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We have investigated the growth afSi; _,C, :H using the electron cyclotron resonance chemical
vapor depositiofECR-CVD) technique, under the conditions of high microwave power and strong
hydrogen (H) dilution. The microwave power used is 900 W and a gas mixture of &idl SiH,
diluted in H, is varied to give carbofC) fractionsx ranging from 0 to 1. We aim to understand the
effects of these deposition conditions on the characteristics of ECR-CVD gae8ip ,C, :H films

at differentx. Their microstructure and optical properties are investigated using infrared absorption,
Raman scattering, UV-visible spectrophotometry, and photothermal deflection spectroscopy.
Information on the atomic fractior is obtained with Rutherford backscattering spectrometry. The
B parameter in the Tauc relation is found to decrease and the Urbach dfgiggrease withx,

which are indicative of a higher degree of disorder with C incorporation. At intermexlidtes
presence of Si-C bonds can be clearly seen from the IR absorption and Raman scattering results.
The T peak around 1200 cnt is observed in the Raman spectra of the C-rich samples, with a
redshift noted at increasing This suggests an increased presence@f C—C bonds in these
films, which is attributed to the high microwave power and stropgitution that enhance Gp°
bonding and indirectly limit the number of € sites. This accounts for the lar§g, gaps of more

than 3.2 eV observed in such films, which are nearly saturated at Xaigstead of exhibiting a
maximum at an intermediateas are commonly reported. Blue photoluminescédRtg is observed,

and the PL peak energieE,) are correlated to thEgy, gap. The full width at half maximum of the

PL are also correlated to the Urbach enekjy. These results support that the PL broadening is
attributed to the disorder broadening arising from the broad band tail20@ American Institute

of Physics. [DOI: 10.1063/1.1500418

. INTRODUCTION of hydrogen incorporation ia-Si; _,C, :H, previous reports
There are several technological advantages in alloying ¢¥ave shown that stronger hydrogen dilution in the gas mix-
with hydrogenated amorphous silicoa-Si:H) to form hy-  turé will lead to films with lower defect densities and smaller
drogenated amorphous silicon carbide $i; ,C, :H). Most Urbach energies, and result in improved optoelectronic prop-
importantly, carbon alloying increases the band gap, whilérties, such as enhanced ph.otoconductﬁﬁ‘@ased on these
retains its ability to be doped andp type. This variability considerations, it is interesting to studySi; ,C,:H films
rendersa-Si; _,C, :H potentially attractive for electronic ap- with different carbon fractions ranging from=0 (a-Si:H)

plications, such as solar cells, optoelectronic devices, ant X=1 (a-C:H), deposited under a combination of high
high-temperature engineering materiais. microwave power and strong hydrogen dilution. Our focus

In this study, we investigata-Si;_,C,:H films grown will be on the effect of these deposition conditions on the

with the electron cyclotron resonance chemical vapor depos_tructural, (_)ptical, and Iumingscencg characteristics of these
sition (ECR-CVD) technique, which has the unique charac-films. T_he films are characterized using the Ruthe_rford back-
teristics of a high plasma density, high electron temperatureScattering spectrometiRBS), photothermal deflection spec-
and controllable ion energy that can be independent of thE0SCOpY(PDS), UV-visible (UV-VIS) spectrophotometry, in-
degree of plasma ionizatié¥®. In our previous study on the frared ab_sorptlon, Raman scattering, and room-temperature
effect of microwave power on ECR-CVD grown PhotoluminescencePl).

a-Si; _,C, :H, it was noted that the Si—C infrared absorption

band at~800 cm * can only be clearly seen for films depos- I EXPERIMENTS

ited at high microwave powers beyond 800°\®in the effect The schematic diagram of the ECR-CVD system used
can be found elsewherélhe microwave power at 2.45 GHz

dElectronic mail: erusli@ntu.edu.sg was set to 900 W, and the upper and lower magnetic current
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were kept at 120 A and 100 A, respectively. The hydrogen Si"‘én. Si-CH, SiH

(H,) flow rate was kept at 100 sccm while those of silane 3] Ske AT S

(SiH,, 10% diluted in B) to methane (Cl) were varied i:« ]

