JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 7 1 APRIL 2002

Gap state distribution in amorphous hydrogenated silicon carbide films
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The density of gap states distribution in silic®i) rich hydrogenated amorphous silicon carbide
(a-Si;_4C,:H) films with varying carbon(C) fraction (x) is investigated by the photothermal
deflection spectroscopyPDS. The films are grown using the Electron Cyclotron Resonance
Chemical Vapor DepositiofECR-CVD) technique. By using different methane-to-silane gas flow
ratios, a-Si;_,C, :H with x ranging from O to 0.36 are obtained. A deconvolution procedure is
performed based on a proposed DOS model for these Sarih_,C, :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 gdg, is found to be well correlated to the Tauc gap
Eiauc@ndEq, gap deduced from the optical absorption spectra. A correlation is also seen between the
fitted valence band tail widtlE,,, the Urbach energ\e, 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.2@®2 American Institute of Physics.
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I. INTRODUCTION Fermi level position, the type of defects and a limited prob-
ing energy range in the pseudogap, as encountered in many
other techniques such as field effect, capacitance and photo-
conductivity measurements. It has been utilized exten-

Hydrogenated amorphous silicon carbide
(a-Si;_4C, :H) continues to generate wide interest due to its

potential applications in optoelectronics, such as thin film_. 1689
light emitting device and flat panel displaysAmorphous sively to deduce the defect density distributiorei®i:H,

silicon based solar cells with improved efficiency has beerfMorphous carbon ﬂlﬁ& and more recently in dlamoﬁﬂ.
achieved whera-Si;_,C,:H is used as the-type window [N contrast, comparatively less work have been carried out
layer® These useful applications stem from the tunable optifor a-Si;—,Cy :H. In this work we apply it to investigate the
cal energy gap and refractive index @fSi; _,C,:H, which ~ DOGS distribution within the optical gap of Si rich
can be achieved through changing the C fractipthus al- a-Si; _,C,:H films. The films were grown using the electron
lowing the flexibility of tailoring the alloy to specific appli- cyclotron resonance chemical vapor depositiBE€R-CVD)
cations. However, studies have shown that C incorporatiofechnique, with varying C—Si ratio so as to study the effect
also increases the defect density in the pseudogap ff C alloying on the distribution of defect density. The gap
a-SiyxCy :H films and critically affects their properties such giate gistribution is deduced from the PDS absorption data

as d?r?piz:r? deffi((:)itzr:ﬁ_);lelec;ﬁgicotfransggz, Lehcsrmgirlgtigr’ a_rrl] ased on a proposed DOGS model, which describes the
w P 'al _prof sP 9 YErs N yefect-induced optical absorption in Si rietSi; _,C, :H.

devices'® Thus it is important to obtain information on the Y . .
The analysis involves varying several parameters in the

density of the gap statd®OGS and their energy distribu- X
tion. model and a deconvolution procedure to calculate the theo-
Photothermal deflection spectroscofDS is a widely ~ retical absorption spectra, and to fit them to those obtained

used technique for measuring optical absorption and dedu&xperimentally. We show that the optical absorption can be
ing the DOGS distribution in amorphous semiconductorswell fitted to the experimental data by taking into account
The strength of PDS lies in that it measures subgap absorpptical transitions due to the presence of defect states at the
tion, a process that is closely related to the densities anghidgap, which is enhanced by C alloying. The nature of the
energy levels of all the defects. It is not constrained by thejefects and their evolution with C alloying are investigated
and analyzed.
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Il. EXPERIMENTAL PROCEDURE

The a-Si;_,C, :H samples were grown using the ECR-
CVD technique. The details and schematic diagram of the
deposition system can be found elsewhérehe microwave
power used was 900 W and the upper and lower magnetic
coil currents was fixed at 100 and 120 A, respectively. The
deposition pressure was maintained at 20 mTorr and no in-
tentional heating was applied. The hydrogen) low rate _
was maintained at 100 sccm, while the gas ratio of methane E, EE Ep E
(CH,) to silane (SiH) was varied to produce films with Energy, € (eV)
changing C to SIC/Si) ratio. The films thicknesses are in the FIG. 1. The proposed density of staté®@OS distribution model for
range of 1um, measured with a Dektak Il surface profiler. a-si,_,C,:H. The transitions involved are represented hy-T,. T;: Va-

