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Amorphous SiC thin films with varying phases and compositions have been synthesized using a low
frequency inductively coupled high density plasma source in a hydrogen diluted methane (CH,) and
silane (SiH4) mixture. The optical and electrical properties along with the microstructures of the thin
films are systematically investigated. The feedstock gas ratio of CH,/SiH, leads to the fluctuations
of the optical bandgap, the carbon content, and the transition of Si—Si bonding structure
from crystalline to intermediate phase and finally to amorphous phase. Room temperature
photoluminescence (PL) with nearly fixed emission energy has been observed in the thin films. The
underlying PL mechanism is explained in the framework of quantum confinement-luminescence
center model. The photoexcitation process occurs in the nc-Si quantum dots embedded in the host
SiC matrix, whereas the photoemission process occurs in the luminescence centers in the
surrounding SiC or at SiC-Si interfaces. The PL evolution with the chemical composition in the
films is analyzed in terms of the density of the Si quantum dots and the Si—C bond. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4721412]

. INTRODUCTION

Amorphous silicon carbide (a-Si,C;_4) has attracted
increasing interests in a wide range of applications in micro-
electronic and photonic devices, e.g., photodetector, and
light-emitting diodes (LEDs).! The distinguished property
which makes silicon carbide so attractive is the tunability of
its optical band gap, which can be altered from 1.9 to 3.6eV
by simply controlling the carbon content. In photovoltaic
devices, this material has already been employed to serve as
the window layer of n-i-p thin film solar cells,' giving an
energy conversion efficiency () of about 8%. It has also
been used as emitter of the Si-base heterojunction solar cells
yielding an energy conversion efficiency of 15%.> Recently,
SiC has been successfully applied for silicon surface passiva-
tion to suppress the surface recombination velocity to the
level as low as 30 cm/s.”

Incorporation of carbon into a-Si:H thin films improves
the optical properties in n-i-p thin film or heterojunction solar
cells because of the widening of the optical band gap. How-
ever, formation of silicon-carbon bonds often deteriorates the
electronic properties of the thin films due to the occurrence of
C-related defects.* Therefore, there is a compromise between
the optical and electronic properties of the a-Si,C;_,:H thin
films. There has not been a systematic understanding of the
nature of electronic passivation of a-Si,C;_,:H on monocrys-
talline silicon yet. However, it is recognized that the passiva-
tion effect is strongly dependent on the deposition
parameters, the carbon/hydrogen content, the inner bonding
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configuration, etc.® For example, Ehling ef al. observed that
the minority carrier effective lifetime of the Si surface passi-
vated with a-SiC:H thin films is temperature sensitive due to
the difference of the microstructure of a-SiC:H layers.’
Indeed, the phase and bond evolution with chemical composi-
tion in a-SiC:H is significant for the improvement of the
energy conversion efficiency of solar cells.

Silicon quantum dots (QDs) or nanograin silicon embed-
ded in a dielectric host matrix (SizN4, SiO,, and SiC) is
another attractive venue for the composite of a-Si,C;_,:H. In
comparison with Si QDs embedded in SizN,4 or SiO, matri-
ces, the Si QDs embedded in the SiC matrix are trapped in
the potential barrier with height of ~2.5eV, significantly
lower than that of SisN4 (~5.3eV) and SiO, (~9eV). It
implies that this system is favorable for the carrier transport
and effective luminescence of Si QDs. This is because the
tunneling probability of the carriers between the adjacent Si
QDs in the SiC matrix can be exponentially increased, and
the radiative electron-hole recombination rate can be signifi-
cantly enhanced due to the strong overlap of electron-hole
wave functions.®” In our previous works, Si QDs in an amor-
phous SiC matrix were investigated.® The formation mecha-
nism of Si QDs is explained as the hydrogen dilution effect
on the nucleation and growth processes of the Si QDs in the
used ultra-high density low frequency inductively coupled
plasma (LFICP) source.