(20/0, 20/0.5, 45/2, 35/2, 19/2, 2/2, and 0/2 sg¢eonproduce £ _\\,\ = 352

films with varying C fraction fromx=0 to 1. The deposition £ \\Amm: 0.36

pressure was maintained at 20 mT and there was no inten- g N / | ?,‘jﬁ

tional heating applied. For ease of discussion, the films are C o ’\/ﬁ//’/

named according to their C contents, e.g., SC69 denotes the = M— | —1

sample withx=0.69. _ _ 500 1000 1500 2000 2500 3000
The C fractionsx of the films were deduced using RBS, Wavenumber (cm™)

with 2 MeV H'. The surface barrier detector was mounted at

20° scattering angle to detect the backscattered particles. TH@éS: 1. The FTIR spectra o&-Si,_,C, :H at varying carbon fractiorx.
transmittance and reflectance spectra were measured using 5°¢ '@ displaced vertically for clarity.

dual beam Perkin—Elmer Lambda 16 UV-VIS spectropho-

tometer. The PDS measurements were performed using &retching modél3 As the band has been shown to have

conventional setup similar to that found in Ref. 9. The PDSgimilar strength in sputtered alloys prepared with and with-

spectra obtained were normalized and matched to the absorgg; hydrogen, it is therefore assigned to Si—C stretching
tion spectra at higher energy qleduced from UV-VIS S_peCtrof’node for our filmsi# Previously, we have shown that the
photometry. Infrared absorption was measured with thesj_c giretching band appears only in samples grown at high
Perkin—Elmer 2000 Fourier transform_ mfraréaT_lR) SPEC-  microwave power$=800 W), owing to the stronger etching
trophotometer to study the bonding configuration iNgfrect of H at these microwave powers that helps to etch
a-SiyxCy:H. The Raman spectra were measured using the,yay weakly bonded Si-Si bonds and promotes the growth
Renishaw micro-Raman System 2000 spectrometer. TWO X% si_c tetrahedral netwok.The observation of Si-C

citation sources in the visible and UV range were used. Thgggs in these samples deposited under high microwave
visible excitation sourc€s32.8 nm line from a He—Ne laser  o\ver further confirms the findings. The band at around

was used for the Si-rich samples as no Raman signal coulglyoq to 1040 cmt can be assigned to the vibrational mode
be observed when excited with the UV source, attributed tqy¢ C—H, group to which silicon atoms are attached

the shallow penetration depth as a result of the high phOtO[]Si—(CHq)].ll’ls Similar to the SiC bond. this mode

energy compared to the optical gaps of these films. On thgeaks at an intermediate of 0.69, due to the fact that it

other hand, the C-rich samples exhibited strong room;pn,qives the bonding of both Si and C. The band located at

temperature PL under visible excitation, hence, the Ramag proximately 2100 cit can be due to a combination of
measurements for such samples were excited using a U i—H, stretching A=1,2,3) moded®12 |t can be seen in
source at 244 nm derived from a frequency-doubled Ar samples with C contents up to=0.69. Contrary to the ex-
laser (Coherent 90C FreD seriesThe scattered light was pectation that this band peakssat0, as for the 640 cmt
collected in a back scattering configuration with a chargepeak, its strength is strongest at intermediatét is known
coupled device camera, and multilayer dielectric filters wergpa+ the 2100 crmt peak, when accompanies by the absorp-
used to remove Rayleigh scattering light. The incident powefion at 800-900 cmt is’ mainly attributed to Si=H, and

on the samples was approximately 1.5 mW. For the UV Ragi=p. \whereas the 640 ci peak is primarily associated

man, the samples were rotated during measurement to Prezin si—H.16 However. as the 2100 ¢ peak observed in

vent the high photon energy from damaging the film. Theg ,r samples is not accompanied by the modes at 800—900
spectral resolutior(half width, half maximum for visible