The C fractionsx (C/C+ Si) of the films were deduced lence band to conduction band,:TValence band to conduction band tail,
from Rutherford Backscattering SpectrometBBS), using T;: Valence band to empty defectAjValence k_)and tail to condut_:tion
2 MeV H™. The surface barrier detector was mounted at 20J)and, T: Valence b_and tail to conduction band tal[;:WaIence band tail to

. . empty defect, T: Filled defect to empty defect,gT Filled defect to con-
scattering angle to detect the backscattered particles for thction band tail, 3: Filled defect to conduction bandE, denotes the
determination of C and Si content in the films. The opticalvalence band edgé&p the filled defect bandg; the Fermi level,U the
absorption coefficienta) over a wavelength range of 200— correlation energy ané, th_e conduction band_edge. The_ hatched region
900 nm was deduced through the transmittance and reflefepresents filled states, while the unshade region the unfilled states.
tance spectra measured using a dual beam Perkin—Elmer
Lambda 16 UV-VIS spectrophotometer. The PDS measure-

ments were performed using a conventional setup similar tgonds are also an increasingly important source of deep
that found in Ref. 6. The probe beam is a 632.8 nm He—Ngjefects'*® In our model, the deep defects are assumed to
laser, the deflecting medium used is ¢@nd the pump arise mainly from Si dangling bonds, and the effect of C
beam is 1 kW quartz tungsten halogen lamp focused on thgjloying can be accommodated in terms of the different den-
slit of a 1/4-m monochromator. The intenSity modulation Ofsity, distribution and energy levels of the defect states.
the output from the monochromator is accomplished using a = Based on the proposed model, the optical transitions that
mechanical chopper. A low modulation frequency of 10 Hzare involved can be divided into three categories, i.e., tran-
was adopted to achieve a good signal-to-noise ratio. The deitions to the conduction band, to the conduction band tail
flection of the probe beam was measured by a position degnd to the empty deep defect states, from each of the follow-
tector and fed into a computer-interfaced lock-in amplifier.jng: The valence band, the valence band tail and the filled
The amplitude of the PDS signal is then averaged and noigefect states. Therefore, a total of nine transitions are pos-
malized to the incident light intensity. The scanning rangesiple, which are labeled;Tthrough T, as indicated in Fig. 1.
covers photon energies from 1 to 2.8 eV. The spectra at enfhese will give rise to a power-law region in the absorption
ergies lower than 1 eV were very noisy and, therefore, disspectra for transitions involving extended states, an exponen-
carded. Various order-sorting filters were used to filter outjg] (Urbach edge for transitions related to tail states, and a
unwanted diffraction orders. The spectra are then cali- shoulder region at low absorption energy for transitions in-
brated by matching them to those deduced using the UV-VI§olving deep defect states. In our analysis, all the possible
spectrophotometry at high photon energies. transitions will be considered in fitting the experimental ab-
sorption coefficienfa) spectra.
In the following, the DOS for the conduction band, va-

Ill. DENSITY OF GAP STATES MODEL lence band and gap states are denotedfe), where the

: . . subscriptk denotes the region involved ardis the energy
Fig Tlh?,vﬁg ﬁ fgllfczi gggglieg];ﬁilé?ﬁx 'PHe'tSri(?E;V\;Tl'Q level measured with reference to the conduction band edge
reported that in their Si rich(C content <20 at.% E., taken to bes=0. The magnitude of the valence band

a-Si; _,C, :H films grown using the plasma enhanced chemi—edge E,, therefore, represents the mobility géfy. The

o ) . DOS for the extended states in the conduction bblipek)
cal vapor depositiofPECVD) technique with source gases : - )
CH,, SiH,, and H, the alloy forms “amorphous silicon- and valence banl, (&) are described by the following para

: : c ; _bolic expressiond
like” lattices. Investigations on the electronic structure of Si P

