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The optoelectronic and structural properties of hydrogenated amorphous silicon-carbon alloys
(a-SIC:H) are studied over the entire compositional range of carbon content. The films are prepared
using low-power electron-cyclotron resonaf&CR) plasma-enhanced chemical vapor deposition.
The carbon content was varied by using different methanethylene)-to-silane gas phase ratios

and by introducing the methar(er ethyleng either remotely into the plasma stream or directly
through the ECR source, together with the excitation (hgsrogen. Regardless of the deposition
conditions and source gases used, the optical, structural and transport propertiea-&iGhe

alloys followed simple universal dependencies related to changes in the density of states associated
with their structural disorder. The deep defect density from photothermal deflection spectroscopy,
the ESR spin density, the steady state and the transient photoluminescence, the dark and
photoconductivity, the temperature of the hydrogen evolution peaks and the bonding from infrared
spectroscopy are correlated to the Urbach tail energyBtiaetor of the Tauc plot ané,, (defined

as the energy at which the absorption coefficient is equal t@t0?). Silicon-rich and carbon-rich
regions with very different properties, corresponding approximately to carbon fractions below and
above 0.5, respectively, can be distinguished. The properties of the &SiR:H alloys are
compared with those of alloys deposited by rf glow discharge.19®9 American Institute of
Physics[S0021-897699)00606-4

I. INTRODUCTION In electron cyclotron resonan¢ECR) plasma-enhanced
. chemical vapor depositioPECVD) the frequency of an in-
Amorphous  hydrogenated  silicon—carbon alloga- put power source(usually in the microwave rangeis

SiC:H) are wide-band gap, thin-film semiconductomlioys matched to the cyclotron frequency set by a magnetic field in
with low carbon content have been studied for many years Y q y y 9

and are used presently as transparent doped layers in Singfae_resct))nant chamber. ermer} this rrr:atchmg OCCLl"S’ glefc.trlt()jns
junction solar cells and photodetectors and as the high-barﬁpsor energy resonantly from the exciting electric field.

gap window component in tandem solar ce#sSiC:H alloys ECR plasmas are usually operated at low presgure0 _
with high band gapgiand high carbon contenemit visible mTorr) with the ECR resonant chamber placed at some dis-
photoluminescence at room temperattfeThis has led to tance away from the substrate. Low-pressure operation re-
studies of this material for application as the active layer insults in the decomposition of source gas molecules by colli-
large-area electroluminescent devi¢e$A more recent elec-  sions with high-energy non-Maxwellian electrons, forming a
tronic application of high gam-SiC:H alloys is thin-film  high density stream of charged spedésn the more widely
cathodes for field emission displays. used capacitively coupled rf glow discharge at 13.56 MHz,

0021-8979/99/85(6)/3327/12/$15.00 3327 © 1999 American Institute of Physics

Downloaded 15 Nov 2004 to 193.136.128.7. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3328 J. Appl. Phys., Vol. 85, No. 6, 15 March 1999 Conde et al.

high plasma densities result in high energy ions which can
cause damage to the growing surface and interfaces. Higher — Substrate
frequency plasmas such as ECR generate a low erierg§9

eV) ion flux at the film surfacé®!! Since, in ECR, the ion
energy is low, the energy at which ions impinge on the sur-
face can be controlled independently of the microwave

Pl

plume
power by applying a bias to the substrate electiSdeur-
thermore, the low deposition pressures avoid polymerization Gas infet
by reducing the number gas-phase collisions and allow for |~ ring

sharper interfaces.

Hydrogenated amorphous silicde-Si:H) and a-SiC:H
alloys are usually prepared using capacitively coupled rf
glow discharge of silane and carbon source géses, meth-
ane, acetylene, ethyleneThe deposition is typically per-
formed at pressures above 50 mTorr in order to obtain a *\éztce:amsour
steady rf discharge. An alternative preparation technique for e
a-Si:H was demonstrated by Watanatieal,'> who used a Process gas: —
plasma stream of hydrogen containing high energy electrons SiH,
coming from an ECR chamber to decompose silane. This o or CcHs through 1
plasma stream was introduced into the main chamber, to de- Excitation gas:
posita-Si:H at high growth rate§3—15 A/9. The deposition H, '
of a-Si:H using an ECR plasma is usually performed at pres- g":;gr:;ﬂarce
sures below 10 mTorr and a high ion flux impinges on the
growing surfac€: 3-8 ECR was soon recognized to be a FIG. 1. Schematic diagram of the ECR-CVD deposition system.
promising technique to preparaSiC:H alloys since the
high-energy electrons generated by this technique are ex-
pected to be able to break the C—H bond of the source gas#sre, deposition pressure and hydrogen dilution were kept
with more ease than the lower energy rf electrons, while afixed.
the same time avoiding the formation of graphite due to ion
bombardment and impingement of atomic hydrogehiu
et al. reported the deposition of amorphous silicon carbori!- EXPERIMENTAL PROCEDURES
alloys, a-SiC:H, and microcrystallineg-silicon—carbide, A. Film preparation
uc-B3-SiC, by ECR from mixtures of ki CH, and SiH,.%°
uc-SiC:H films, composed of silicon microcrystals embed-
ded in ana-SiC:H matrix, have also been prepared by ECR
at 5 mTorr andT =300 °C?1?2Wide band gapp-type and
n-type doped,uc-SiC:H films were prepared from silane,
methane and hydrogen by ECR at a pressure ok 7014
Torr, showing high dark conductivity and wide optical band

