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Hydrogenated amorphous silicon carbide-$%i; ,C,:H) films have been deposited using the
electron cyclotron resonance chemical vapor deposition process under varying negative rf-bias
voltage at the substrate. The optical and structural properties of these films are characterized using
Rutherford backscattering spectroscopy, transmittance/reflectance spectrophotometry, photothermal
deflection spectroscopy, Fourier transform infrared absorption, Raman scattering, and room
temperature photoluminescen@d.). These films deposited using a gas mixture of silane, methane,
and hydrogen at a constant gas flow ratio showed a slight increase in the carbon ftalstionery
obvious structural transformation, at increasing rf induced bias voltage frdénto —120 V. Near
stoichiometrica-Si; _,C, :H films with a carbon fractiorx of almost 0.5 are achieved at low bias
voltage range from-20 to —60 V. Visible PL with relatively low efficiency can be observed from

such films at room temperature. For larger bias voltages fréB0 to —120 V, slightly C-rich
a-Si;_,C,:H films (x>0.5) with larger optical gaps are obtained. These films have relatively
higher PL efficiency, and the relative quantum efficiency was also found to depend strongly on the
optical gap. Structurally, it was found that there is an increase in the hydrogen content and carbon
sp? bonding in the films at larger bias voltages. The latter leads to an increase in the disorder in the
films. The linear relationship observed between the Urbach erggggnd B factor in the Tauc
equation suggests that the local defects related to microstructural disorder resulting from alloying
with carbon dominate the overall defect structure of the films. Substrate biasing is noted to be
crucial for the formation of Si—C bonds, as deduced from the Raman scattering resul20010
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I. INTRODUCTION vapor deposition, the electron cyclotron resonance CVD

(ECRCVD) is a relatively promising technique that has been

(a-Si;_4C,:H) is an interesting material with various appli- adopted to pre?\para-Sh,XC.x:H flms due to its unique .
plasma properties such as high electron temperature and high

cations in solar cells, photoreceptors, and light-emitting di-~ > X
odes(LEDs).! As the band gap od-Si, ,C, :H can be con- ionization rate€® Another major advantage of the ECRCVD
. _Cy:

trolled by simply varying the carbon fraction, it is very technique is that the energy of impinging ions on the films
suitable as a material for multicolor visible LEDs. Nonthe- Surface can be controlled independently from the degree of
less,a-Si;_,C, :H alloy remains a rather complex system to Plasma ionization by applying a bias voltage to the sub-
characterize due to the variety of bondings and disorderstrates. This allows an extra degree of freedom in controlling
involved. Besides topological and compositional disordersthe plasma properties and has been fully made use of previ-
an additional source of variability derives from the ability of ously in preparing varioua-C:H films with properties rang-
carbon to formsp®, sp?, and eversp! hybridization. As a  ing from polymericlike to diamondliké.

result, the properties cd-Si;_4Cy:H are highly dependent Several works have been carried out on the effects of
on the choice of deposition technique and conditions. Aparhydrogen dilution and reactant gas ratio on the properties of
from the conventionally used rf plasma enhanced Chemicaé—Sil,XCX:H films deposited by the ECRCVD procesiin
contrast, the effects of bias voltage on such films have re-
dElectronic mail: erusli@ntu.edu.sg ceived relatively less attention. In general, dc or rf bias can
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TABLE |. The deposition conditions used and some properties 0&%, ,C, :H films deduced. The micro-

wave power was set to 100 W and the gas flow ratio of,SiH0% diluted in H):CH,:H, was set to 20:2:100

sccm. The deposition pressure and substrate temperature were kept constant at 22 mT and 30 °C, respectively.
E,4 denotes the energy at which the absorption coefficieistequal to 16cm 2, E4 andB are the Tauc band

gap and the coefficient, respectively, extracted from the Tauc equétios,the Urbach energy arf, is the

PL peak energy.