In this work, the a-SiC thin films were fabricated by
using LFICP (460kHz) source with feedstock gases of H,
diluted SiH4 and CHy4. The flow rate of SiH4 and hydrogen
was kept constant and that of CH, was varied. The silicon
phase transition and inner bonding structure evolution with
increasing gas ratio of CH,/SiH, were systematically

© 2012 American Institute of Physics
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investigated. Moreover, the infrared photoluminescence from
the thin films was observed and explained using the quantum
confinement-luminescence center (QCLC)9 model based on a
variety of bond structure characterization techniques includ-
ing x-ray photoelectron spectroscopy (XPS), Raman scatter-
ing, and others.

Il. EXPERIMENTAL DETAILS

The a-SiC thin films were deposited on glass and
double-side polished silicon substrates (resistivity of 12
Q cm) in the LFICP system.® In order to further minimize
the surface defect from the ion bombardment, the distance
between the flat coil antenna and the substrate stage was
increased from 11 cm to 31 cm by extending the height of the
reactive chamber. A routine base pressure of ~2 x 10~ *Pa
was maintained in the reaction chamber by a combination of
arotary and a turbo-molecular pump. The flow rates of silane
and hydrogen were kept constants at 5 and 20 sccm (sccm
denotes cubic centimeter per minute at standard temperature
and pressure), respectively. The flow rate of methane was
varied from 0O to 5 sccm, corresponding to the flow rate ratio
(R =CH,4/SiH,) of 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively.
The substrates were placed on a carrier stage mounted with a
thermal couple. Throughout the deposition process, the sub-
strate temperature was kept at 400 °C. The inductive RF dis-
charge power density, the total working pressure in the
chamber, and the deposition duration were maintained at
21 mw/cm®, 7.8 Pa, and 60 min, respectively.

The thickness of the thin films was measured directly
from the cross-sectional scanning electron microscopy (SEM)
image. The deposition rate can be calculated from the
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thickness divided by deposition duration. The microstructures
of the thin films were characterized by x-ray diffraction
(XRD) (Siemens D5005, incidence line of Cu Ko with wave-
length of 1.54 1&) and Raman scattering (Renishaw 1000
micro-Raman with a 514.5 nm Ar™" laser for excitation). Room
temperature photoluminescence was recorded by the same
Raman system with incident power of 25.8 mW. Fourier trans-
form infrared (FTIR) and UV-VIS—near IR transmission spec-
tra were employed to study the Si—-H bond configuration and
optical band gap of the samples, respectively. FTIR measure-
ment was performed on a Perkin-Elmer FTIR 1725X spec-
trometer in the mid-infrared range from 400 to 3200cm '
with increment of 1cm™'. The Cary 510 Bio spectrometer
(300-1100nm) was used to measure the UV-VIS—near IR
transmission spectra. The chemical composition and bonding
states of the deposited thin films were studied ex situ by VG
ESCALAB 220I-xl x-ray photoelectron spectrometer using a
Mg Ko (1253.6eV) x-ray source. The conductivity of the thin
films was measured using a Keithley 4200 SCS system in
combination with a Keithley 2635 A system sourcemeter.

lll. EXPERIMENTAL RESULTS
A. Surface morphology of the a-SiC thin films

The top-view SEM images of the deposited a-SiC thin
films are shown in Fig. 1. The samples in Figs. 1(a)-1(f) were
deposited at constant flow rates of SiH, (5 sccm) and H,
(20 sccm) and varying gas ratio R from O to 1 with an incre-
ment of 0.2. From these images, one can see that the surfaces
of the thin films are similar and uniformly covered by com-
pact small particles without any observable voids between

FIG. 1. The surface morphologies of the thin films deposited at different gas ratios of CH,/SiH,.
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them when R is in the range of 0-0.4 [R =0 in Fig. 1(a), 0.2
in Fig. 1(b), and 0.4 in Fig. 1(c)]. The corresponding cross-
sectional images exhibit a columnar structure, which is usu-
ally observed in amorphous or microcrystalline silicon
growth.'® This indicates a possible preferential growth direc-
tion perpendicular to the substrate. The vertical alignment of
the columnar structure is beneficial to the effective carrier
transport through providing transport channel."' Interestingly,
when the ratio is increased to 0.6 [Fig. 1(d)], spherical shaped
grains with tens of nanometers size appear on the surface. In
addition, some voids appear between these small grains. Fur-
ther increasing the ratio CH4/SiH,4 to 0.8 [Fig. 1(e)] causes
the distance between the grains to increase. Finally, when the
flow rate of methane is set to equal to that of silane [Fig.
1(f)], the grid network structures are formed. It appears to be
the result of separation of two different phases.