Microwave
2.46 GHz

The films were deposited by ECR-PECVD in an
ultrahigh-vacuum system using an Astex-CECR soUFig.
1). The excitation gas was introduced into a quartz resonance
chamber which was surrounded by a water-cooled magnet
coil. The microwave powef2.45 GH2 was coupled into this
resonance chamber. The current through the magnet coil was
3394 o adjusted to give the required magnetic field to achieve the
gap:~""Dopeduc-SiC:H films prepared by ECR have been gcp ¢ongition, resulting in a bright plasma plume emanating
applied to light emitting diode EDs 21'_23 and solar _Ce”&l from the source. The mouth of the ECR source was placed at
The effect of hydrogen dilution om-SiC:H deposited by 4 gistance .y of 6 cm from the substrate in the main cham-
ECR frzgm a 1.9 mixture of silane and acetylene wasper The substrate was clamped to a grounded electrode
studied.” Boron-dopeda-SiC:H films with Eq, between 2.0 heated to the deposition temperature of 200 °C. The pressure
and 2.35 eV deposited using ECR have been studied as\ggg kept at 10 mTorr. The power was kept constant at 150
function of the microwave pOWé.r In this Study, miCI’OnyS- W1 which is in the low microwave power range. A hydrogen
talline silicon formation was observed when hlgh microwaved”ution of 95% was used throughout this work in order to
powers were used, while for very high powers800 W),  prevent back flow of gas from the main chamber into the
diamond-like phases were observed by Rarhan. resonance chamber. The total flux of silane and carbon-

The optical, electronic and structural properties ofsource gas was kept constant at 1.5 sccm. Hydrogen was
a-SiC:H alloys prepared by low-powe(150 W) ECR  used as an excitation gas and was always introduced through
PECVD are systematically studied. These properties arghe source while silane was always introduced directly into
compared to those obtianed ferSiC:H deposited using the main chamber via a ring-shaped gas distribution mani-
standard rf glow discharge. Two carbon source gésesh-  fold with a diameter of 12.5 cm. A small flux of A@bout
ane and ethyleneare useda-SiC:H alloys covering the full 3% of the H flux) was added along with the hydrogen in
compositional range up ta-C:H are prepared using both order to maintain a stable discharge. In order to study the
remote (by hydrogen excitationand direct activation of effects of alloying with carbon two carbon source gases:
methane and ethylene. In this study, the substrate temperazethane (Ch) and ethylene (¢H,) were used. The carbon-
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containing gases, methane or ethylene, were introduced dicated at 160° and 180° with respect to the incoming beam
ther through the manifold or through the soufes part of in the Cornell geometry. The spectra were analyzed using the

the excitation gas mixture with hydrogen standard softwar&ump for RBS?® and seNraS® for reso-
For comparisona-SiC:H films were also deposited by nant scattering in order to obtain the Si/C ratios.
capacitively coupled radio frequencyf) (13.56 MH2 Room-temperature electron-spin resonafi€8R mea-

PECVD in a parallel plate configuration in the same reactorsurements in th& band on films on Pyrex substrates were
The deposition conditions were: substrate temperature afsed to evaluate the density of unpaired spins. The detection
200 °C, a deposition pressure of 0.1 Torr and a rf power ofimit in the evaluation of spin density was below 10

10 W (~100 mW/cn?). Details about these samples can bespins/cmi. The incident power was less than 1 mW in order

found elsewherd. to prevent saturation. Bott) values and the density of spins
For each sample, films were deposited on two differentvere obtained by comparison with standard samples.
substrates simultaneouslit) Corning 7059 glass, for opti- Photoluminescencé&L) was measured to study the ra-

cal transmission, parallel transport measurements, photothediative recombination properties. Steady-state PL measure-
mal deflection spectroscopy and Raman spectrosc@®)y; ments were performed at room temperature with a SPEX
double-side-polished100) Si, for infrared (IR) spectros- Fluorolog system. UltravioletUV) light from a Xe arc lamp
copy, photoluminescence and hydrogen evolution measurés focused onto the sample through a 0.22 m monochromator
ments. Selected samples were also deposited on Pyrex faith a 1.25 mm slit(giving an excitation bandwidth of 4.5
ESR characterization. nm). The sample is placed at an angle of approximately 50°—

75° with respect to the incident excitation light. The resulting

photoluminescence is collected by a 0.22 m double mono-
B. Film characterization chromator with a 1.25 mm slifgiving an emission band-

The band gap of the films is determined optically bywidth of 2.25 nm coupled with a photomultiplier tube. Pi-
transmission measurements. The Tauc band Egp was cosecond time-resolved luminescence intensity decays were
extracted from &E)Y2=BTaU(E — Eop), Where theB factor obtained by the single-photon timing method with excitation
of the Tauc plot is a constan, is the absorption coefficient &t 310 nm from a Coherent 701-2 laser, delivering 3—4 ps
andE is the photon energy. For high carbon contérigh- pulses(_~40 nJ/pulsgat a frequency_of_3.4 MHz. Detection
band gap samples, however, the Tauc method is difficult toPY @ microchannel plate photomultiplier was performed by
interpret because the linear region used for fitting the Tau®2Ssing the emission through a depolarizer and then through
formula is reduced and because of the very wide band tail@ Jobin-Yvon HR320 monochromator. The instrument re-
For this reason in all sampld&,,, which is defined as the SPONSe function had an effective full width half maximum
energy where the absorption coefficient is equal tbcr 2, (FWHM) of 3040 ps. The decays were best fitted by a sum

was also obtained from transmission measurements. Phot8f three exponential decays. The average decay time is the
thermal deflection spectroscopfDS was used to measure weighted average of the decay times of the three exponential

the subgap absorptidA.The PDS spectra were normalized d€€ays , _ ,
to the absorption spectra measured by transmission. The Ur- nfrared spectra were measured using a Nicolet Fourier

bach energyE, was extracted from a fit of the exponential transform infra_red (FTIR) spectrometer. The resul_ts are
tail of the PDS spectrum tee= a, exf(E—E,)/E,], where quoted for the integrated absorptiofix/w dw, of a given
ay andE, are constants. band. Infrared spectroscopy has been extensively used to

Photoconductivity o, was measured on coplanar Cr study the bonding im-SiC:H alloys. Table | summarizes the

contacts with 6 mm length, 1 mm separation, and approxif"SSignmemS generally associated with some of the bands

mately 1000 A thickness. The light from a 250 W tungsten—c0mmonly observed. ,
halogen lamp is passed through a bandpass filter, the wave- Hydrogen evolution measurements were performed in a
length of which depends on the band gap of the film and igurbopurgged high-vacuum apparatus having a base pressure
chosen to ensure approximately uniform carrier generatioff 410~ Torr. The samples rested in a metal-sealed quartz
throughout the thickness of the film. The generation rate idUP& which was placed inside a tube furnace. A thermo-

calculated from the response of a calibrated Si photodiod&°UP!e was used to measure the sample temperature and a
located next to the sample. For the purpose of comparisoﬁO”Sta”t heating rate of 5 C_/m|n was used. Hydrogen partial
between samples;,, measured at a carrier generation 1Gte  Préssure was measured with a quadrupole mass analyzer,
of 1% cm3s 1 is quoted. Dark conductivityy was mea- which was also used to monitor variations in the pumping

sured in a perpendicular configuratiometala-SiC:H/metal ~ SPeed of the turbopump by recording the pressure of an in-
or doped-crystalline silicoa/SiC:H/meta). active gas, whenever needed. Rates of hydrogen evolution