Sample  BiagV) Cfraction Eg(eV) Eg(eV) Eg(meV) B (cm *2ev )  Ey(eV)

SCJ21 —20 0.49 2.67 2.36 1742 8.2 751.2 2.11
SCJ22 —40 0.49 2.70 2.42 2238 8.7 687.4 2.13
SCJ23 —60 0.52 2.73 2.44 283312.6 624.3 2.14
SCJ24 —80 0.54 2.96 2.63 32983 9.8 520.6 2.36
SCJ25 —100 0.55 3.02 2.67 358410.7 438.7 2.40
SCJ26 —120 0.66 3.05 2.70 3704311.1 339.2 2.42

be applied to the substrate in an ECRCVD process, with thavith the beam in order to achieve a channeling geometry in
latter being most commonly used since it is less susceptibleshich the signal from the Si substrate was reduced by an
to charge built up on the growing film surface. In this work, order of magnitude or so. A 50 nfnsurface barrier detector
a-Si; _,C, :H films deposited using the ECRCVD technique mounted at 112° scattering angle was then used to collect the
under different rf-bias voltages are investigated in terms obackscattering spectra. For samples SCJ25 and SCJ26, 2
their optical and structural properties, using different characMeV H* are used to determine the C and Si ratio as both
terization techniques such as Rutherford backscattering spesamples are too thick for channeling. Here, the surface bar-
troscopy (RBS), transmittance/reflectance spectrophotom-rier detector is mounted at 2@cattering angle to detect the
etry, photothermal deflection spectroscof®DS), Fourier backscattered particles. PDS was used to measure the subgap
transform infraredFTIR) absorption, Raman scattering, and absorption. The PDS spectra were measured from 250 to 650

room temperature photoluminescené&.). nm and normalized to the absorption spectra deduced from
UV-visible transmittance and reflectance measurements.
Il. EXPERIMENT The Urbach energ§, was extracted by fitting the exponen-

tial tail of the absorption coefficient curve 0= ayexd(E

The details and schematic diagram of the ECRCVD sys-_g*)/E | wherea, andE* are constants. Infrared absorp-
tem used in this work can be found elsewhefdl the films  tion measured using a FTIR spectromet®erkin—Elmer
were deposited on two types of substrate simultaneotsly: 2000 in the range of 400—3500 cn was used to study the
(100-oriented single-crystal Si wafers for film thickness, bonding in thesea-Si;_,C,:H alloys. The Raman spectra
Raman scattering, IR absorption, and photoluminescencgere excited with a 244 nm line from a frequency doubled
measurements an@) Corning 7095 glass for optical trans- Ar* |aser source and collected in a backscattering configu-
mittance and reflectance measurements, and. also PDS megtion by a charge coupled device camera using a Renishaw
surement. All the substrates were cleaned in acetone angicro-Raman System 2000 spectrometer. PL measurements
propanol, rinsed in deionized water, and dried in nitrogenyere carried out at room temperature using the 2.71 eV line
ambient, before loading into the vacuum chamber. Duringrom an Ar* ion laser source directed at near normal inci-
the deposition, the gas flow ratio of SjH10% diluted in  gence to the sample. The PL spectra were detected in the
Hy):CH,:H, was set to 20:2:100 sccm and the negative rfreflection direction using a water-cooled Hamamatsu R2949
bias was varied from-20 to —120 V with the deposition  photomultiplier tubgPMT) based on single-photon counting
pressure and substrate temperature kept constant at 22 nidchnigue through a 1/4 m double monochromator Digikrom

and 30°C, respectively. The microwave power was set tK242. The PL spectra were corrected for the combined

growth with lower defect density in our earlier stutifable

| summarizes the rf bias applied and some of the propertie

of the films deposited. The optical band gaps of the filmsﬁl' RESULTS AND DISCUSSION

were determined by transmittance and reflectance measure- Figure 1 shows the optical band gé&p, and E, as a
ments using a dual beam Perkin—Elmer Lambda 16 spectrdeinction of the rf bias applied to the substrate. Hygis first
photometer from 200 to 900 nm. The Tauc band gapand  seen to increase slowly from 2.67 to 2.73 eV when the bias
the B factor were extracted using the Tauc equationchanges from—20 to —60 V. When the bias is further in-
(«E)Y?=B(E- Ey). wherea is the absorption coefficient creased to-80 V, the band gap exhibits a jump to 2.96 eV,
and E is the photon energy. ThEy, gaps, defined as the beyond which it saturates gradually. The Tauc ggpalso
energy at whicha is equal to 16cm™1, were also deter- displays a similar variation with the bias voltage. The band
mined for all the samples. The carbon fractien[C]/[C]  gap behavior o&-Si; _,C, :H is more complex than those of
+[Si]) in the a-Si;_,C,:H films was deduced using RBS. a-Si:H anda-C:H due to alloying. A correlation between the
The RBS channeling has been done using 2 MeV He  band gap and carbon fractiarincorporated ira-Si; _,C, :H
determine the content of C and Si on tfi®0) silicon sub- has been noted and was semiquantitively accounted for by
strate for samples SCJ21-24. The target normal was aligne@obertsofin terms of the different bonding types and their
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FIG. 1. Optical band gaR, andE, as a function of the bias voltage. The £ »  Apsorption coefficient spectra for all the films measured by PDS.
lines serve as a guide for the eye.