4 ) cm 3, it is assumed that this peak is associated with Si—H.
and UV spectrometers are 2.0 and 4.0 &rr.espect}vely. PL |ndeed, it has been suggested that Si—H can also give rise to
was measured at room temperature, excited using the 363, absorption at 2100 cr, when it is in a different
nm UV line from an argon-ion laser. The PL was detected by ironment® We believe that this is indeed the case in our
a water-cooled photomultiplier tub€MT), based on the fims whereby with changing microstructures in the pres-
single-photon counting technique. The PL spectra are COlgnce of increasing C incorporation, this peak at 2100 tm
rected for the combined response of the PMT and the monospnears. |t is also noted that the peak shifts slightly toward
chromator. higher wave numbers with increasimgwhich can be attrib-
uted to the increase in the sum of electronegativity around Si
atoms when more C are included into the microstructure, in
good agreement with other repottst’

The FTIR transmission spectra of the films are shown in ~ With increasing C incorporation, thep® C—H, (n
Fig. 1. The 640 cm' peak seen for=<0.36 can be assigned =1,2,3) stretching modes around 2940 ¢rstarts to appear
to Si—H, wagging or rocking mod&* It gradually dimin-  in SC36* and can be clearly seen in SC96 and SC100. One
ishes with increasing, before disappearing in sample SC69 possible reason that the band appears only when there is a
and beyond. The band observed at 790 tappears weak at high C concentration in the films could be that the absorption
low x, but becomes prominent in SC69, and subsequentlpf C—H, stretching modes are lower than that of Si-H
vanishes for largex. This band can be assigned to Si—C modes by one order of magnitufeAnother possible reason
stretching'? Si—CH; rocking/wagging, or Si—Ck-Si s the strong H dilution, which promotes the transformation

IIl. RESULTS AND DISCUSSION
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FIG. 2. Raman spectra of Si-rica-Si, ,C,:H excited using a visible
source(632.8 nn. FIG. 4. Variation of the Tauc gaB,,. and Ey, with carbon fractiorx.

Thus, the Raman scattering results in Fig. 3 suggest an en-
hancement of G p* bonding at largek. This might be due to

the high microwave power utilized that encourages their for-
mation in C-rich samples. It is noted that boron doped
a-Si;_,C,:H deposited under high microwave powers
(=800 W) have also shown a diamondlike phase in the C
bonding®! Besides exciting ther—7* transitions, the higher

of polymericlike (CH),, chains into diamondlikésp® sites

of C—C bonding networks by etching away weakly bonded
C—H sites andsp? C—C bonds. This results in an in-
creased C incorporation and a reduced number of C—H
groups’ The sp? C—H, bands expected above 3000 thm
are not found in our film&! This may be because H is pref-

erentially bonded tesp® instead ofsp? sites of C, as sug-

gested by the results obtained from nuclear magnetic res@xcitation energy of UV Rama(1~35.1 ev) can also excite
nance studies on plasma deposited carbon—hydrogd e o states of both thep? andsp® sites. This leads to the
alloys18 observation of th@ peak by Gilkeset al?? in their tetrahe-

The Raman spectra for the Si-righSi; ,C,:H under dral amorphous carbortd-C) films around 1200 cim' that

visible excitation are shown in Fig. 2. The amorphous Sj—sfan be gssigned to the bond—stretc.hing modgspﬁfC—C
tes. It is further shown that there is a redshift of the peak

vibrational mode and the Si substrate signals at around 480 i ith | . 3 fraction. TheT K is al
and 520 cm?, respectively are clearly seen in all the spectra.ggg'e'rc\)/r:a dwlln o:Jan(r:ej‘iilr?f;m |r:§ K\?vri]t'h a ?e dspheifa': ncl)stez sac; i
The broad peaks at around 950 Cmare the associated reasina. This suaaests an ?ncréased resencediC_C
second-order Raman scattering signals. A band of weak sigg- X h .gﬁ il : pr h the ch -

nals around 650 to 1000 c¢m attributed to Si-C bonds, onds in the C-rich films, consistent erEﬁ the ¢ ang?f ob-
can be seen for SC36. This is consistent with what has beeben/ed for theD andG peaks. The 650 cmi to 1050 cm

found from the FTIR results. ThB andG bands associated S‘T’mdg bseedn i_n the dSC69 specttru_rtrr]] tchouljd dbe t'a ttrifbute(ilhto
with graphite-like and disordered clusters fep? coordi- " bonds, in good agreement wi € deduction from the

nated C, expected at1350 and 1550 ciit, respectively® IR absorption results, confirming the presence of such bonds

are not detected in the Si-rich samples. in the samples with an intermediate .
The Raman spectra for the C-richSi; ,C,:H under From the absorption spectra, the optical band gap of