The ion beam analysis measurements were performef(ﬁom the films were obtained from the pressure thermographs

using a 3.1 MV Van de Graaff accelerator. The Si/C ratiosd"d Were normalized to per unit volume of film.
were determined by Rutherford backscattering spectrometry

(RBS) of 2.0 MeV He" ions for most of the fiim$® For  |II. RESULTS

samples with C contents too low for detection by RBS theA D . d fil "
elastic scattering resonance of protons at 1.75 MeV was used eposition rate and film composition
to enhance sensitivity/. In both cases the spectra of back- Figure 2 shows the deposition ratgas a function of the

scattered ions were recorded using surface barrier detectoratio of the flux of silane to that of methane or ethylene.
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TABLE |. Summary of IR absorption band assignments.

Band(cm™1) Modes References
630 Si-H wagging 51
670 (1) Si—H, wagging 35,52
(2) Si—C stretching 51,53
(3) both 1,37
770 (1) Si—C stretching 35,51,52
(2) Si—CH; rocking or wagging 1,37,51,52,53
(3) Si—CH; stretching
22,37
850-890 Si—H bending 51,54
1000 CH, wagging and/or rocking 1,22,35,37,52
1600 sp? C=C stretching 53
2000 Si—H stretching 37,52
2100 Si—H stretching 22,35,37,52
2870 sp® CH, (symmetrical 47
2900 sp® C—H, 5 stretching 1,35,37,55
2920 sp® CH, (asymmetrical 47,48
2956 sp? CH, (olefinic) 47
3045 sp? C—H stretching 48,55

When the carbon source gas is introduced through the mani-
fold [Fig. 2(a)] ry4 decreases with decreasing flow of silane,
saturating at 4~0.2 A/s for silane to carbon source gas ra-

tios below 0.25. The values of; are similar for both carbon
source gases when the gas flow ratio is above unity, andashed line indicate the carbon atomic fraction expected if the ratio of the

about 50% higher for ethylene than for methane for gas flo
ratios below unityry shows a very different behavior when
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FIG. 3. Carbon atomic fractiofC/C+Si) in the a-SiC:H alloys measured
using RBS, as a function of the gas phase flow ratio of methane or ethylene
to the sum of the flows of silane and methane or ethylene. The solid and the

V\;;ilicon-to-carbon atoms in the gas phase is kept in the solid phase for meth-

ane and ethylene-containing gas mixtures, respectively.

the methane or the ethylene is introduced through the ECR
source as part of the excitation gas mixtlirég. 2(b)]. In
this case, the values af; for gas flow ratios below unity
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remain approximately constant and are approximately two
times higher for films deposited using ethylene than for films
deposited using methane. For the same gas flow ratios below
unity, r 4 is higher for films deposited with the carbon-source
gas introduced through the ECR source than for films depos-
ited with the carbon-source gas introduced into the deposi-
tion chamber via the gas manifold.

Due to the introduction of carbon-source gases through
the source, significant carbon deposition occurred inside the
resonance chamber of the ECR source. This was also true
even when the carbon-source gases were introduced into the
deposition chamber via the gas manifold due to methane or
ethylene backflow. In both cases, silane backflow contributes
to silicon deposition inside the ECR source. This deposition
inside the source resulted in an increasing reflection of the
input microwave power with accumulated deposition time
and eventually caused the plasma to turn off. Consequently,
the values of 4 obtained for each sample showed some de-
pendence on the ECR chamber history prior to deposition
and this explains the scatter observed in Fig. 2. A postdepo-
sition cleaning discharge of ArfHvas found to significantly
increase the time between shutdowns.

The carbon atomic fraction x& C/(C+Si)) in the
a-SiC:H alloy films, plotted as a function of the correspond-
ing gas phase flow ratio of methane or ethylene to the sum of

FIG. 2. Deposition rate, plotted as a function of the gas flow ratio of the flows of silane and methane or ethylene, is shown in Fig.

silane-to-methane or ethylené) samples deposited with the methane or

ethylene introduced through the gas manifdld), samples deposited with
the methane or ethylene introduced through the ECR source. Inf&ahd
(b) the leftmost samples a®C:H and were prepared without the addition

of silane.

3. Also shown are the expected carbon atomic fractions in
the film if the gas phase fraction of carbon to silicon atoms is
preserved in the solid phasésolid line for methane-

containing gas mixtures, dashed line for ethylene-containing

Downloaded 15 Nov 2004 to 193.136.128.7. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 85, No. 6, 15 March 1999 Conde et al. 3331

3.6 cen
] 1000 L] CH, source
. o ° . ® CH, source
344 ® ECR o p ] I o manta
o CZH‘manlfold
A o ] {. . s
27 - goo{ o ©
- . - | oo
B L e i'“';'f"'(, D% o
3.0.7 o = o m ';D v o
D g — u '
) ¥ oo " ol © "R
] v o a '> [e 4 ‘D
- ’ & 1 8 % Pw v
— n o,’ K by ]
> 1 . v
= 267 ’ 2 E o m Oe
p- n l.unp o o < ‘3‘. o v .
i T ',,‘ // E 400_ . _ N
244 . e B N .
L . o . -
iy e o
A / ] A . .
22 < O 0w
°% o 200 'Y
’ vo .
/ ] £
2.0 ’
//
18
] 0
T T T T 1T T 20 2.5 3.0
0.0 02 04 06 08 1.0 E V)
i 04
C/(C+Si) (RBS)