effects on the energy band structure. Wieis increased to
0.5, the Tauc gag, opens up gradually mainly by lowering film.° In the ECRCVD process, ion acceleration towards the
the valence band eddg, as Si—Si bonds are replaced by substrate is usually caused by the sheath potential originating
stronger Si—C bonds. Ax continues to increase to about from the difference in the ion and electron velocities. An
0.65, E4 opens up more rapidly as some Si—C bonds aredditional acceleration may be observed for ions confined in
replaced by the even stronger C—C bonds. For larger the divergent magnetic field. Electrons in the ECR plasma
>0.65, the gap narrows in these C-rich alloys owing to thezone absorb microwave power and are accelerated to the
onset of substantial € bonding’ Thus, in Si-rich region of lower magnetic field due to the interaction between
a-Si; _,C, :H films, a monotonic relation exists between the their magnetic moments and the diverging magnetic field
carbon fractiorx and band gap, which has been establishedqyradient. Through this electron drift an electrostatic drag is
and verified® In this work, the carbon fractior is 0.49 for  applied to the ions. The magnitude of this effect depends
the samples SCJ2t-20 V) and SCJ22—-40 V), and 0.52  strongly on the magnetic field configuration as well as on the
and 0.54 for the samples SCJ2360 V) and SCJ24—-80  distance between the resonance zone and the substrate, and
V), respectively(see Table)l Therefore, these four samples also the size of the substrate hold®tn our case of varying
are near stoichimetria-Si; _,C, :H films with the conduc- rf biasing under a constant microwave power and process
tion and valence bands mainly controlled by Si—C bondspressure, the ECR plasma potential should not be signifi-
and possibly also by C-C bonds for the latter two samplescantly affected, and the ion energy will be mainly deter-
As can be seen from Tablex,continues to increase gradu- mined by the applied rf-bias voltage. Therefore, as the rf bias
ally with the rf-bias voltage, with values of 0.55 and 0.66, changes from-20 to —120 V, the larger substrate potential
respectively, for samples SCJ25 and SCJ26. These values wfll increase the energy of the impinging carbon species,
x are not expected to result in a decrease in the optical gapggsulting in an increase in the carbon fraction in the films.
consistent with the results shown in Fig. 1. However, itBesides, this will also render the conversion of absorded car-
should be cautioned that the effect of hydrogen incorporatiotoon species into bonded carbon much more efficiently.
should be considered as well in interpreting the relation be-  Figure 2 shows the absorption coefficient spectra for all
tween the fraction of carbon incorporated and the optical gaghe films measured by PDS. It can be seen that the optical
of the films. This can be illustrated by considering theabsorption in the films at higher energy are weakened and
samples SCJ23 and SCJ24 where a difference in the barde absorption coefficient spectra are flattened when the bias
gap is noted despite the fact that their carbon fractions areoltage is increased. This suggests increasing Urbach tail
very similar, within the experimental error of the RBS mea-width and also widening of the optical band gap. A similar
surement. The larger band gap of SCJ24 can be attributed tesult has been observed by Fathalfahnd is generally at-
its higher hydrogen content, as can be seen from the IR aliributed to a large potential fluctuation caused by the incor-
sorption results(shown in Fig. 4, since hydrogenation is poration of carbon atoms into theSi:H network. These
known to widen the gap in the tetrahedral Si—C band strucresults therefore suggest that the structural disorder in the
ture by lowering the valence band edge. a-Si; _,C, :H films scales with the rf-bias voltage monotoni-
The increase in carbon fraction at larger bias voltagegally. The detailed variation of the Urbach energy with
can be understood by considering the predominant film surthe bias voltage is shown in Fig. 3. The absorption near the
face chemistry. During deposition of tlaeSi; ,C, :H films,  band tail for some of the samples do not exactly follow the
carbon incorporation is generally much less efficient tharexponential trendsee Fig. 2 but instead reveal some struc-
silicon due to the high activation energy required for thetures that could be caused by subgap states in the films. In
electroimpact dissociation of GHas well as for converting this caseE is deduced by obtaining the best exponential fit
absorbed carbon species into bonded carbon in the solidr the absorption tail and the uncertainty involved are
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FIG. 3. Urbach energ§, andB factor measured by PDS and transmittance/ Wavenumber(cm )
reflectance spectrophotometry as a function of the bias voltage. The lines
serve as a guide for the eye. FIG. 4. Fourier transform IR transmittance spectra for all the films deposited