UV excitation are shown in Fig. 3. Thé peak and theD a-Si_xCy:H can be found. The Tauc gdPaycis obtained

; ; U2_ _

peak are clearly seen in all the three samples. Glpeak is thr'ough the Tau.cs relatlppo(h V). 0 B.(h.V E“’T‘")’ wher.e
shifted to lower frequency, and the ratio of theto G peak & is the absorptl_on coefficienB is the joint optical der_15|ty
intensity (p/lg) is decreased with increasing In the Ra- of states, andv is the photon energy. Thgy, gap, defined

man study of hydrogenated amorphous carberC(H) as Fhe enTehrgy at Whiclhtt: $04 Cg_l’4is alsof usetq for E(.)m'
films, Ferrariet al?° found that there is a strong correlation parison. These are plotted in Fig. 4 as a functiorxolt 1S

between theS peak position andl, /1 ¢ with the'sp content, found that E,,. increases with C incorporation before it
with both of them decreasing at increasiag® fraction? nearly. satura.tes when reaches 0.69Eq, .also ShO.WS the
same increasing trend &$,,., though consistently higher by
approximately 0.3 eV for the Si-rich and 0.7 eV for the
C-rich samples. The reason behind the increase in the band
gap withx is elucidated by calculations performed by Rob-
ertson for crystalline silicon carbidec{SiC), which can
serve as a first approximation to its amorphous countefpart.
Moving the C concentration away fror= 0.5 will give rise
to chemical disorder which allows for homonuclear bonds. In
our Si-rich a-Si;_,C,:H, as evidenced by the FTIR and
, : , . , Raman spectra, a large number ofS$i bonds are present.
400 800 1200 1600 2000 Their o-like and o* -like states are situated at 0.5 eV below
Raman Shift (cm™) the valence band edg&() and 1.7 eV above the conduction
FIG. 3. Raman spectra of C-rich Si, _,C, :H excited using an UV source b?_:md _EdgeEC) of ¢-SiC, rESp.ecFlvelﬁ?’ The large numb_er of
(244 nm). The line serves as a guide for the eye for the energy shift ofthe SH—Si bonds prompts the SiSi o states to broaden into a
peak that is assigned &p® C. band, which raise&, closer toE; and thus lowers the en-

Intensity (a.u.)
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ergy gap. With C incorporation, the-SiSi bonds are gradu-
ally replaced by the stronger-SiC bonds due to the ten- 600