FIG. 5. B factor from the Tauc plot plotted as a function of the band gap

FIG. 4. Band gafEy, as a function of the carbon fraction in the filnt ( Eos. Solid symbols are for ECR-deposited and open symbols for rf glow
=C/C+Si) from RBS. Also shown, for comparison, are results for gischarge-depositea-SiC:H alloys.

a-SiC:H deposited using rf glow dischargepen symbols Linear regres-
sions of the data are shown for EQiotted ling and rf (dashed ling
samples. These linear regressions were calculated<f@.5 andx>0.6.
the carbon content of the film. This assumption cannot be
used for carbon atomic fractions above 0.6, for which a ten-
gas mixtures Figure 3 shows that the atomic fraction of dency to a saturation of the band gapEa,=3 eV is ob-
carbon to silicon atoms in the gas phase is approximately theerved. The band gap of treSiC:H alloys deposited by
same as that fraction in the film when the methane or thé&CR is systematically~0.2 eV above the band gap of the
ethylene are introduced through the ECR source. When tha-SiC alloys deposited by rf glow discharge for carbon
ethylene or the methane is introduced through the manifolé@tomic fractions below 0.6, beyond which they are approxi-
the atomic fraction of carbon to silicon atoms in the film is mately the same.
smaller than the same fraction in the gas phase. In particular, Figure 5 shows that thB factor from the fit of the Tauc
when the methane is introduced through the manifold, therequation decreases with increasifg,. The B factor has
is essentially no incorporation of carbon in the film up to abeen previously taken as a measure of the structural disorder
methane to a total gas flow ratio of 0.7. of the a-SiC:H films, in the sense that a higher value Br
Figure 3 strongly suggests that when the methane or ettwould indicate a lower degree of structural disortfet The
ylene is introduced through the ECR source, there is enB factor has also been related to the inverse of the
hanced direct excitation of the carbon-containing moleculesonduction-band-tail widtf Figure 5 shows thaB de-
by the ECR electrons in the ECR resonance area. It is posreases from a valuB~800 cm Y2eV "2 at E(,=2.0 eV
sible that when the carbon-source gas is introduced via theypical of unalloyed rf glow discharge-Si:H) to a value
manifold, the formation of carbon growth precursors pro-B~150-300 cm*2eV 2 for Eq,=2.6 eV. This last low
ceeds mainly via collisions of the methane or ethylene molvalue was attributed to a change of the band-edge character
ecules with silane radicals created by ECR electrons. Howfrom Si-Si-like to C—C-like*® Figure 5 shows that th&
ever, as the flux of silane approaches zero, a finjtes still factor for a-SiC:H deposited by ECR and by rf glow dis-
observed in this case, indicating a contribution to filmcharge follow approximately the same dependencdgn
growth from gas precursors produced either directly by gasThe a-SiC:H alloys which show photoluminescence visible
phase collisions of the ethylene and methane molecules witwith the naked eye at room temperature are those for which
the plume ECR electrons in the deposition chamber or in th®<300 cm ¥2eV~2 Figures 4 and 5, taken together, show
ECR resonance area because of gas backflow. that the values oB for a-SiC:H alloys deposited by ECR are
~100 cm Y2ev Y2 smaller than those foa-SiC:H alloys
deposited by rf glow discharge for the same carbon fraction
(for x<0.5-0.6). Fox=0.5—-0.6 both types of alloys show
Figure 4 shows the optical band gdf,,, as a function approximately the same value Bf
of the carbon atomic fractiofC/(C+Si)) in the a-SiC:H al- The subgap absorption spectrum of #@&iC:H alloys
loy films. A roughly linear correlation is observed betweenprepared by ECR depends on the carbon content in the film.
Eqy4 and the carbon fraction in the film. This figure indicatesAs the silane-to-methane or ethylene gas flow ratio is re-
that it is appropriate to use the band gap as an indication aluced, the absorption spectrum goes through a series of

B. Optical absorption
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FIG. 6. (a) Absorption spectra measured by PDS- of ECR-deposited g L.p‘:' ‘3 A ECR
a-SiC:H alloys prepared by introducing ethylene into the deposition cham- 1 %0 & . ® CH, source
ber different silane-to-ethylene gas flow rati@s. Absorption coefficient at 100 D‘ﬁ & : gﬁH' 5°“"f°7d
2.5 eV(open circlesand 1.5 eV(solid squaresplotted as a function of the 1 o & A ¢ H":::];old
band gapEo,. . o o RE
changes which are common to all four series of samples 0 T———————————r———r—
studied. These changes in the subgap absorption spectra de- 20 25 3.0 3.5
pend only on the amount of carbon incorporated in the film: Ey (&V)

for Si-rich a-SiC:H alloys the subgap spectra have the same

features as that af-Si:H, with an exponential Urbach tail for F!C- 7. Urbach energi, plotted as a function of the band gég, . Solid
energies beloviEy, and a deep defect absorption shoulder atfji?g;i;fgigfaﬁggepos'ted and open symbols for f glow discharge-
lower energie$one example is the curve for sample C688 in ' '

Fig. 6@]; as the carbon content increases, the spectrum. ] ) ]

