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Amorphous SiC thin films on a silicon substrate (Si) with different film thicknesses (about 20–450 nm)
were deposited using dual ion beam sputtering deposition (DIBSD) at room temperature. These SiC
thin films were of high quality showing high coverage (>90%) and low surface and interface rough-
ness (<5 Å). The structure and morphology of these SiC/Si systems were explored by x-ray reflec-
tivity, x-ray diffraction, scanning electron microscopy, and atomic force microscopy. The bonding
configuration and compositional details of the SiC films were examined by Fourier-transform
infrared and Raman spectroscopy. The optical constants (complex dielectric function and refractive
index) and the bandgap of SiC thin films were analyzed through spectroscopic ellipsometry in the
0.55–6.3 eV energy range. An increase in the bandgap (5.15–5.59 eV) and a corresponding decrease
in the refractive index (2.97–2.77) were noticed with the increase of SiC film thickness from about
20–450 nm. This thickness dependent trend in optical properties is attributed to the increase of the
C to Si atomic concentration ratio in DIBSD grown SiC thin films with increasing film thickness, as
observed from energy dispersive x-ray analysis measurements. The unique properties of amorphous
SiC have already placed it as a suitable candidate for solar cells and photovoltaic applications in its
thin film form. The results developed in this study for thickness dependent optical properties of SiC
thin films can be used for further optimizing the performance of SiC in various applications through
tuning of optical properties. Published by the AVS. https://doi.org/10.1116/1.5097628

I. INTRODUCTION

Silicon carbide (SiC) is a superior wide and indirect
bandgap semiconducting material with outstanding physical
and chemical properties. Its physical properties such as high
breakdown field, high saturated drift velocity, and high
thermal conductivity make it a prime candidate and stable
material for high temperature, high radiation tolerance, high
voltage, high power, and high-frequency applications.1,2

Silicon carbide exists in a large number of polytypes or
structural forms, with different stacking sequences of tetrahe-
dral Si and C layers.3,4 The use of crystalline SiC (c-SiC)
films on a Si substrate is very advantageous because it com-
bines the excellent properties of SiC with the well-known Si
technology.5,6 However, c-SiC deposition requires high tem-
perature (>1000 °C), which is a problem for conventional
microelectronics processes and increases the cost of the hard-
ware needed for its production and the final product. Intense
research has been carried out on amorphous SiC (a-SiC)
layers that have been recognized as a good substitute for

crystalline SiC due to their excellent coefficient of thermal
expansion that matches with silicon wafers, high carrier
mobility, high conductivity, relatively good thermal,
mechanical stabilities, etc.7,8 Amorphous SiC is one of the
most attractive and promising materials since its bandgap
ranges from 1.8 to 2.6 eV or more when its carbon content in
the material varies.9 Each device incorporating SiC thin films
may have different requirements such as optical bandgap,
refractive index, surface, and interface roughness. The thick-
ness of the thin film is an important factor affecting the
optical and electrical properties. Studies showed that the
thickness of SiC films is a key parameter for use as a
window layer of solar cells where thicknesses ranging from
15 to 400 nm are of specific interest regarding optimization
of device performance.10,11 Amorphous SiC can be used
effectively as a durable thermally stable surface passivation
material for high-efficiency thin silicon photovoltaic applica-
tions.12 Also, its application fields have been expanding into
various optoelectronic devices such as photodetectors, x-ray
sensors, and color sensors.13,14 Therefore, it is interesting
and important to elucidate the relationship between the SiC
film thickness, the corresponding structure, and its optical
properties from the viewpoint of its varied applications.