at different bias voltages and corrected for their thickness.

shown in Fig. 3. It can be seen tHag increases rapidly over s very weak for the samples SCJ21-SCJ23, but gradually
the rf-bias range from-20 to —60 V and more gradually increases in strength for the samples SCJ24—SCJ26. This
from —80 to —120 V. The relation betweeR, and carbon  syggests increased carbon and hydrogen fractions in these
fraction x in the a-Si;_,Cy:H films seen in this work is  samples, contributed by the larger amount of hydrocarbon
similar to that reported previously,which found thatE,  species incorporated at higher bias voltages. As argued ear-
scaled with carbon fractiox dramatically forx<0.6 and |ier, this enhanced hydrogenation can account for the differ-
then more gradually fox>0.6. Besides the Urbach slope ence in the optical gap between the samples SCJ23 and
Eo, the Tauc slopeB factor as measured by PDS and 5cj24, despite their similar carbon fraction. The increase in
transmittance/reflectance spectrophotometry is also shown ipe hydrogen and carbon fractions can also be seen from the
Fig. 3 to further study the degree of disorder in the films. Thestronger Si—Q790 cm'}) and Si—H, (2100 cm'Y) absorp-

B factor has also been previously taken as a measure of thgyn when the bias voltage is increased frer0 to —100 V.
structural disorder ia-Si; _,C, :H films, with a higher value  Fqor the sample SCJ26-120 V), due to its larger carbon

of B indicating a smaller degree of structural disortiett fraction, the C—H bonds at around 1000 and 2900 chare
should be noted that the exact correlation betwgmndB  strengthened while the silicon related bonds at 790 and 2100
factor with the structural disorder in-Si;_,C,:H is still  ¢m™ are relatively weakened. The increased carbon incor-
unclear at present. Although it is generally agreed Bagls  poration can result in the formation of carbsp? clusters, as
related to local structural disordemicrostructural disorder ijl be shown from the Raman scattering results shortly.
due to alloying and B is related to overall structural However, the present results suggest that these clusters are

disorder;® some previous studi&$ have found that micro- not sufficiently large to result in a lowering of the band gap
structural disorder resulted in an increasing overall disordergf the films.

whereas other worR noted that the overall disorder re- Figure 5 shows the Raman spectra for all the films de-

mained nearly unchanged. TBefactor in this work is seen posited under different bias voltages. The Si—Si bond ex-
to decrease with increasing bias voltage, and a linear corre-

lation betweerk, andB factor can be established
Eo(meV)=559-0.48(cm 12 ev~1/2). 10000

The result suggests that the local defects related to micro- RE Bias (V
i i i -~ 8000 V)

structural disorder resulting from alloying with carbon domi-

nate the overall defect structure of the films.