keeps the same overall shape but the Urbach tail becomédds. 5 and 7 together, there is a Ilne.ar correlation between
wider and the deep defect density incredshis can be seen Eu @nd theB factor of the Tauc plot which, frl?zm out results,
for sample C524 in Fig. @]; as the carbon fraction in- 9ives the relatiorE,(meV)=311-0.28 (cm eV ?) for
creases beyond 0.5, the absorption spectra initially stilf® _rI/zsan_wBIes and a very simild,(meV)=303-0.28
shows an Urbach tail and a deep defect absorption shouldéf™ &V ) for the ECR samples. This would suggest
but, while the Urbach tail width reaches a maximum value,that the local defects related to microstructural disorder re-
the deep defect density decrea$is Fig. 6(a), this corre- sulting from alloying \{vith cgrbon dominate the overall de-
sponds to sample C4%3inally, for the highest carbon con- fept structure of the film. Figures 5 and 7 suggest that the
tent films the deep defect density shoulder is no longer obdisorder of the networkas represented by tligfactor of the
servable and the absorption spectrum is approximatelj@uc plot andE,, respectively does not increase signifi-
exponential[as can be seen for sample C454 in Figp  cantly above GC+Si)~0.5. A change in the carbon envi-
Figure Gb) shows the absorption coefficient at 2.5 fM2.5 ronment ha}s been previously pr'oposed for carbon frgcthns
eV)] and 1.5 eV[a(15 eV)] as functions ofEy,. While 2%26—0.6, in good agr_eemen'g with the results shown in Fig.
«(2.5 eV) decreases exponentially Wi, a(1.5 €V) in- 72> qu carbon atomic f_ractlons smaller th_an 05 the_car-
creases rapidly upon initial carbon incorporation, reaching £0n Partially incorporates in the form of terminating configu-
maximum aroundEqg,~2.6 eV. Above this value oE,,, 'ations consisting of methylor ethy) groups, longer
(1.5 eV) decreases slowly with increasifig,. 1.5 eV has polyethylgne—hke chaln_s orin b.rldglng cpnflgurgtlons, with
been previously considered as the upper limit for the energ$’® dangling bonds being dominantly Si dangling bof(ds.
of the states responsible for nonradiative recombination be!Nis occurs because the C—H bond is so st@ng eV) that,
cause this is a value below which the room-temperature PRt the substrate temperature us2do °0, the H cannot re-
efficiency is negligiblé distribute to promote network formation. In this case, a non-

Figure 7 plots the Urbach enerdy, measured by PDS equilibrium, kinetically limited growth results in a highly
as a function oE,,. E, increases roughly linearly witEo, disordered structure. For carbon fractions above 0.5, the
up to 2.6 eV for rfa—Sié:H alloys and up to 2.8 eV for ECR structure becomes polymer-like. In these films, C defects are
a-SiC:H alloys and beyond that, it remains approximatelydom'”a”t and, at a carbon fraction of 0.5—-0.6, the onset of

constant around 22550 meV. ForE,, above these values, sp? sites Sforming 7-bonded graphitic clusters has been
which correspond to a carbon atomic fraction in the film ofPredicted’® Thesem-bonded C clusters have a density of

>0.5, E, remains well above 150 meV for all samples. Fig- Sttes symmetric around midgémand could justify the satu-
ures 4 and 7 taken together indicate that the dependence Bition of the optical gap.

E, on the carbon content is independent of the techniqu
used to deposit the film. It has been suggested HEats
related to local structural disorder, whieis related to over- Figure 8 shows that botlr,, and oy of ECR and rf
all structural disordet* As would be expected from taking a-SiC:H alloys decrease exponentially with increasifyg,

%. Dark and photoconductivity
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up to EO4~_2'6_2_'8 eV, which CorreSponds rothIy toa car-gg, 9. Steady-state photoluminescence emission spectra, measured at room
bon atomic fraction of 0.5-0.6. The,, decreases from 10 temperature, of representatia@SiC:H alloys deposited by ECR. Also
to 101 O tecm ! and o4 decreases from 13° to 10716 shown, for comparison, is the spectrum fora8iC:H alloy prepared using
Q YemL In this band gap range, the photo-to-dark photo-rf glow discharge. All samples shown hakg,~3.0 eV.
conductivity ratio remains approximately constant-at(®.
As the carbon content in the-SiC:H alloys increases, the
mobility-recombination lifetime product Ej/ro s rapidly. For around 156:25 nm for all samples that showed room-
Y P P pICY. temperature PL in this visible range. No well defined char-

carbon atomic fractions below 0.5, a decrease of lifetime is o . o -
. ! . acteristic line shape could be identified. The position of the
expected due to the increase Bf (Fig. 7) and, in conse-

quence, an increase in the density of deep defects in the g luminescence peak was at essentially the same energy for all

o : aI‘Blmlnescent samples deposited using a given set of deposi-
In addition, an enhancement of the cross section of the re: " . . . .

o . tion conditions(i.e., for samples deposited using either eth-
combination centers due to charging effects could also con-

tribute to the lifetime decrease. FBp,>2.6-2.8 eV o, is ylene through the source, ethylene through the' manifold or
below our detection limit of around 16 Q *cm™?, andoy methane through the §ouﬂceThe PL peak position fa”S.
scatters between 18 and 1077 O-Lem ™ This scatter _ 0:0 €V belowEosand s centered around 2.3-2.4 eV. This
may be due in part to errors in the perpendicular dark cont> M contrast with the dep_enden_ce of the peak position on
Eos Observed for rf-deposited-SiC:H alloys®* The data

ductivity measurements caused possibly by small pinholes Osryggest a dependence of the PL peak energy on the deposi-

shorts. For carbon atomic fractions above 0.5, a decrease ﬁon conditions: 2.35 eV for ECR-SIC:H alloys deposited

mobility is also possible if the carriers responsible for the .
hotoconduction are no longer drifting at the mobility edge using methane through the source, 2.31 eV for alloys depos-
P iited using ethylene through the source, and 2.21 eV for al-

but instead are hopping in the wide band tails. Different

mechanisms could be envisioned for the dc conductivity ogoys deposited using ethylgne through the manifold. In gen-
) . . eral, samples deposited using methane through the manifold
high-band gap-SiC:H alloys, such as variable-range hop-

. . . : .. did not show strong visible PL.
ping, transport in band-tail states, hopping between graphite Figure 10 shows the average decay timg, of repre-

like clusters or multiphonon tunnelirid.The available trans- sentative ECR-depositeatSiC:H alloys. The alloys studied

ort data, taken at room temperature, do not allow us to drayw .
P . : Smp had a carbon content of approximately 0.8 &d~3.0 eV.
any conclusion at this point. j

The decay times increase approximately linearly with de-
creasing emission energy and are in the range of 100—800 ps.
The samples in which the methane was introduced through
Figure 9 shows the room-temperature, steady-stBte, the source(C673 and the ethylene was introduced through
emission spectra of representative ECR-depos#®IC:H  the manifold(C629 have 7,4 approximately 200 ps higher
alloys. The half width of the PL peak was relatively constantthan for the sample in which the ethylene was introduced