The techniques for deposition of SiC thin films are crucial
for their versatile applications from mechanical to electrical
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to optoelectronic applications. Recently, plasma-assisted
deposition methods have been used to grow SiC films such
as plasma enhanced chemical vapor deposition,15,16 electron
cyclotron resonance,17 and conventional physical vapor dep-
osition methods (magnetron sputtering18 and pulsed laser
deposition19). However, these methods need a relatively high
temperature that creates defects resulting from the high stress
generated by the different thermal expansion coefficients
between SiC and the substrate.20 Thus, finding an inexpen-
sive method for the synthesis of large-scale, homogenous,
high-quality, SiC thin films at lower temperature has
remained a challenge for many years. Dual ion beam sputter-
ing deposition (DIBSD) is a thin film growth technique from
a single target sputtering process. This technique offers
numerous other advantages such as a uniform compositional
distribution in the thin film, smooth surfaces, and a simple
deposition process.21 One advantage of the DIBSD system
compared to conventional sputtering techniques is that it
yields high-quality thin films with comparatively better uni-
formity and adhesion to the substrate.22–25 Achieving better
quality film through the DIBSD technique as compared to
conventional sputtering techniques is completely based on
its working principle. DIBSD is equipped with a radio fre-
quency (RF) deposition ion source and a direct-current
coupled assist ion source.21,24,25 An RF deposition source,
which is used for sputtering the material from the target, is
widely used for deposition of oxides and semiconductors,
whereas an assist ion source is employed to preclean the sub-
strate surface before film deposition and to hinder three-
dimensional island formation and remove weak dangling
bonds during film deposition process, assisting in the reduc-
tion of columnar growth of thin films and thereby enhancing
growth uniformity and film adhesion to the substrate.21,24,25

Also, in ion beam sputter deposition, ion generation and
acceleration (ion beam source), the generation of film-
forming particles (target) and thin film growth (substrate) are
spatially separated. Therefore, geometrical parameters (ion
incidence angle and emission angle) in addition to ion beam
parameters (ion species and ion energy) can be varied, which
results in different energy distributions of the film-forming
particles. The spatial separation also avoids interaction of the
plasma, target, and substrate, which is inherent in magnetron
sputtering (e.g., arcing).26–28

In this work, SiC thin films of varied thicknesses in the
range of about 20–450 nm were grown by the DIBSD
technique to study the thickness dependent optical properties
corresponding to their internal structure. The structure and
morphology of these films were analyzed through x-ray
reflectivity (XRR), powder x-ray diffraction (XRD), scanning
electron microscopy (SEM), and atomic force microscopy
(AFM). Spectroscopic techniques such as Fourier-transform
infrared (FTIR) and Raman scattering spectroscopy have also
been employed to explore the bonding configuration and
chemical composition of the SiC thin films with different
thicknesses. The optical constants (real and imaginary parts
of the complex dielectric function and refractive index) and
bandgap of the thin films were estimated using spectroscopic
ellipsometry (SE). Key attention was devoted to analyzing

the effect of the thickness of deposited SiC thin films on
optical properties.

II. EXPERIMENT

SiC films were deposited on Si (100) substrates at room
temperature using an Elettrorava DIBSD system that con-
sisted of a focused Kaufman ion beam source (main ion
beam source) and a broad-beam Kaufman ion beam source
(assisting ion beam source). The angle between the sputter-
ing beam and the SiC target was fixed at 45° off normal,
while the angle between the assisting ion beam and the sub-
strate was maintained at 60°. The assisting ion beam was
turned on for 5–10 min for substrate precleaning with low
energy Ar ion bombardment. During deposition, the assisting
ion beam was turned on to reduce the columnar growth and
hence growth uniformity and improved film adhesion to the
substrate were achieved.29 Before the growth process, the Si
substrates were cleaned in trichloroethylene, acetone, isopro-
panol, and de-ionized water and subsequently purged by
5N-purity (99.999%) nitrogen gas to remove dust particles.
The degreased Si substrates were then immersed in HF solu-
tion to remove the native oxide and form a hydrogen-
terminated Si surface. Argon gas with 99.999% purity was
used as the main source gas for ion beam generation from a
high purity 4-in. diameter SiC sputtering target mounted on a
rotatable, water-cooled target holder inside the DIBSD
chamber. The working pressure of argon was 2.8 × 10−4mbar.
During deposition, the voltage and the current of the main
sputtering beam were 800 V and 55mA, while the discharge
voltage and the current of the assisting ion source were kept
constant at 60 V and 600mA, respectively, during all thin film
depositions. SiC films of variable thicknesses were deposited
at room temperature9,20,30 by changing the deposition times
with a constant radio frequency power of ∼70W fed to the
sputter ion beam source. Since it is well known that the thin
films deposited with ion beam sputter deposition technology
at room temperature undergo only a weak or negligible
thermal induced extrinsic stress,30 in this work, DIBSD at
room temperature was employed for the SiC thin film deposi-
tion. Ex situ annealing of grown SiC films was performed in
vacuum (∼1 × 10−3 mbar) at 100 °C for 10 h in a high temper-
ature tube furnace (Nabertherm, Germany) system to reduce
any possible intrinsic film stress.30 A set of SiC thin films
with varying film thicknesses from ∼20 nm to ∼450 nm were
grown on Si substrates. The representative SiC films of thick-
ness ∼20, ∼80, ∼200, and ∼450 nm will be referred as SiC-1,
SiC-2, SiC-3, and SiC-4, respectively, hereafter.