B. UV-VIS-near IR transmission spectra

In order to obtain information of the optical properties
of the deposited thin films, the UV-VIS-near IR transmission
measurement was performed in the spectra range of 300-
1000nm as displayed in Fig. 2(a). In the case of low gas
ratios R, evident light interference fringes due to multi-layer
structures are observed. The optical band gap E, for indirect
semiconductor can be deduced from the Tauc equation'?
(OC]’ll/)l/zzB(hI/ —E,), where « is the absorption coefficient,
hv the photon energy, and B is a constant related to the width
of the band tails or disorder in the film in terms of band
length distribution and angle. The obtained values of the
optical band gap E, together with the deposition rate versus
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FIG. 2. The UV-VIS transmission spectra of the thin films deposited at dif-
ferent gas ratios of CH,/SiH,.
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flow rate ratio, are plotted in Fig. 2(b). The E, value of sili-
con thin film is 1.68 eV (in the absence of methane), which
is larger than that of the Si thin film (~1.3 eV) previously de-
posited under similar conditions except the distance between
the antenna and the substrate.'® The optical band gap of
hydrogenated amorphous silicon depends on the crystallinity
and hydrogen content.'* Considering the low hydrogen con-
tent in present thin films (see FTIR results), the wider optical
band gap is attributed to the comparatively lower crystallin-
ity because of the increase of the distance between the
antenna and the substrate. With the incorporation of methane
up to CH4/SiH4=0.6, E, monotonously rises from 1.68 to
2.26 eV and the deposition rate decreases from 23.8 to the
minimum value of 1.7nm/min. One can notice that E,
encounters a slight shrinkage, while R starts to rise in the gas
ratio range of 0.6-0.8. The change of optical band gap and
deposition rate with the gas ratio of CH4/SiH, is connected
with the phase evolution in the thin films, which will be fur-
ther discussed in the subsequent sections.

C. X-ray diffraction

The XRD measurement was conducted to study the crys-
talline structure of the thin films. The diffraction patterns are
represented in Fig. 3. Three pronounced diffraction peaks
located at 20 =28.4°, 47.4°, and 55.8° are observed at lower
ratios of CH,/SH, =0, 0.2, and 0.4, respectively. These peaks
are conclusively attributed to (111), (220), and (311) crystal-
lographic orientation of silicon, respectively. The full width
at half maximum of the peaks becomes larger with increasing
methane composition in the feedstock gas, which implies the
average size shrinkage of the silicon grains (from ~26 to
~18nm estimated from the known Scherrer’s formula).
When the gas ratio is increased to CH4/SH4 = 0.6 and above,
these Si related diffraction peaks disappear. There are two
possibilities that should be responsible for this absence: the
complete amorphisation of silicon or occurrence of the small
crystals particles (<3 nm) which cannot be detected by XRD
method because of the broadening of the spectrum.'® This ob-
servation will be clarified in combination with the Raman
scattering results to be presented in the following demonstra-
tion. Even at the higher methane composition, no signal from

il 04
‘ %MWWMWWWWWMW,;M|WWWMMM

Intensity (a.u.)

FIG. 3. The XRD patterns of the thin films deposited at different gas ratios
of CH,/SiH,. No diffraction peaks corresponding to crystal SiC appear, indi-
cating the amorphous nature of SiC. With the increasing content of CH, in
the feedstock gases, Si changes from crystal to amorphous structure.
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crystalline SiC appears, indicating the amorphous nature of
the SiC phase in the thin films. This is consistent with our
propositions on the conditions for silicon carbide crystalliza-
tion: (1) high substrate temperature (>500°C) and high
power density to generate energetic particles diffusing on the
surface, (2) high dilution ratio of feedstock gases SiH, and
CH,4 with hydrogen to etch away the weak or strained surface
bonds (such as sp2 C and stressed sp3 C or Si bonds), and (3)
appropriate gas flow rate CH4/SH, to ensure enough amounts
of hydrogen and C radicals to balance the large difference of
dissociation efficiency between SiH, and CHy molecules.'®
In the present experiment, the temperature, hydrogen dilution
ratio, and the gas ratio CH,/SHy4 are comparatively low. As a
result, the amorphous structure of the silicon carbide is
expected.