Density of States, N(e) (cm'ae\f')

rich a-Si; ,C,:H also revealed that the band edges are Ng(8)=Ngo(&+eo) Y2 1)
Si-like 1* These form the basis for applying theSi:H model
to our Si rich a-Si;_,C,:H films. Several reports have N,()=N,o|(e—E,—&,)|" 2

shown that the incorporation of a small amount of C into the

a-Si:H network increases the degree of disorder in the filmswhere N., and N,, are the free electron values in the ex-
causing a broadening of the Urbach tail width and an intended states ang], is a constant that reduces the abruptness
crease in the defect density, as compared to peB&H.**®  of Ny(e¢) andN,(e) at the mobility edges.

The C alloying effect becomes progressively prominernt as The DOS of the band tails are represented by two expo-
advances, where apart from Si dangling bonds, C danglingentially decaying functions
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TABLE |. Comparison of the parameters obtained from experimental optical absorption spectra and deduced from the PDS measurements based on the
proposed DOS modeE,, . andE, are the optical gaps derived from the Tauc’s relation and=ai0* cm™
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1 respectively, andE,, is the Urbach energg,

is the fitted mobility gapE,, the valence band tail widtHE, the D° defect peak energy with reference to the conduction band &dgedA are the width
and density of the defect distributions, respectively, Bnig the correlation energy betwe®? andD ~.

Derived from the experimental

fCar?on optical absorption spectra Deduced from PDS measurements based on the proposed DOS model
raction,
X Etauc (€V) Eos (€V) E, (meV) Ey (eV) E,. (MeV) Ep; (V) W (eV) A (X107 cm3) U (eV)
0 1.92 2.17 92 2.00 84 ~1.05 0.09 2.17 0.29
0.18 1.93 2.20 105 2.05 92 ~1.00 0.10 2.30 0.30
0.22 1.93 2.21 109 2.06 100 -0.97 0.09 4.22 0.29
0.36 2.11 2.45 134 2.36 143 ~1.29 0.17 8.64 0.60
€ same photon energy to contribute equally 4o As such,
Nepi(e) =NepoXf £ (3 within the one-electron approximation and following the
cu Velicky summation rule, the optical absorption coefficient
N °N —(e—E,) 4 a(hv) at a photon energhv, for transitions between the
obt(8) = Nypo €X T E. ) 4 energy levelss ande+hv, can be represented by the con-

whereN.,, andN,p;, are the conduction and valence band
tail densities at the respective mobility edges, &g and

E,, are, respectively, the conduction and valence band tai

widths.
For our Si richa—Si;_,C,:H, it is though that Si dan-

gling bonds are the major contributor to the defect states

deep in the energy gap, arising fromdefects which are
isolated threefold coordinated sites, asai®i:H. There is a
general agreement that for intrinsically undoe8i:H, the

midgap densities can be ascribed to a distribution of state

made up of neutral singly occupied dangling borid$, It
has a positive correlation enerdy, which is the energy re-
quired to place a second electron on the singly occupie

volution of the continuous densities of initidilled) N;(&)
states and finalunfilled) N;(e+hv) states>?° It can be
_\ivritten as

a(hy)=

hvf Ni(e)f(e)-Ni(e+gv)[1—f(e+hv)] de,

)

wheref(e) andf(e+hv) are the Fermi—Dirac distribution
functions at the initial and final state energies, respectively.
Ehe prefactoM is proportional to the dipole moment matrix
element$® By substituting the different initial and final
states using Eqg1)—(6) and summing up all the contribu-

H'ons, the theoretical absorption spectra can be obtained.

defect states, to create negatively charged dangling bonds,

D . Therefore, theD ~ states are higher in energy thax

states byJ, and these are situated above and below the midlV. RESULTS AND DISCUSSIONS

gap respectivel}f~2° The two distributions can be repre-
sented by two Gaussian distributions with densibigg (for
DY stateg andNp, (for D~ stateg centered at=Ep; and
e=Ep;+U=Ep,, respectively,

A _(S_Em)z)
NDl(S)_W\/EeX W2 : 5

A —(e—Ep;—U)?
NDZ(S)_W\/ZeX 2W2 ) (6)