The thicknesses of the films, their electron density profiles
(EDPs) along the surface normal, and the surface and inter-
face roughness were estimated using XRR measurements.
XRR data were collected using a Rigaku SmartLab auto-
mated multipurpose x-ray diffractometer with CuKα radiation
(λ = 1.54 Å) operating at 40 kV and 30 mA. In XRR studies
under the specular condition, the scans were performed in the
plane containing the incident beam and the surface normal,
with an incident angle αi equal to the scattering angle αf and
αi varying from 0° to 5.5°. Under this geometrical condition,
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the momentum transfer vector, q = kf – ki with kf(i) being the
scattered (incident) x-ray wave vector, has its only nonvanish-
ing component along the normal to the sample surface,
qz [=(4π/λ) sin αi]. The reflectivity data of SiC films were ana-
lyzed by Parratt formalism.31–34 This scheme recursively
solves Fresnel equations at each interface, i.e., the change in
electron density (ρ) within any film.31 The extracted values of
film thickness, electron density, and interface width or rough-
ness from the best fit of reflectivity data were used to construct
the EDPs, i.e., the electron density as a function of film depth
from the top for SiC/Si systems, after convoluting the profile
with the interface widths.35–41

The morphology and the roughness of the SiC films were
examined by field emission gun-scanning electron micros-
copy (Supra 55 Zeiss) and AFM in the tapping mode using a
Bruker Dimension 3100 icon with Nanoscope V. The struc-
ture of the deposited SiC films was examined by XRD with
CuKα radiation (λ = 1.54 Å) using a Rigaku SmartLab auto-
mated multipurpose x-ray diffractometer. The bonding con-
figuration and compositional information were estimated by
FTIR spectroscopy and Raman scattering. For FTIR spectro-
scopy, a Tensor 27 Bruker spectrometer was employed.
Transmission spectra were obtained in the frequency range
from 600 to 3500 cm−1 with a resolution of 2 cm−1. A Raman
spectrometer (LabRAM HR Evolution, Horiba Scientific)
with a 633 nm He-Ne laser of 5 mW power focused to a spot
of the size of 0.8 μm diameter was used for Raman scattering
measurements.

SE measurements of the ellipsometric angles ψ and Δ
were performed on SiC thin films deposited on Si substrates
with a variable-angle rotating-analyzer ellipsometer equipped
with a computer-controlled Berek waveplate compensator
(J.A. Woollam, Co., Lincoln, NE, Model: VASE) in the
photon energy range of 0.55–6.3 eV at three incident angles
of 60°, 65°, and 70°, similar to the technique described
elsewhere.42 Ellipsometry techniques have been extensively
used to explore the optical properties of the thin films,
namely, complex dielectric function, absorption coefficient,
and bandgap along with the film thickness and roughness,
using WVASE (J.A. Woollam, Co.) software.

III. RESULTS AND DISCUSSIONS

A. Optical properties of SiC on Si thin films

The optical properties of SiC thin films of different thick-
nesses (SiC/Si) were analyzed by SE, as shown in Fig. 1.
The main advantages of the SE technique are its precision and
nondestructiveness and, particularly, the ability to measure the
thicknesses and the optical constants of the system simultane-
ously.43 In this SE study, to extract the optical constants of the
SiC films, a three-layer model (i.e., surface roughness/SiC
layer/Si substrate) was employed as shown in Fig. 1(e), where
the Si substrate is about 1 mm thick and has been treated as
infinite. The optical constants of Si are well known.44 Surface
roughness is described with an effective medium approxima-
tion (EMA) layer that is used to simulate the small amount of
interfacial intermixing or surface roughness.45 It is mostly of

the same material as the underlying layer with a void fraction
of 50%, the combined effect of roughness and porosity.46