D. Room temperature photoluminescence

Fig. 4 shows the room temperature PL spectra of the thin
films in the wavelength range of 550—-1100 nm. A peak emis-
sion located at about 880nm (1.4¢eV) is observed in all the
samples deposited at different gas ratios from O to 1. For the
case of R =0 (pure silane), the peak is very weak. When R is
raised from O to 0.4, the intensity of the peak steadily
increases. However, when the ratio of CH4/SH, is increased
to 0.6, the intensity of this peak is drastically enhanced,
resulting in a maximum intensity and a minimum width. The
maximum of PL intensity is followed by a decrease at ratio of
0.8. When the flow rate of methane equals that of silane
(CH4/SH,4 = 1), the broad shoulder centered at around 720 nm
becomes pronounced.

Although many experimental data have been reported, a
clear understanding of the PL mechanism in Si-based materi-
als is yet to emerge.15 However, it is well established that the
emission energy is dependent on the nanocrystal size'” and
that nonradiative surface defects compete with radiative pro-
cess.'® The former and latter correspond to the known pure
quantum size effect (QSE)" and surface state models,”’
respectively. It is well-known that two crucial processes are
involved in the PL occurrence: the formation of photoexcited
carriers (photoexcitation process), i.e., pairs of electron and
hole, and the radiative recombination of the photoexcited

——CH/SiH&= 0
—— CH/SiH~0.2
—— CH/SiH ~
——CH/SiH~0.6
CH,/SiH,=0.8
——CH/SiH= 1

PL Intensity (a.u.)

e

600 700 800 900 1000 1100
Wavelength (nm)

FIG. 4. Room temperature PL spectra of the thin film deposited at differ-
ent gas ratios of CH,/SiH,. The emission peak is fixed at wavelength of
about 880 nm and the maximum of PL intensity is obtained at the ratio of
CH,4/SiH, = 0.6.
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carriers through PL center (photoemission process). For the
pure QSE model, it is claimed that both photoexcitation and
the photoemission occur in the Si quantum dots. On the con-
trary, for the surface state model, it is believed that the pho-
toexcitation originates from the Si quantum dot and the
photoemission occurs in a special surface state. As to the sur-
face state model, various surface species related to hydrogen
and oxygen have been proposed.'” In the present experi-
ments, the hydrogen content in the deposited films is in a
comparatively lower level evidenced by following FTIR
spectra and previous quantitative calculation results.>' Thus,
the models focusing on the radicals of hydrides can be
excluded. In terms of QSE model, the emission energy is
expected to blueshift to high energy orientation because of
the quantum confinement effect with the size shrink of the
nano-particle. This is usually regarded as a verification of the
dominant pole of QSE model in PL process. For example,
Brongersma et al.** found the PL peak originally located at
880nm blueshifts by more than 200nm when the average
size of the Si nano-particle reduces due to oxidation at high
temperature of 1100 °C in the system of Si nano-particle em-
bedded in SiO, matrix through Si* implantation. Here,
although the average size of the crystal silicon particle
reduces due to the incorporation of CH, into the feedstock
gases, the emission energy was pinned around 880 nm with
the enhancement of the emission intensity. As such, the QSE
model should be ruled out in our experiments.

In order to get a deep understanding of the PL mecha-
nism, the inner bonding structures of the thin films are exam-
ined by a combination of Raman scattering, FTIR, and XPS
methods.

E. Raman scattering

Fig. 5(a) represents a typical Raman scattering spectrum
in wide frequency shift range of 300-3000 cm ™~ '. A consider-
able photoluminescence background is observed for all sam-
ples except for the case of pure silane, which is consistent
with the PL results in Fig. 4. The strong peaks located at
520cm ™" and 970 cm ™" are assigned to the first- and second-
order transverse optical (TO) photon vibrational modes of
silicon, respectively. Simultaneously, two weak signals
located at ~1350 and ~1580cm ™' corresponding to amor-
phous carbon are discriminated. The former corresponds to
D-band (D for disorder) and the latter the G-band (G for
graphite).”” The basic building blocks of all carbon allo-
tropes are sp, sp°, and sp> hybrid orbital. In diamond, carbon
atoms form strong hybrid sp> orbitals. Each carbon atom is
tetrahedrally coordinated with bonding angles of 109°28’. In
the graphite structure, the carbon bonds are composed of &
(sp2 hybrid) and 7 (p.). That is to say, from the Raman spec-
tra, amorphous carbon atoms bond with each other with
graphite-like configuration. Another peak centered at
2100cm ! is attributed to the SiH, stretching mode. In view
of the whole spectra, there is not any observed Si—C bond
signal due to its high bond polarizability.**