ing. The former is weaker than the-SiC bonds and itsr 300 -
and 77* states are closer in energy and nearer to the band
edges. As a result, any further increase in the optical gap will 200 L . . . . i
be limited, or it might even decredSéf there is a substantial 0.0 02 04 06 08 1.0
amount of Csp? bonding. This will lead to a maximum
optical gap ina-Si;_,C,:H at an intermediate&, when the
band edges cross from Si-like to C-like, as are commonlyFIG. 5. Variation of the Taud® parameter and Urbach enerdg, with
reported?® On the other hand, isp®> C—C dominates the carbon fractiorx.
microstructures, there can be a continuous increase in the
optical gap withx for a-Si;_,C,:H, even at largex.!° Our
UV Raman resultgFig. 3 reveal the presence of boip?  These parameters saturateBat 250 cni Y2eV—Y2 and E,,
andsp®> C—C bonding in the C-rich samples, with an en- ~420 meV in C-richa-Si; _,C, :H, which are values typical
hancement of the latter at increasingrhis accounts for the of a-C:H films 227
optical gap observed that exhibits a slight increase, instead of Room-temperature PL is not seen in the Si-rich films.
a decrease, at larger For a-Si:H, the PL is attributed to tail-to-tail states recombi-
In general, the samples exhibit high optical gaps acrossation of localized electron—hole pai(EHP9. This radia-
X. This can be attributed to the high microwave power andive mechanism is normally detected only under low-
strong H dilution used in the experiment. The former en-temperature measurement. It is quenched at higher
hances the dissociation of,iHand the latter results in a high temperaturd>100 K) because the carrier mobilities are en-
density of H radicals in the plasma. It has been reported thatanced, resulting in more nonradiative recombinations
the optical gaps of-Si;_,C,:H deposited with strong H through paramagnetic Si dangling bond states. The rate of
dilution are larger compared to those that are undilited. this phonon-assisted recombination is about 10 orders of
Si-rich a-Si;_,C,:H, H tends to passivat€Si) dangling magnitude higher than that of the band tail radiative recom-
bonds, resulting in a lattice of Si—H sites, or break strainedination, therefore the PL is easily quenched by the presence
Si—Si bonds, to form stronger SiSi bonds. This recedes of a few nonradiative recombination centé#és our Si-rich
the valence band, leading to a sharper and more abrupt va-Si; _,C, :H have a microstructure similar to thatafSi:H,
lence band edge, and thus increases the optical gap. In C-rithermal quenching is likely the reason that accounts for the
a-Si;_,C,:H, H promotes Csp® over sp? bonding, thus absence of room-temperature #n C-rich a-Si;_,C, :H,
indirectly reducing thesp? fraction, and accounts for the room-temperature PL is observed, as shown in Fig. 6. The
large band gap observed. In both cases, the optical gaps amgcrostructures of these films resemble thatae€:H, as
widened.Eq, gaps of more than 3.2 eV have been obtainedevidenced from the discussions so far. Therefore, the PL
under these deposition conditions for our samples at large mechanism of these C-rici-Si; _,C, :H can be interpreted
The extent of disorder-induced localization of states neausing the framework oé-C:H, which attributes it to the ra-
the band edges, which leads to tail states extending into thdiative recombination of photoexcited EHPssp? bonded
gap can be measured by the Urbach endfgyusing the clusters. Ther—#* gap insp? sites are much narrower than
equationa= agexphv/E,), where aq is a pre-exponential the o—o* gap, and the latter acts as a barrier that strongly
factor. TheB parameter in the Tauc equation akg are localizes ther—=* band edge states. Therefore, the EHPs
shown in Fig. 5. Fox=<0.36, theB values are quite large, in are closely correlated by Coulomb interaction and display a
agreement with the values reported for Si richshort lifetime. Correspondingly, the PL has a strong polariza-
a-Si;_,C,:H.**?° This is attributed to a Si dominated mi- tion memory, is not quenched by the electric field and can be
crostructure and a mostlyp® bonding environment, as can observed at room temperatiffeSince the samples exhibit
be seen from the FTIR and Raman results. Compared tsimilar E, and the excitation energf~3.41 e\j is higher
high-quality a-Si:H and Si-richa-Si; ,C, :H, these Si-rich than their optical gaps, we would expect the PL peak energy
samples show slightly loweB and higherg,,, probably due (Ep,) to be correlated to th&,, gap, as a result of the
to more configurational and structural arrangement possibilithermalization of the carriers at the band edtfeisdeed, a
ties for C bonding, as a result of the strong dissociation ofinear relation exists, as can be seen in the inset of Fig. 6.
CH, under high microwave power deposition. With C incor- The result is contrary to that obtained by Coreteal?® for
poration, the C related bonding configurations become moréeir ECR-CVD growna-Si; _,C, :H under low microwave
prominent. Therefore, the microstructure will be more disor-power (150 W), where a constant PL peak at 2.35 eV was
dered owing to the different bond lengths and bond strengthound, independent oE,,.?° The full width at half maxi-
of Si and C, as elucidated by the evolution Bfand E,, . mum (FWHM) of the PL band for the three samples are

dency for higher local chemical ordering in the 400 %
microstructuré? and so opens up the energy gap. Indeed, the & 500 E
FTIR results shown in Fig. 1 confirmed that the strength of “'> oy
the Si—C peak grows with the optical gap. Wheecontinues o? 300 -
to increase such that the samples become C rich, the optical TE 4004 ED
gap will now be determined by thep? andsp® C—C bond- L 200 @
" :

5

100

Carbon Fraction, x
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255 | energies are correlated to the optical gap, and the FWHM to
the Urbach energt, . From these results, it is deduced that
250 the broadening of the band tail states contributes to the shape

of the PL spectra observed.
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