A Tauc–Lorentz (TL) optical function was applied to model
the deposited SiC layers on Si. The Tauc–Lorentz expression
for the absorption coefficient that is directly related to the
imaginary part of the dielectric function is given by47,48

ε2 ¼ AE0C(E � Eg)2

(E2 � E0)
2 þ C2E2

� 1
E

(E . Eg)

¼ 0 (E � Eg),

(1)

ε1 ¼ ε1 þ 2P
π

þ
ξε2

ξ2 � E2
dξ, (2)

where A is the transition matrix element (proportional to the
magnitude of the real and imaginary part of complex dielectric
constant), E0 corresponds to peak transition energy, C is the
Lorentz broadening term, and Eg corresponds to the optical

FIG. 1. Ellipsometric angles ψ and Δ vs photon energy for (a) SiC-1,
(b) SiC-2, (c) SiC-3, and (d) SiC-4 at angles of incidence 60°, 65°, and 70°.
The best fits to the data using a Tauc–Lorentz model with roughness are
shown by solid lines. (e) The optical model used to fit the ellipsometric data,
consisting of a Si substrate, a SiC film, and a roughness layer.
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bandgap.47,48 The additional fitting parameter, ε∞, is the high-
frequency dielectric constant, and P stands for the Cauchy
principal part of the integral. Figures 1(a)–1(d) show the ellip-
sometric angles ψ and Δ as a function of photon energy, for
SiC-1, SiC-2, SiC-3, and SiC-4, respectively. We found that
the calculated ψ and Δ are in good agreement with the experi-
mental data. Excellent fits with mean-squared-error below 10
were achieved for all our samples. It is observed that the
optical behavior of the sample has a clear trend that evolves
with thickness. The SiC layer thicknesses for SiC-1, SiC-2,
SiC-3, and SiC-4 as estimated from the excellent fits of ellips-
ometry data are 21.6, 81.7, 199, and 447.2 nm, respectively.
A 2–4 nm roughness layer above the SiC layer in all the
samples was determined.

The dielectric function ε(E) = ε1(E) + ε2(E), for SiC thin
films, is determined by SE in the 0.55–6.3 eV photon energy
range at room temperature using the optical model described
above. After obtaining the SiC layer thickness, n and k were
also independently varied wavelength-by-wavelength across
the entire spectral range to fit the ellipsometric data using the
point-by-point method. The calculated ε1 and ε2 using the
best-fit parameters are shown in Fig. 2. A closer observation
of the ε1, ε2 spectra in Fig. 2 shows a drop in the real and
imaginary parts of a complex dielectric function as the film
thickness is increased.

Lines show the optical constants (dielectric function)
derived from the TL fit, while the symbols (open circles)
show the optical constants derived from point by point fit
(point by point_TL).

The refractive index n and the extinction coefficient k
were also calculated from the values of ε1 and ε2 using the
following equation:49,50

ε1 ¼ n2 � k2, (3)

ε2 ¼ 2nk: (4)

Figure 3(a) shows the evolution of the refractive index n
with wavelength for SiC-1, SiC-2, SiC-3, and SiC-4 thin
films. It has a broad maximum at about 300 nm and
decreases toward longer wavelengths. Extrapolating spectral
refractive indices to the nonabsorbing region their values n∞
in the long wavelength limit16 at 2140 nm were estimated
and included in Table I. The refractive index n∞ is an impor-
tant wavelength-independent optical parameter related to
the atomic structure and the mass density. Interestingly, we
have a decrease in the refractive index with the increase
in the thickness of SiC thin films as shown in Fig. 3(b).
The change in optical constants (real and imaginary parts
of the complex dielectric function and refractive index) with
thickness indicates that thickness induces variation in

FIG. 2. Spectra for real (ε1) and imaginary (ε2) parts of the dielectric function
for SiC-1 (∼20 nm), SiC-2 (∼80 nm), SiC-3 (∼200 nm), and SiC-4 (∼450 nm)
thin films of SiC in the SiC/Si system. These optical constants were deter-
mined from a wavelength-by-wavelength fit as described in the text. Lines
show the optical constants (dielectric function) derived from TL fit, while
the symbols (open circles) show the optical constants derived from point by
point fit (point by point_TL).