To investigate the bond structure of Si—Si in the com-
posite system, a narrow range (400—600cm ') normalized
Raman spectra of the thin films deposited at different gas
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FIG. 5. The long wavenumber range Raman spectra (a) of the SiC thin film
deposited at feedstock gas ratio CH4/SiH4 = 0.4, where the signals of Si-Si,
C—C, and Si—H are observed, and narrow range Raman spectra of Si (b). Sili-
con changes from crystal (~521cm™") to amorphous phase (~485cm™ ')
through an intermediate phase (~505cm™").

ratios are presented in Fig. 5(b). One can find that the peak
position is located at the vicinity of 521 cm™' and remains
unchanged when the gas ratio of CH4/SHy is in the range of
0-0.4. This peak comprises three components: the TO mode
of amorphous silicon peak at about 480 cm ™', the intermedi-
ate phase around 510cm ™" due to the occurrence of micro-
grains of size no more than 30 1&,25’26 and the crystalline
silicon phase near 521 cm™'. The crystalline fraction of Si in
the thin films is estimated by the integrated areas ratio of
crystalline phase plus intermediate phase to the total.*'
The calculated results show that the crystallinity of Si ini-
tially increases and then decreases slightly when the gas ratio
CH,4/SHy, is varied from O to 0.2 and then 0.4. Therefore, it is
reasonably assumed that the incorporation of minority CHy
molecules improves the silicon crystallinity and makes the
silicon network more ordered. However, further increase of
the CH4 molecules deteriorates the silicon crystallinity. One
can notice that, in Fig. 5(b), the peak of the Raman spectra is
shifted to around 505 cm ™' at gas ratio of 0.6. As mentioned
above, the occurrence of intermediate phase indicates the

J. Appl. Phys. 111, 103526 (2012)

formation of nano-size silicon grains in the thin films. The
nano level size of the silicon grains is calculated by the for-
mula:?® = 2n\/B/Aw, where t is the grain size, B
(~2.0cm™" nm?) is the FWHM of the Raman peak, and Aw
is the peak shift from nanocrystalline to crystalline silicon.
The obtained value is ~2.3 nm, which is out of the detection
range of XRD. Considering the abrupt enhancement of PL in
Fig. 4 at gas ratio CH,/SH, = 0.6, we can reasonably attrib-
ute the distinct change of PL to the formation of a great deal
of nano-size silicon grains. Actually, the crystal silicon quan-
tum dots with dimension of 2—7 nm embedded in amorphous
SiC matrix were directly observed using HRTEM method.®
In combination with the size value from XRD, it can be con-
cluded that addition of methane up to CH4/SH4=0.6 leads
to the grains average size shrinkages from 26 nm to 2.3 nm.
It is worthwhile to note that silicon becomes nearly amor-
phous with the peak at around 485cm™' when the ratio
reaches 0.8 and above. The phase evolution of silicon and
the PL process in our experiments should be related to the
formation of amorphous SiC. While the information of the
host matrix SiC where Si quantum dot is embedded in is yet
deficient. For the purpose to characterize the Si—C bond,
FTIR transmission spectra measurements were performed.