In the above A/(Wv2m) is the peak amplitude, and/ is

The parameters that are kept constant in the deconvolu-
tion procedure are as follows. In Eq§l) and (2), N,
=N,,=6.7X10%* cm 2 eV~ %2 following Refs. 26 and 27,
ande, is fixed at 0.0223 eV to yield X 10?* cm 3 eV ! for
both No(¢=0) andN,(¢=E,) at the mobility edge&’*°
Naturally, N¢pio @nd N,pio In Egs. (3) and (4) are set to 1
x 107t cm2 eV for a continuity in the DOS between the
extended and tail states at the mobility edges. The Fermi
level is assumed to be very close to midg&p,~0.9 eV
below E., for x=0 since the film is intrinsically
undoped®?*?°Note that the fitted mobility gajg, of this

known as the width, or more specifically the root-meansample is about 2 eV, see Table |. We assumeEhaemains

square deviation from the mean value of the distribufforR®
The full width at half maximum(FWHM) of the distribution
is given by 2/y/2 In 2, and the integrated area is givenAy
which also represents the overall defect densfftésshould

unchanged across the samples with varyinwhich is sup-
ported by the results of Roberts&hwhere it was shown that
E; moves in parallel withE, for small x (<0.4). In Si rich
a—Si;_,C,:H, the band edges are Si-lik&thus it is ex-

be noted that this model applies only to Si rich samples. In (pected that their characteristics are similaat8i:H, where
rich samples, the model will have to be modified to accounthe tail width is wider at the valence band than the conduc-

for the presence ofr states in threefold coordinated )
sites of C**

tion band. As a result, the valence band tail states are ex-

pected to be the major contributor to the exponential region

For electronic transitions in amorphous semiconductorspf the a spectra. In order to deduce the valence band tail
energy conservation is observed, but momentum conservavidth E,,, we have takerkE., to be a constant witte,
tion is relaxed. This allows all pairs of states separated by the=0.03 eV, which is within the experimental rant/e®3!|n-
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FIG. 3. The absorption spectrum deduced for the sample witl®.22,
taking into account all the nine possible transitions. From Figg—2(c),
the major transitions contributing t@ are singled out and shown here.

exist reports where these are assumed to be différént.
Summing up, a total of seven parameters are to be fitted.
These include the prefactd, the mobility gapE, (=E.
—E,), the valence band tail widtg,, , the widthW and the
height of the defect distributior{svhich also gives the defect
density A) and their peak energy level&p; and Ep,
=Ep,+U.

To clearly understand the contributions of the various
optical transitions to thex spectra, the absorptions arising
from each transition are illustrated in detail in Fig. 2, for the
sample withx=0.22. Figs. 2a)—2(c) depict the absorption
spectra due to transitions from the filled defect, valence band
tail and valence band states respectively to the various higher
energy states. Figure 3 shows the overall fitted curve, clearly

Absorption Coefficient, a (cm")
o

10 15 20 25 30
Photon Energy, E (eV)

detailing the dominant transitions that shape #epectra. In
particular, transitions to the conduction band are the most
significant due to its high density of empty states available.

Transitions from the filled defect states to the conduction

band tail at arounchv=1eV (Tg) and from the valence
FIG. 2. Breakdown of the contributions from all the nine possible transi-band to empty defect state¥4) at aroundhv=1.5eV are
tions considered. The-Si;,C,:H sample withx=0.22 is used in this  g|sg affecting the overall spectra. In fitting the spectra, it is

(©

example.(a) Contribution from the filled defectgb) contributions from
valence band tail, an¢t) contributions from the valence band.

noted that the width of the Gaussian distributdfand cor-

relation energyd are mainly reflected in the absorption cor-

responding toT; and Tq. We obtainedW~0.1eV, U

~0.3eV andEp;~1 eV belowE, for all samples(except
deed, it will be shown tha, is much smaller than the fitted for x=0.36, which will be discussed in the next secjion

E,. (see Fig. 7 or Table)] which thus justifies the assump- which are similar to the values observed for a typical

tion made.