FIG. 3. (a) Refractive index (n) as a function of wavelength for SiC-1 (∼20
nm), SiC-2 (∼80 nm), SiC-3 (∼200 nm), and SiC-4 (∼450 nm) thin films of
SiC in the SiC/Si system. (b) Variation of high-frequency refractive index,
n∞ with SiC film thickness.
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composition ratio or rearrangement of bonds or changes in
the number of defects or defect levels, which may result in a
change in the structure of SiC.46,51,52

The direct bandgap Eg is estimated from the absorption
coefficient α, which was calculated from k, using the values
of ε1 and ε2.

53 Figure 4(a) displays a Tauc plot54,55 obtained
with the present optical constants by the fitting equation for
a direct bandgap semiconductor,

αE / (E � Eg)
1=2:

The absorption coefficient as a function of photon energy
evidenced a shift of the bandgap toward higher energies
from 5.15 to 5.59 eV with increased SiC film thicknesses.
The variation of the direct bandgap with thickness is shown
in Fig. 4(b). The experimental data (symbols) are fitted with
an exponential curve (dotted line). This exponential increase
of the direct bandgap with SiC film thickness excludes
quantum confinement in a thinner film as an explanation.

It is noteworthy to mention that the observed range of
direct bandgap (5.15–5.59 eV)56–58 and refractive index (2.77–
2.97)52,59 of the SiC films (SiC-1, SiC-2, SiC-3, and SiC-4) are
in accordance with the results reported by other research groups.

It should be noted that a refined analysis was also employed,
using a graded layer model (simple graded index model or
graded layer model), to fit the SE data60–63 for SiC films and to
confirm the findings on thickness dependent variation in optical
constants for DIBSD grown SiC films, and the same has been
discussed in detail in S1 in the supplementary material.113

The tunable optical properties of the SiC films cannot be
explained by the well-known quantum confinement effect64 as
the results indicate the opposite trend. The known increase
(decrease) of the refractive index when the optical bandgap
decreases (increases) is an indication of a material structure
change,65 which can be attributed to different factors. Film
density is one of the controlling factors for the variation of
material structures and consequently the refractive index of SiC
films. The film density change may be caused by voids present
in the material similarly as reported by Webman et al.66 The
refractive index of our amorphous SiC films can be related to
the refractive index of a reference material (taken to be the
thinnest film SiC-1) and air (nvoid = 1) using Bruggeman effec-
tive medium approximation (BEMA) models,67 as described in
S2 in the supplementary material.113 So, there is a possibility
that the observed decrease in refractive index with an increase
in the thickness of SiC films could be an effect of the increase
in the void density of the SiC films. X-ray reflectivity has been
employed to explore and verify the possibility of enhancement
of the void density in the SiC thin films with decreasing film
thickness, as discussed in Sec. III B.

Secondly, different polytype crystal structures (3C-SiC, 6H
SiC, etc.) have different electronic and optical properties.68,69

TABLE I. Various parameters extracted for our SiC on Si layers. n∞ is the long-wavelength refractive index at 2480 nm, Eg is the direct bandgap, pv is the void
fraction from the BEMA, and ρrel is the electron density (relative to bulk SiC).

Sample

Ellipsometry XRR
AFM

Film
thickness
(nm)

Surface
roughness

(nm) n∞

pv
(%)

Bandgap
(eV)

Film
thickness
(nm)b

Average
electron density

(eÅ−3)

Surface
roughness

(nm)
ρrel
(%)

pv
a

(%)
(from XRR)

Surface
roughness

(nm)

SiC-1 21.6 ± 0.1 3.2 2.97 ± 0.07 0 5.15 ± 0.07 21.6 0.84 0.5 85.8 14.19 0.6
SiC-2 81.7 ± 0.1 2.9 2.85 ± 0.06 6.05 5.22 ± 0.05 82.5 0.89 0.5 90.9 9.09 0.5
SiC-3 199 ± 0.1 2.4 2.82 ± 0.01 8.51 5.31 ± 0.08 203 0.90 0.4 91.93 8.06 –

SiC-4 447.2 ± 0.1 2.6 2.77 ± 0.04 11.51 5.59 ± 0.07 456 0.92 0.4 93.97 6.02 0.3

aρv = 100− ρrel, where ρv is the void fraction.
bExperimental resolution in the determination of film thickness from XRR is π/qmax, which is ∼0.6 nm for thinner SiC films, SiC-1 (21.6 nm) and SiC-2
(∼82 nm), but for thick films of thicknesses ∼199 nm and ∼447 nm, determination of thickness from XRR is very less sensitive, which involves high error
bars34 [qmax can be obtained from Fig. 5(a)].