-120
Figure 4 shows the Fourier transform infrared transmit- L eooo—ww -100
tance spectra for the films, corrected for their thickness. The%‘ M

predominant peak at 780 cthseen in all the films can be 4000_M -80
attributed to the Si—C stretching mode or Si—COkagging
mode. Katayamat al'® noted that this mode has similar WMWWW 00
strength in sputtered alloys prepared with and without hydro- ZOOO-W -40
gen, and therefore we assign it to the Si—C stretching mode ] -20
for our films. The shoulder peak located around 1000 tm

corresponds to the C+Hwagging mode to which silicon

atoms are attached. Another obvious peak for all the films

occurs. at around 2100 cm WhiCh_ corresponds to Si-H g 5. Raman spectra for all the films deposited under different bias volt-
stretching modes. The Chtretching mode at 2900 ¢hh  ages.
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FIG. 6. Normalized room temperature PL spectra for all the samples depos- FIG. 7. Variation ofE, with the Eq, gap.

ited under different bias voltages. Excitation eneky=2.71 eV.

pected around 480 cm (that range not shown in the figyre linear relation betweerk, and Eqy, has been observed in
is not obvious in all the spectra. However, a wide band fromseveral studié§°and is a general feature of PL in several
600 to 1000 cr' corresponding to Si—C bonds can be amorphous semiconductors such asSi:H, a-C:H, and
clearly seen for all the samples. It is noteworthy to mentiona-Si, ,C, :H, attributed to tail-to-tail states recombination.
that since the Raman scattering efficiency of Si—C bond i his is also observed in our samples despite that the excita-
much lower than that of C—C bond, previous sttfdgas  tion energy used=2.71eV is below theEy, gap of the
failed to detect this band in their Raman spectra, even fosamples, except for the two deposited-&20 and—40 V.
some Si-richa-Si; _,C, :H samples’ Therefore, the obvious Under subgap excitation at a givéh,, the states that are
Si—C bonds observed in Fig. 5 implies that all the filmsparticipating in radiative recombination are deeper down into
consist of a substantial amount of Si—C bonds. A broad banthe band tails for films with larger band gap, which therefore
around 2093 cm' corresponding to Si—Hbond can also be leads to less thermalization steps involved for the carriers
seen for all the samples, which is in good agreement with thand hence a large,. Under the tail-to-tail states PL re-
earlier FTIR results. A peak at 1565 cfhcorresponding to  combination model, the FWHM of the PL is generally ex-
optical-like modes of highly disordered graphitic carbonpected to increase with the Urbach tail width. However, this
(C=0), which increases in strength with the bias voltage, isis not observed in our samples. This is because Hgy
observed for the samples SCJ24-SCJ26. ThisQCbond <E,, despite the larger Urbach enerBy that would lead
strength variation, coupled with the obvious Si—C band ob+o a wider FWHM for samples deposited at larger bias volt-
served for all the films, suggests larger carbon fractions foages, the higher optical gap would result in deeper subgap
samples grown at larger bias voltages, consistent with thexcitation and hence a narrower FWHM. Therefore, overall
results shown in Table 1. Our earlier stdyn a-Si; _,C, :H the FWHM may not be affected much, as can be seen from
deposition at varying microwave power and under no biaghe nearly constant FWHM across all the samples.
condition did not reveal any obvious Si—C bond in the Ra-  Figure 8 shows the relative quantum efficiedBQE) of
man spectra. The Raman results shown in this work thereforthe PL as a function of the band g&p,. The RQE is the
indicate that substrate biasing is crucial to the formation ofintegrated PL intensity corrected for the absorption, thick-
Si—C bonds in the films. From the Raman scattering resultsjess, and reflection coefficient of the films. It can be seen
it is also suggested that the films deposited at lower biathat for samples SCJ21-SCJ23 the RQE is relatively con-
voltages(—20, —40, and—60 V) possess relatively higher stant, and for samples SCJ24-SCJ26 the RQE increases
chemical order compared to those deposited at larger bia®ughly exponentially with the band gap. For a carbon frac-
voltages, due to the absence e&=C bonds. This is consis- tion of less than 0.5, the structure of Si-riahSi; _,C, :H is
tent with the results shown in Fig. 3. expected to consist of a tetrahedrally coordinated amorphous