a-Si:H.1"19-2L3%Thijs gives support to the assertion that the

~ InEq.(7), M s taken to be a constant for all the transi- defect states in Si ricla-Si;_4C,:H arise mainly from Si
tions regardless of the photon energy. Strictly speakingdangling bonds, as in the caseas8i:H. In our calculationT
among the optical transitions, those involving localized tojs taken to be 300 K, the temperature at which the measure-

localized states will have smallet. If these transitions were

to have any significant contribution, it will only occur for
hv<1 eV (see Fig. 3 Since we are only considering experi-
mental data forhv>1 eV, therefore, our assumption of a
constantM will have no effect on the fitting process. Indeed,
it is experimentally confirmed by Jacksacet al. that in
a-Si:H, the spectral dependence of the dipole moment matrix
elements are wealwithin a factor of 2 in the subgap and
above the mobility edges, up te3.4 eV®? For the two de-
fect distributions given in Eqg5) and(6), as a first approxi-
mation, they are assumed to be equal in their heights and

Absorption Coefficient, o (cm™

12 16 20 24 28
Photon Energy, hv (eV)

widths. A S|m|_lar_apprOX|r_r1at|9n has _bee_n made for the garf:IG. 4. Experimentalsymbols and calculatedsolid lineg PDS spectra
state defect distributions ia-Si:H and in diamond using the pased on the DOS model proposed #68i; ,C, :H with varying compo-

PDS techniqué™?**3 However, it is also noted that there sition x. The spectra are displaced vertically by a decade for clarity.
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FIG. 5. The density of states distributions calculated based on the best-fitteéglG. 7. Correlation between the Urbach enefgy and the fitted valence
parameters obtained in the PDS spectra deconvolution procedure. band tail widthE,,, with carbon fractiorx.

ments are performed. A difference is observed if the zeramorphous semiconductors, there is no distinct demarcation
temperature approximation is used, especially at lower phoenergy level to define the energy gap. Theref&igobtained

ton energies, as elucidated in Figs. 2 and@mpare the from the PDS fitting can be interpreted as an approximate
solid and the dotted lingsThus usingl =300 K in f(&) will average value betweds, . andE,,, and just like the two,
lead to more accurate results. also represents an indicative value of the optical gap.

In the deconvolution procedure, the best-fitted param-  The valence band tail widtk,, found from the fitting
eters obtained for all the samples withvarying from 0 to  procedure are shown in Fig. 7. It correlates well with the
0.36 are summarized in Table I. The theoretical PDS spectrgrbach energyE, deduced from the exponential region of
calculated based on these parameters are shown in Fig. the o spectra using the equatien= «, exphv/E,). The band
together with the corresponding experimental spectra. Theail states are considered to be related to weak Si—Si bonds,
good agreement between them as seen provides further sugrising from the strain present in the disordered netwibrk.
port to the application of the DOGS model to Si rieh  These are enhanced with C alloying due to more structural
—Si;_Cy:H. The slight deviation observed at large photondisorder introduced as a result of the different bond lengths
energies l»>2.6 eV) is attributed to the parabolic band and bond strengths of C and BiHenceE, and E,, are
edge assumption madleee Egs(1) and(2)], which may not  expected to increase with C alloying, as confirmed in Fig. 7.
be valid forhv that exceeds far beyond the optical gape The defect density A deduced for the films are found to
Fig. 6 or Table ). The DOS distributions constructed from increase withx, as can be seen in Fig. 8. This reflects larger
the best-fitted parameters for all the samples are shown igangling bond defect densities, concomitant with an increase
Fig. 5, with the origin of the energy scale=0 set at the in the valence band tail slopg,, as discussed earlier. The
conduction band edgg . variation in the density of defect and band tail states can be

