states are considered to be related to weak Si–Si bo
arising from the strain present in the disordered networ36

These are enhanced with C alloying due to more struct
disorder introduced as a result of the different bond leng
and bond strengths of C and Si.37 HenceEu and Evu are
expected to increase with C alloying, as confirmed in Fig

The defect density A deduced for the films are found
increase withx, as can be seen in Fig. 8. This reflects larg
dangling bond defect densities, concomitant with an incre
in the valence band tail slopeEvu as discussed earlier. Th
variation in the density of defect and band tail states can
explained by generalizing the weak bond to dangling bo
conversion model of Stutzman.38 This model attributes tail
states ina-Si:H to weak bonds, which when lie beyond
certain demarcation energy above the valence band e

ed

p-

FIG. 7. Correlation between the Urbach energyEu and the fitted valence
band tail widthEvu with carbon fractionx.

FIG. 8. The dependence of defect densityA on the carbon fractionx. Inset:
the relation ofA with the fitted valence band tail widthEvu . The solid line
shows the correlation betweenA andEvu .
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tend to convert to dangling bonds by bond breaking so
they can minimize their energy locally. Therefore, it is e
pected that a wider valence band tail will give rise to a hig
defect density. Indeed, if we plot the defect densityA against
Evu , as shown in the inset of Fig. 8, a correlation can
seen, wherea}exp(Evu/46 meV). This suggests the danglin
bonds are closely related to the disorder-induced fields
strains that are responsible for controlling the width of t
valence band tail states.

The peak energy of the midgap defect distributionED1

for x<0.22 was found to be located at;1 eV belowEc .
However, forx50.36, a good fit can only be obtained ifED1

is shifted to;1.3 eV belowEc . At the same time,W andU
are increased significantly. This shift away fromEc is also
observed in the steady-state optical modulation spectrosc
~OMS! study of defect distributions ina2Si12xCx :H depos-
ited by the conventional r.f. glow discharge technique39

Similar observations on the change inW and U have been
reported by Demicheliset al. in their PDS study of PECVD
grown Si richa2Si12xCx :H. Through a derivative proce
dure, they deduced thatU increases from;0.35 eV to;0.6
eV, while W widens to;0.16 eV from;0.08 eV, whenx is
increased from 0 to 0.24.34 In the study of the effects of C
implantation on the DOS ofn-typea-Si:H grown with glow-
discharge method, profiling of the subgap DOS with capa
tance measurements show no evidence of impurity-rela
defect band with increasing C dose, but a significant bro
ening of the Si dangling bond Gaussian defect band
;0.05 eV is found, in good agreement with what is observ
here.40 These observations reflect a change in the origin
the nature of the deep defect states, and are attributed t
increased incorporation of C in the film. Asx increases, the C
dangling bonds affect the deep defect states distribu
originated from Si dangling bonds. The significance of
dangling bonds is supported by calculations performed
the density of defects ina2Si12xCx :H.14,41 As evidenced
from ESR ~electron spin resonance! measurements,16 C al-
loying in a-Si:H produces resonanceg values between that o
Si (g52.0055) and C (g52.003), indicating that the spin
densities are made up of Si and C singly occupied dang
bonds, Si3

0 and C3
0. Here the subscripts represent the co

dination number and the superscripts represent the ch
state, with symbols1 for positive,2 for negative and 0 for
neutral. On the other hand, LESR~light induced electron
spin resonance! measurements42,43 found that, in addition to
the neutral dangling bonds, the spin densities are also
tributed by charged defects of Si and C. Owing to the hig
electronegativity of C, the Si3 level will lie above the C3
level, and there will be a charge transfer to give C charg
defects with a configuration C3

2 and Si charged defect
Si3

1.14 The Si3 level is repelled upwards as C is introduc
into Si while the C3 level is repelled downwards as Si
introduced into C. If Si3 outnumbers C3 centers, as in Si rich
alloy, this will produce Si3

1, Si3
0 and C3

2 centers, where
C3

2 is repelled downwards towardsEv while Si3
1 is re-

pelled upwards towardsEc by the interaction between the S
and C atoms. It is probable that at largerx, the increasing
number of defect states associated with C3

2 accounts for the
observed shift of the defect levelED1 further away fromEc .
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A large U observed implies there exists a strong Coulom
repulsion and the compensation by lattice relaxation
weak.44,45This is probably the result of the presence ofC3

2

centers belowEf , which causes theD2 level to shift further
away from theD0 level due to Coulomb repulsion. Th
broadening of the Gaussian distribution may also be att
uted to these changes in the dangling bond environment

V. CONCLUSION

We have studied the gap state distribution of Si richa
2Si12xCx :H (0<x<0.36) by means of PDS measur
ments. Good fits are obtained between the calculated
experimental spectra, which render support to the D
model proposed for such films. Though the model follo
closely that fora-Si:H where the deep defects are ascribed
Si dangling bonds, it is able to reflect the changes of
distributions due to C alloying. Through a deconvolutio
procedure, we are able to deduce several parameters:
mobility gapEg , the valence band tail widthEvu , the den-
sity of gap states A and their distributions within the mobili
gap, as described by their peak energy levels, their widthW
and the correlation energyU between them. It is found tha
the fitted mobility gapEg is well correlated with the optically
deduced Tauc gapEtauc andE04, and the fitted valence ban
tail width Evu with the Urbach energyEu . All these param-
eters are seen to increase with C alloying. A correlation
also observed betweenEvu and the defect densities which
discussed in terms of the increased disorder in the films w
C incorporation. A shift in the defect peak energyED1 to-
wards the valence band is noted whenx reaches 0.36, to-
gether with a broadening ofW and U, which can be ex-
plained in terms of the influence of C dangling bonds on
deep defect density distribution.
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