D. Photoluminescence
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o CzH4 RF
1016 +——————r——17—
through the sourcéC674. Thea-SiC:H alloy prepared using 25 3.0
rf glow discharge has a stronger dependence,gfwith the E04 (eV)

emission energy than the EGRSIC:H alloys. In both of the

experiments reported in Figs. 9 and 10, the excitation eneirIG. 11. ESR spin density plotted as a functiorgf. The encircled points

gies are in the range of 3.5—4 eV. Figure 9 shows that ther@'{ggpfnqﬁst‘;ﬁzfzgiasSWEOS;SSEE ‘f’;”;'lt(':e; Waﬁ;esbz':";;‘tgddgte?gg limit

IS n_o change n _the steady-state PL er_mssmn in this range hile the op.en symbols );re for films depos-ited us)ing rfpglow dis?:/harge‘.

excitation energies. The short decay tinfleslow 1 n$ sug-

gest that the optical excitation creates electron—hole pairs in

Strongly localized excited states, rather than above the MGimes with decreasing emission energy may be due to a

blllty Edge, where the carriers are free to diffuse and to fincgma”er rate of tunneiing or hopping to neighboring states

nonrecombination centef§-*? (nonradiative recombinatiordue to the smaller density of
As mentioned above, for Si-rich-SiC:H, the structure states available. The overall picture of PL emerging from

of the films is expected to be mainly a tetrahedrally coordi-Figs. 9 and 10 is similar ia-SiC:H alloys deposited by ECR

nated amorphous network of Si—Si bonds, with the C atomgnd rf in agreement with their overall similar density of

incorporated in a terminating or bridging configuration. In states in the gap, but the stronger dependence of faen

this case, the PL mechanism is eXpeCted to be similar to thq.he emission energy and the dependence of the peak energy

observed ina-Si:H, in which tunneling between localized on the carbon content for rf samples suggests that details of

states is involved with long radiative lifetimes and a strongthe density of states may be different.

temperature dependent®in this case, the main recombina-

tion channel is through the Si dangling bond. The ECR

samples that show room-temperature PL are those whicﬁ' ESR

have carbon atomic fractions in the film above Qcbrre- Figure 11 shows the ESR spin density of #&iC:H

sponding toE, ,>2.7 eV, B<300 cm Y2eVv %2 E,>150 alloy as a function of,,. This corresponds to the density of

meV). At this high carbon fraction, the PL was attributed in defects with an unpaired spin. Silicon-riehSiC:H alloys

rf a-SiC:H alloys to emission resulting from monomolecular show spin densities- 108 cm™3. As theE, increases above

recombination of the photogenerated electron and hole whicB.8 eV (corresponding to a carbon fraction0.5-0.9, an

are localized in the same region in real space and recombirabrupt decrease of the spin density to below’1dn 3 is

radiatively. In this case, the PL shows short lifetime, weakobserved. For this set of samples, only those whose ESR spin

temperature dependence and relatively high efficiency, and idensity was below %10 cm 3 showed efficient room-

not quenched by electric field&*4 The wide-band tails ob- temperature PL. In Fig. 11, the group of samples encircled

served in these films should induce a fast thermalizatiomhad spin densities below the detection limit of the ESR and

which would reduce the influence of carrier diffusion andthe upper limit of the spin density was plotted.

localize the photogenerated pair. The recombination would The states near the Fermi level control the nonradiative

then correspond to the recombination of electron—hole pairsecombination processes of electrons and holes. In high-band

with completely overlapping wave functions forming a gapa-SiC:H alloys, these states can be states arising from C

trapped excitoff® The localization would be helped by the =-state band tails, Si and €dangling bonds, G p? isolated

small dielectric constant of the high-band gaiC:H alloys  dangling bonds, anér states due tep? clusters made up of

(the index of refraction is around2). The range of emission an odd number of atoméamely, fivefold and sevenfold

energies in Fig. 102—3 e\) corresponds to a region of rap- aromatic rings>**46 These nonradiative recombination

idly varying density of state&Fig. 6). The increase in decay centers can be ESR active and/or optically actfué. pro-
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FIG. 13. (a) The ratio of integrated absorption of the 2900 and 2100%cm
infrared(IR) absorption bands for ECRSIC:H alloys plotted as a function

. . . P of the band gajE,,. (b) The integrated absorption of the 2900 thiband
portionality betweerx(1.5) and the density of nonradiative plotted as a function of the band gdfy,. The solid symbols and the open

centers has been found farC:H films deposited by rf and  sympols refer to ECR-deposited and rf-deposize8iC:H alloys, respec-
sputtering. If this behavior is maintained for C-riakSiC:H tively.
films, since the density of nonradiative recombination cen-
ters {which is proportional to the optical absorption below
1.5 eV[Fig. 6b)]} is larger than the ESR spin density, then tion of the 2900 and 2100 cm IR absorption bands arit)
ESR inactive centers located close to the Fermi level may bthe integrated absorption of the 2900 ‘thband as a func-
present and play a role in the nonradiative recombingfion. tion Eq,. The 2900 cm® band has the same dependence on
Although the proportionality constant betweeril.5) and Eg,for ECR and rfa-SiC:H alloys. There is an increase from
the density of nonradiative recombination centers is not-1to 20 cm ! asEg, increases up to 2.8 eV, and it remains
known, the decrease in(1.5) shown in Fig. 6b) appears to approximately constant fd€,,=2.8 eV. If the proportional-
be significantly slower than the decrease in ESR spin denity constant between the number of oscillators and the inte-
sity. This suggests the predominance of optically active cengrated absorption is chosen to be 2:3BF! cm %% then the
ters (tails of doubly occupiedr states andgp? clusters with  hydrogen concentrations bonded to C—H can be roughly es-
an odd number of atoms timated to vary between 2% and 50% for #&iC:H alloys
studied. The 2900/2100 cm ratio, on the other hand, is
approximately the same-1) for ECR and rfa-SiC:H alloys
with Ey,=2.8 eV, decreasing witkg, for the ECR samples
Figure 12 shows the ratio of integrated absorption of thdor Ej4,<2.8 eV and for rf samples foEy,<2.6 eV. This
2900 and 2100 ci' IR absorption bands as a function of the difference between ECR and rf disappears if, instealflof
flux of silane to the flux of methane or ethylene. The bandghe carbon fraction in the film is uséHig. 4). The difference
centered around 2900 and 2100 Cnare associated to vi- between Figs. 1@) and 13b) results from a higher absorp-
brational stretching modes of carbon bonded to hydrogetion in the 2100 cm? band for ECR than r&-SiC:H alloys,
and silicon bonded to hydrogen, respectiv€ligble ). An  as can be seen in Fig. (B}. For ratios of the 2900 and 2100
approximate inverse proportionality between the ratio of theem™! bands smaller than 1, which, according to Fig(al3
2900 and 2100 cmt bands and the ratio of the fluxes of correspond tdEy,<2.8 eV (which, according to Fig. 4, cor-
silane and methane or ethylene is observed. To the extenéspond to carbon contents below 0.5-0.6 and, according to
that the ratio between these two bands reflects the carbdfig. 5, correspond to values of tigefactor of the Tauc plot
incorporation in the film, it can be observed that for the samebove 400 cm'?eV~1?), the ECRa-SiC:H alloys show sig-
gas flow ratio, the highest carbon fraction is incorporatedhificantly increased Si—H stretching absorption. Figur@jl4
when ethylene is introduced through the source, followed byhows that the integrated absorption for the 770 tivand,
methane through the source, ethylene through the manifoldyhich is associated with a Si—C vibrational madee Table
and finally, methane though the manifold, in agreement with) has a maximum for 8 factor of the Tauc plot o400
Fig. 3. cm *2ev~12, corresponding to carbon fraction~0.5, de-
Figure 13 shows botfe) the ratio of integrated absorp- creasing for both lower and higher values of the 2900/2100