Besides the fitted parameters, some other parameters dexplained by generalizing the weak bond to dangling bond
duced directly from the experimental absorption spectra argonversion model of Stutzmaf.This model attributes tail
also shown in Table | for comparison. The best fittég  states ina-Si:H to weak bonds, which when lie beyond a
increases witlx, and as shown in Fig. 6, have values that arecertain demarcation energy above the valence band edge,
in betweenE,,,. andEy,, which are, respectively, the Tauc
gap and the optical gap at whieh=10* cm 1. We noticed
that usingEg, for Eg in the PDS spectra fitting will result in 10
a too drastic decrease at the shoulder of the power law region

of the « curve, whereas using,,. will produce a curve ""é‘ .
which is broader than what is obtained experimentally. In <3
" a
18
— 101 7
267 —a—E, .
—ao— Eg 8
S\ 241 —e— Eluuc <
L =
& =
& 221 a AN 2
sy Y O
S . e / ()]
2 20{ o =
=% )
@) ————O0—& LB
o
1.8 r T . . , a
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-
o
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Carbon Fraction, x

Carbon Fraction, x

FIG. 6. The optical gaps @-Si;_,C, :H as a function ok. E, is the fitted

mobility gap, E,c is the Tauc gap and, the optical gap at which FIG. 8. The dependence of defect dengitpn the carbon fractiow. Inset:
=10* cm™ 1. The latter two parameters are deduced from the optical absorpthe relation ofA with the fitted valence band tail widt,, . The solid line
tion spectra. shows the correlation betwednandE,, .
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tend to convert to dangling bonds by bond breaking so thaf large U observed implies there exists a strong Coulomb
they can minimize their energy locally. Therefore, it is ex-repulsion and the compensation by lattice relaxation is
pected that a wider valence band tail will give rise to a highemweak?*“® This is probably the result of the presenceaf
defect density. Indeed, if we plot the defect densgitggainst  centers beloviE;, which causes thB ™~ level to shift further
E,., as shown in the inset of Fig. 8, a correlation can beaway from theD? level due to Coulomb repulsion. The
seen, wherexxexp(E,, /46 meV). This suggests the dangling broadening of the Gaussian distribution may also be attrib-
bonds are closely related to the disorder-induced fields andted to these changes in the dangling bond environment.
strains that are responsible for controlling the width of the
valence band tail states. V. CONCLUSION

The peak energy of the midgap defect distributiegy
for x=<0.22 was found to be located atl eV belowE,.
However, forx=0.36, a good fit can only be obtainedsf;

We have studied the gap state distribution of Si réch
—Si;_Cy:H (0=x=0.36) by means of PDS measure-
: ) ; ments. Good fits are obtained between the calculated and
IS sh_|fted t0~1'3 e\_/_belowEC. At th? same tlmeW_andU experimental spectra, which render support to the DOS
are increased significantly. This shift away frdfg is also e proposed for such films. Though the model follows
observed in the steady-.staf[e o-pticall moqulation SpeCtrOSCOFEfosely that fora-Si:H where the deep defects are ascribed to
_(OMS) study of defec_t distributions |a—_S|1,XCX:H depps- Si dangling bonds, it is able to reflect the changes of the
ited by the conventional r.f. glow discharge technidlie. istributions due to C alloying. Through a deconvolution
Similar observatpns on thg changeVMand U have been procedure, we are able to deduce several parameters: The
reported_by Demlchellet al.in their PDS stqu qf PECVD mobility gapE,, the valence band tail widt,,, the den-
grown Si richa—Si,_,Cy:H. Through a derivative proce- i, of gap states A and their distributions within the mobility
dure, they deduced that increases from-0.35 eV 10~0.6 45, a5 described by their peak energy levels, their widths
eV, while W widens to~0.16 eV from~0.08 eV, wherxis 54 the correlation enerdy between them. It is found that
increased from O to 0.2%#.In the study of the effects of C ¢ fitted mobility gafE, is well correlated with the optically
implantation on the DOS ai-type a-Si:H grown with glow-  gequced Tauc gaB,., andEq,, and the fitted valence band
discharge method, profiling of the s_:ubgap DO_S W'th capacityj| width E,, with the Urbach energ§,, . All these param-
tance measurements show no evidence of impurity-relategiers are seen to increase with C alloying. A correlation is
defect band with increasing C dose, but a significant broads|sg opserved betwedg),,, and the defect densities which is
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