F. FTIR transmission spectra

Fig. 6 shows the FTIR transmission spectra of the thin
films deposited at different gas ratios. The peak located at
~635 and 2100cm™' corresponds to the Si—H rocking/
wagging and the SiH, stretching modes, respectively.”” With
the increasing CHy in the feedstock gases, the former signal,
which relates to the total hydrogen atoms bonded with sili-
con, starts to fade out. This fact implies that the incorporation
of CH, results in the reduction of Si-bonded hydrogen in the
deposited thin films. The mode at 790 cm ™", assigned to Si—C
stretching mode,”® begins to emerge when CH./SH;=0.6
and reaches its maximum at CH,/SH, = 1. It is worthwhile to
note that the intensity of this mode at CH4/SH4 = 0.6 is stron-
ger than that at CH4/SH4=0.8, indicating more C atoms
bonded with Si at CH4/SH4=0.6. Therefore, the sample
at CH4/SH,=0.6 has a larger optical band gap than that at
CH,/SH, = 0.8 [Fig. 2(b)] even though the latter corresponds
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FIG. 6. FTIR transmission spectra of the thin films deposited at different
gas ratios of CH,/SiH,. The Si-H wagging/rocking mode located around
635cm ™! is weakened with increasing CHy4 content in the feedstock gases.
On the contrary, the Si—C stretching mode is enhanced.
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to more CH, flow rate. The shoulder at 1000 cm ! and the
small signal in the range of 2800-3100cm ' are assigned to
the wagging/rocking and stretching modes of CH,,?” respec-
tively. While the C—C bond corresponding signal located
around 1600cm™! is absent, which, together with the result
of Raman scattering, implies the limited number of C-C
bond in the as-deposited thin films.

The mode located at ~1100cm ™" due to Si—O stretching
mode is clearly visible only at CH4/SH4=0 and 0.6. This
seems to point to the comparatively higher oxygen content at
these two points: CH4/SH4=0 where CH, is absent, and
CH,4/SH4 = 0.6 where the most intense PL occurs at around
880 nm. Because oxygen is usually involved in the PL pro-
cess of Si based materials through the formation of defects
level. In order to further understand the origin of present PL
process, the XPS measurements were conducted.

G. XPS spectra

Fig. 7 displays the narrow-scan XPS spectra of Si 2p (a)
and C /s (b) in the synthesized thin films at different gas
ratios of CH,4/SiH,. At the four ratios of 0, 0.2, 0.4, and 0.8,
the shapes of the Si 2 p spectra are similar to each other with
Si-Si/Si—H (99.3eV) and Si—O, (103.3eV) and absence of
Si—C (100.4eV) signal.29 In comparison, most of Si atoms
bond with C in the absence of Si—O, at the ratio of 0.6. When
the ratio was increased from 0.6 to 0.8, the bond configura-
tions of C, Si, and O encounter a distinct change. It is
believed that this behavior should be originally related to the
special interaction between SiH, and CH4 accompanied with
the etching effect of hydrogen in the inductively coupled high
density plasma source. But the detailed mechanism is yet

@[ -

CH,/SH,=0

99.3, Si-Si/Si-H
'\ 100.4, Si-C

Intensity (a.u.)

103.3, Si-O,

9% 98 100 102 104
Binding Energy (eV)

(b) F 285, C-CIC-H
L 2832,C-Si /N 287.6,C-0
[CH/SH=0 ' :

Intensity (a.u.)

280 282 284 286 288 290
Binding Energy (eV)

FIG. 7. The narrow scan XPS patterns of Si 2 p (a) and C / s (b).
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clear. At ratio of 1, all silicon atoms bond with C and Si—O,
signal disappears. In Fig. 7(b), three peaks located at around
283.2, 285, and 287.6 eV are ascribed to bonds of C-Si, C—C/
C-H, and C-O, respectively.”® In the ratio range of 0-0.4,
most of the C atoms bond to C with a small number of C-O.
At ratio 0.6 and 1, most of C atoms bond to Si with some
minor C—C. At ratio of 0.8, C bonds to O, C, and Si. With
exception of the bond configuration of O, the information in
XPS is consistent with that in the FTIR spectra. This is attrib-
uted to the fact that XPS mainly detects the sample surface,
which usually suffers from oxidation in air atmosphere.