F. Infrared absorption

Downloaded 15 Nov 2004 to 193.136.128.7. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3336 J. Appl. Phys., Vol. 85, No. 6, 15 March 1999 Conde et al.

1 nu l n 1 ) x=CH‘ 20.80 (manifold)
108 4 '.-: L .-. . (a) 1.2 f=x/(SiH4+x) =C,H, £=0.50 (source)
] [ ]
] "a00 Mo m ]
- w00 @B .’ 1.0 5
4 ° by “:l R
LE:|02 4 © ‘% Q° ° .coo g 0.8 T1  x=C_H, f=0.95 (manifold)
o ] o® ° o® & |03 maniod) oot
’r: ] ° o %00 g; 0.6 4 ¥=CH, =025 (saurce) ‘."‘.‘I\:i"" £=0.91 (source)
1l = -
1y 2 E‘FJR o S 0.4
] o ] .
° 21 ’
I T M L] v T ’ 4
3 7
10°3 b 0.0
p T T v 13 v T T T v ¥ M
] ( ) 0 200 400 600 800 1000
1023 s " " - " o Temperature (°C)
.E ] Ly ) o !° .0 o 000 . .
(S B 040" o® o % o8 o FIG. 15. Hydrogen evolution spectra of EGRSIC:H alloys. Spectra shown
14 Wo ©Co o ° °© are characteristic of Si-rich alloyx 0.5, open circles and squayg€-rich
0y , m
3 alloys (x>0.5, open trianglésand alloys with a carbon fraction .
S ° 8° I 0.5 ianglgsand all ith bon fraction 6£0.5
1 % (dark circles and squares
1003 o
i o
— T T T T T 1T
200 400 600 800 <2.8 eV, and remains constant around 700 °CHgs=2.8
BTauc (cm-1/2gV-1/2) eV. The highT peak starts at~-600 °C and reaches 800 °C

_ _ , for Egs~2.6 eV before reaching the maximum temperature
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B factor from the Tauc plot. observed between the rf and EGFSIC:H alloys.

cm ! ratio (and hence, for the high and low values of carbonlV. DISCUSSION

atomic fraction in the film Figure 14a) shows that the Si—C . .
absorption is significantly higher for ECB-SIC:H films, S.-(I;hﬁ ?Iptlcal, struc':jural_ ancéctéansport p_r(c;pertles Off
particularly in the Si-rich range. a-SiC:H alloys prepared using over a wide range o

No C—C or C—Hsp? bonds were observed using FTIR. deposition _condltlons vv_er.e presented in S_ec. lll. The _phyS|-
cal properties of th&-SiC:H alloys are mainly determined

In particular, no significant absorption in the spectral rang . .
above 3000 ' was observed. Raman spectroscopy did no}y the silicon-to-carbon ratio, the hydrogen content of the

reveal the presence of any C—C bonds. Both of these met i-'”.‘s' and the.silicon, hydrogen and carbon bonding configu-
ods are limited in their sensitivity. One must keep in mindratlons. Ina-SiC:H alloys, these factors are all closely con-
that a major drawback of IR analysis is that only those car-

bon atoms carrying at least one hydrogen atom are detect-

able. Nuclear magnetic resonan¢®MR) investigations 8001 i o

have shown that the amount of carbon not bonded to hydro- e /g 0o

gen can be as high as 65% and that hydrogen is preferably ] !

bound tosp® carbon?® 700 o o

G. Hydrogen evolution

Figure 15 shows characteristic hydrogen evolution spec- 600 *
tra of ECRa-SiC:H alloys. There is a main evolution peak
(low-T peak whose position shifts upward in temperature as
the carbon fraction in the film increases. For the Si-rich
films, a second evolution peak can be obsertnegh-T peak
which shifts to higher temperatures as the carbon fraction
increases. This peak eventually leaves the measurement 400
range ([ na=900°Q. The low evolution temperatures ob- T e
served suggest that the Iolvpeak results from desorption |
from voids or grain boundaries. The highpeak could result B —
from effusion from the bulk of the film, limited by the dif- 20 25 3.0 35
fusion of atomic hydrogen.