Figure 6 shows the normalized room temperature Plnetwork of Si—Si bonds, with the C atoms incorporated in a
spectra for all the samples deposited under different biaterminating or bridging configuration. In this case, the PL
voltages and Fig. 7 shows the variation of the PL peak enmechanism is expected to be similar to that observed in
ergy (Ep) with the band gafq,. TheE, ranges from 2.11  a-Si:H, with long radiative lifetimes and a strong tempera-
to 2.42 eV and exhibits an almost linear relation withifyg  ture dependence, and in which tunnelings between localized
gap whereas the full width at half maximui®WHM) of the  states are involved. The Si dangling bonds acting as nonra-
PL band remains relatively constant at around=®@®5 eV  diative recombination centers form the main recombination
for all the samples. Although Condet al® have observed channel which causes the PL efficiency to decrease rapidly
that theE, did not vary with the optical band gapg, for  with increasing temperature and defect density. The PL effi-
a-Si; _,C, :H films deposited by the ECRCVD process, the ciency » varies with the paramagnetic spin dendity as
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strate. The effects on the optoelectronic and structural prop-
erties of these films are investigated. It is found that the
rf-bias voltage can influence the carbon fractioimcorpo-
rated in thea-Si; _,C, :H films. When the rf-bias voltage is
increased from —20 to —60 V, near stoichimetric
a-Si; _,C,:H films (x~0.5) can be achieved with gradually
increasing carbon fraction and optical band gap. For these
1077 films, the electronic bands are mainly controlled by the Si—-C
] bonds. There is also an increase in the hydrogen content at
larger bias voltages, as verified by the FTIR results. For
these samples, visible room temperature PL with relatively
low efficiency can be observed and the number of Si dan-
3 gling bonds is expected to be small. When the rf-bias voltage
0% 27 28 29 3.0 3.1 is further increased from 80 to—120 V, the carbon fraction
E_ (eV) increases, resulting in slightly C-rich-Si; _,C, :H films (x
04 >0.5) with larger optical band gap. For these films, carbon
sp? clusters formation is observed, which enhances with in-
creasing bias voltage as deduced from the Raman spectra.
The PL of these samples are similar to that of C-rich
_ _4_p3 a-Si; _,C, :H featured by the relatively higher PL efficiency.
7= 70 X~ 5TRN), For ;lethxe films, the digorders have beegn shown to incrgase
whereR; is the capture radius of the defects. Room temperawith increasing rf-bias voltage monotonically. The linear re-
ture visible PL can be observed from samples SCJ21-SCJ33tionship observed between the Urbach tail wieih and
(with bias voltages—20, —40, and —60 V, respectively  the B factor in the Tauc equation suggests that the local
despite their relatively lower PL RQE. This suggests that thejefects related to microstructural disorder resulting from al-
electronic band structures of these samples are controlled byying with carbon dominate the overall defect structure of
Si—C bonds instead of Si—Si bonds, as can also be seen frotie films.
the Raman scattering results. This, coupled with the fact that
x~0.5 for these samples, suggests that silicon dangling
bonds which generally quench the PL are not expected to beY- Hamakawa, T. Toyama, and H. Okamoto, J. Non-Cryst. Sdliths
N . : .~ "180(1989.
significant in these films. For samples SCJ24-SCJ26 whichg Yoon, R. Ji. J. Ahn, and W. I. Milne, Diamond Relat. Magerl371
contain significant C—C bonding as deduced from the Raman (1996.
spectra, the PL can be attributed to emission resulting frongrL:sli, S. F. Yoon, H. Yang, J. Ahn, Q. Zhang, and W. L. New, J. Appl.
monomolecular radiative rec_omb|nat|on of th? phqtogener-4$_ ﬁsé:lélfjvg(;:gaﬁ. Okamoto, Mater. Res. Soc. Symp. P42, 651
ated electrons and holes, which could be localized irstfe (1992
clusters. In this case, the PL shows short lifetime, weak tem-=J. p. Condest al, J. Appl. Phys85, 3327(1999.
perature dependence, and relatively high efficiency, and i€3J. Cui, Rusli, S. F. Yoon, M. B. Yu, K. Chew, J. Ahn, Q. Zhang, E. J. Teo,

not quenched by applied electric field.In C-rich J'Fcz’;i)pec;‘;‘;x' gﬂﬁOZ' ‘&’Zg' é;;AGpg'(fgggg' 2699(2009.

a-Sip Gy :H, . L.'edtke etal _ found .“ttle correla}tlon be-  ep_ pella sala, P. Fiorini, A. Frova, A. Gregori, A. Skumanich, and N. M.
tween PL efficiency and spin density, suggesting that the Amer, J. Non-Cryst. Solid37-78, 853 (1985.
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