IV. DISCUSSIONS

Most of the existing PL processes in silicon based mate-
rials are oxygen related, especially when the oxygen is inten-
tionally introduced by thermal annealing. Furthermore, some
oxygen-related defect models such as oxygen shallow donors
(SDs) and nonbridging oxygen hole center (NBOHC) have
been widely engaged.” The surface or subsurface is usually
the source of PL process. From our experiment results, when
the stronger PL is observed the oxygen content is very low.
As a result, the possibility of main contribution from post-
oxidation due to atmosphere exposure should be ruled out.
Remarkably, the emission energy in PL spectra did not shift
at all with the size reduction of the silicon grain even though
the average size of <3 nm falls well into the region where
quantum confinement effect applies. This is a strong evidence
for excluding the main role of pure QSE model. In combina-
tion with our previous HRTEM observation, we can reason-
ably postulate the following scenario propose by Qin and Li’
in nc-Si/Si0O, system: Silicon QDs are embedded in host SiC
matrix; photoexcited carries occur in Si QDs, while the radia-
tive recombination of the photoexcited electron-hole pairs
occurs in the luminescence centers (LCs) in the surrounding
SiC or at Si/SiC interface. According to this model, PL inten-
sity is mainly dependent on the density of LCs and QDs.

In present materials system, i.e., nc-Si/a-SiC, the LCs are
originated from the incorporation of carbon atoms. Fig. 8
shows the carbon content calculated from the XPS measure-
ment and the integrated PL intensity as a function of gas ratio
CH,/SiH,. The carbon content and integrated PL intensity

sofF ° 150 ~
45| A
40 —8—Cat% u 440
| —e— Integrated PL
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Integrated PL intensity (a.u

Carbon content (at.%)
5 8

20
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10k /./

=/l ] 40
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FIG. 8. The carbon content from XPS measurement and integrated PL in-
tensity as functions of feedstock gas ratio of CH,4/SiH,.
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FIG. 9. The conductivity of the thin films deposited at different gas ratios of
CH,/SiH,.

display the same trend with varying CH4/SiH,4. Both of them
increase gradually in the ratio range of 0-0.4, reach their
maximum at ratio of 0.6, decline to a local minimum at ratio
of 0.8, and then begin to increase again. The carbon content
defines the density of LCs, where the light emission occurs
through electron-hole pair’s radiative recombination.
Although carbon contents at ratio of 1 and 0.6 are compara-
ble, the integrated PL of the former is still less than that of
the latter. This is due to the larger nanocrystal QDs density at
the ratio of 0.6, which is clearly evidenced by the Raman
peak located at around 505cm ™"

Another evidence to support the nc-Si/a-SiC scenario is
the conductivity of the thin films, which is shown in Fig. 9 at
different gas ratios. The curve can be vertically separated
into three regions: (i) without CHy, (ii) intermediate CHy
content (CH4/SiH4=0.2, 0.4, and 0.6), and (iii) high CH,
content (CH4/SiH, = 0.8 and 1). In region (i), the conductiv-
ity is comparatively high due to the low C content from the
atmosphere contamination and high silicon crystallinity.
From region (i) to (ii), the conductivity decreases drastically
owing to the increase of carbon. It is worthwhile to note that
the sample of CH,4/SiH,=0.6 has conductivity competitive
with that of CH,/SiH, = 0.4 even though the former contains
more wide band gap SiC (see Fig. 6). At ratio CHy/
SiH4=0.6, high density nanocrystal Si QDs were formed
and surrounded by SiC. The electronic transport is realized
by the tunneling at the interface of Si and SiC, as described
in the system of nanocrystal Si QDs/SiO,.*! In addition, SiC
plays a passivation role on the dangling Si bands to facilitate
the transport process. In region (iii), the conductivity is con-
tinuously decreased to the level of 107" Q 'em ™.

V. CONCLUSIONS

Amorphous SiC thin films were synthesized in the high
density LFICP system using different compositions of CHy,
and SiH, diluted by H,. With the gradual incorporation of
CH, into the feedstock gases, silicon bond structure becomes
more disordered and changes from crystalline to amorphous
phase through an intermediate phase. At the intermediate ra-
tio of CH4/SiH4 = 0.6, high density crystal Si QDs embedded
in the SiC matrix were formed to construct a nc-Si/a-SiC

J. Appl. Phys. 111, 103526 (2012)

system. The high density of Si QDs and SiC bonds facilitate
the room temperature PL emission fixed at wavelength of
around 880nm. The photoexcitation occurs in the nc-Si
QDs, whereas photoemission occurs in the amorphous SiC
or at SiC-Si interface, as explained by the QCLC model.
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