Figure 16 shows the dependence of the hydrogen evolu-
tion peak position offty,. The low-T peak position increases g, 16. H, evolution spectrum peak position as a function of the band gap
approximately linearly withEy, from 400 to 700 °C folEy,  Eg,.

peak position (°C)
[

500 L

ECR, high T peak
ECR, low T peak
RF, high T peak
RF, low T peak

H_ evolution

eOmBRD

Bandgap E04 (eV)
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nected and determine the density of states of &f&C:H Alternatively, the polymer-likea-SiC:H alloys may con-
films. All the measured properties of the film correlate, atsist of a single interacting system, rather than a set of weakly
least partially, with the density of states. interacting clusters with their own internal states, and it may

rf-depositeda-SiC:H alloys with low carbon content be more appropriate to treat it like a conventional amorphous
have an Sisp® skeleton, with the carbon incorporated semiconductor, with disorder-induced band tails, mobility
mostly in —CH; bond terminating configurations. However, edges and extended stafés.
when deposited by ECR, the increase in Si—C absorption
observed by IRFig. 14a)] and the lower carbon content for
the sameE, relative to rf films(Fig. 4) indicate that addi-
tional carbon is incorporated substitutionally in the silicon The optoelectronic and structural properties of hydroge-
matrix. As the carbon concentration increases to 0.5, @ated amorphous silicon—carbon allofsSiC:H) prepared
smooth transition occur€y, (Fig. 4), E, (Fig. 7), the ESR by low-power ECR using hydrogen dilution and a grounded
spin density(Fig. 11), the temperature of the hydrogen evo- substrate were studied over the entire compositional range of
lution peak(Fig. 16), and the integrated absorption of the carbon content. The carbon content was varied by using dif-
C—H stretching ban@Fig. 13 increase, while th® factor of ~ ferent methandor ethylene)-to-silane gas phase ratios and
the Tauc ploi(Fig. 5, o (Fig. 8), anday, (Fig. 8) decrease. by introducing the methan@r ethyleng either remotely into
With high carbon contentsx&0.5—-0.6), visible PL appears the plasma stream or directly through the ECR source, to-
(Fig. 9 and these variables remain approximately constangether with the excitation gaghydrogen. Although the
all the way toa-C:H, independently of the Si concentration. deposition rates and the carbon incorporation depended
This suggests that the density of states Xer0.5 is con-  strongly on the mode of introduction of the carbon-source
trolled by the bonds formed by the carbon subskeleton. Mos#as, no significant difference in the properties of &H8iC:H
likely, the Sio bonds are mostly with C and occur at higher alloys with the same band gap was observed. The properties
energies. Other variables show a more gradual variation witRf the ECRa-SiC:H alloys studied are comparable to those
the carbon content, such as the integrated absorption of tH¥ alloys deposited by rf glow discharge with the same band
Si—C bandFig. 14a)], showing a maximum at~0.5 and  9ap- The m_ost significant difference was the enhance_ment of
the subgap optical absorptidRig. 6, Sec. Il B. the absprptlon bands at 21OQ and.770.’&rrcorrespond|r_19,

The ECRa-SiC:H alloys withx=0.5 exhibit polymer- respectively, to Si—H and Si—C vibrations observed in the

like characteristics such as a wide optical band gap and thdyCR @SIC:H alloys.

exhibit intense room temperature photoluminescence in the | N€ atomic fraction of carbon to silicon atoms in the gas
visible range. Polymer-like-C:H is softer than diamond- phase is approximately the same as that fraction in the film

like carbon(DLC) because of their larger hydrogen contentWhen the methane or the ethylene are introduced through the

(50%—60% instead of 20%—30%The polymer-like form ECR source. When ethylene is introduced through the mani-

has efficient photoluminescence because it is not hargOId the carbon incorporation in the film is reduced and is

- : imilar to that observed in rf glow discharge. When methane
enough to exhibit too many dangling bonds and not too soff_ . ) . .
. o . . Is introduced through the manifold the carbon incorporation
to lose its excitation by self-distortidf.

It is tempting to consider, foa-SiC-H alloys with high in the film is strongly reduced and is below that observed in

rf glow dischargeE,, increases approximately linearly with
carbon content, the model developed for amorphous carbg g 9o =04 PP y y

C-H). which i v thouaht t ist of i CtrPIe carbon fraction in the film up tx~0.5-0.6. For
(&-C:H), which Is generally thought o consist of sma x=0.6, a tendency toward a saturation of the band gap at
sp?-coordinated clusters embedded ia@-coordinated ma-

' : 3 : Eqs=2.8 is observed. The Urbach tail enery and theB
trix. Tetrahedrally coordinated atomsf® hybridg would ¢ tor of the Tauc plot correlate Withy,. Up to Egs~2.8

allpyv three-dimensional crosslinking. In this model, 9ra-ev, E, increases monotonically from 50 up t6200 meV,
phitic clusters composed af states ofsp?-bonded carbon while the B factor decreases from-800 down to ~200
with 7 valence andz* conduction states form the band .y,-12oy-12 Apgve Eos~2.8 eV, bothE, and B remain
edges determining the optical propertiesich as the optical ggsentially constant. The deep defect density increases
. S " .
gap since th?gﬁ% transitions occurs at much higher ener- sharply with initial carbon incorporation, decreasing slowly
gies(>3 eV).""""®A first consequence of this model is that for x=0.3. The photoconductivity and the dark conductivity
the optical Tauc gap arifly, do not necessarily have a direct decrease exponentially with,, and are below 10'* and
connection to the mobility gaff.In this model, the larger the —10-15 1 cm L, respectively, wheiEy,=2.8 eV. Visible
clusters, the smaller the band gap. The relatively high bangoom-temperature photoluminescence is observed vitign
gap and the wide tails observed in Figs. 4-8 are compatible-2.8 eV. The photoluminescence peak position lies an av-
with a structure with small and numerouss@? clusters in  erage of 0.6 eV below the value &h,. The decay times of
high-band gapa-SiC:H alloys, regardless of the deposition photoluminescence increase approximately linearly with de-
technique usedECR or rf glow discharge In the Csp? creasing emission energy and are in the range of 100—-800 ps.
model, the Urbach energy may reflect the distribution ofAn abrupt decrease in the ESR spin density to below 10
clusters, since the presence of 8y clusters will give rise  c¢cm™2 is observed for carbon fractions greater than 0.5-0.6.

V. CONCLUSIONS

to strong potential fluctuations of the band ed#fedhe For possible applications of the wide-band gafiC:H
range of different cluster sizes and local gaps would causealloys, namely in electroluminescent devices, it is crucial to
the density of states to tail into the gap. understand their carrier transport properties as well as the
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