FIG. 4. (a) Plot of (αhυ)2 vs photon energy for SiC-1 (∼20 nm), SiC-2 (∼80
nm), SiC-3 (∼200 nm), and SiC-4 (∼450 nm) thin films of SiC on Si. (b)
Direct bandgap variation with SiC film thickness (symbols), where the black
dotted line represents exponential growth.
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Also, the optical properties depend on the crystallinity (amor-
phous/polycrystalline) state of the SiC system.69 In this
context, the crystal structures of the SiC films were investi-
gated by XRD to explore the reason behind the observed
thickness dependent changes in the optical properties in SiC,
as described in Sec. III C.

Furthermore, it is also known that the optoelectronic prop-
erties of silicon carbon alloys are dependent on the carbon
content.70,71 The ratio of carbon to silicon has been known
to be responsible for varying optical properties, specifically
the change in refractive index and bandgap, of the SiC struc-
ture as demonstrated by other research groups.59,72,73 In view
of these, the ratio of compositional content and bonding con-
figuration of the SiC thin films were analyzed and discussed
in Secs. III D and III E to explain the observed trend in the
optical properties of SiC films of different thicknesses.

B. Electron density profile of SiC thin film through
XRR

As discussed above the change in the refractive index can
be attributed to the change in the density of the SiC film.
This film density change may be caused by voids present in
the material.16,67 The electron density that is proportional to
mass density (film density) is used to estimate the void
density in the grown SiC thin films. Electron density profiles
normal to the surface of SiC films were studied using specu-
lar x-ray reflectivity (XRR) through which thickness,
surface, and interface roughness were also estimated.

For characterization of single/multilayer thin film systems
of nanometer-scale surface/interface roughness of any kind
of materials, XRR74–76 is an ideally suited nondestructive
technique to probe the buried interfaces to determine the
layers’ thickness, surface/interface roughness, and electron
density profile, without suffering from charging effects, and
providing excellent depth sensitivity.77 Moreover, for XRR,
any special sample preparation technique/sputtering [such as
for cross-sectional TEM and SEM (Refs. 78 and 79)] is not a
prerequisite.78,80–84 XRR provides a statistical averaging over
the whole sample area, since it involves probing a surface at
microscopic length scales while sampling a macroscopic
portion of the surface85 thus sampling in the same way as in
macroscopic characterization techniques.77

In specular x-ray reflectivity, incident angle (αi) and scat-
tering angle (αf ) are equal to each other, as shown schemati-
cally in Fig. 5. The surface normal component of the wave
vector transfer is qz, where qz = (4π/λ) sin αi. The x-ray
reflectivity, R(qz), is related to the electron density ρ(z) via
the following expression:34,37,86

R(qz) ¼ RF(qz)
1
Δρz

ð
dρ(z)
dz

exp �iz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qz(q2z � q2c)

1
2

q� �
dz

����
����
2

,

(5)

where RF is the Fresnel reflectivity from a single ideal inter-
face, Δρz is the total change in electron density across the
interface (along surface normal), and qc is the momentum

FIG. 5. (a) Fresnel normalized x-ray reflectivity (R/RF) for (i) SiC-1, (ii)
SiC-2, (iii) SiC-3, and (iv) SiC-4; circles and lines represent experimental
data and theoretical fit, respectively. (b) Corresponding EDPs of SiC/Si thin
films. Inset of (b) shows the zoomed portion of the EDP of SiC, which indi-
cates the presence of a very thin layer (∼1 nm) of SiC with slightly lower
electron density, above the thick primary SiC layer. (c) Schematic represen-
tation of specular x-ray reflectivity (XRR) for SiC/Si layers: αi and αf denote
the incident and scattered angles of x-ray, respectively, and qz is the momen-
tum transfer vector component perpendicular to the sample surface.
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transfer at the critical angle for total external reflection.
Equation (1) was used to extract the electron density profile
by analyzing the XRR data of SiC/Si using Parratt
formalism.31,41

Figure 5(a) shows Fresnel normalized x-ray reflectivity
(R/RF)

32,41 data of films with different SiC thicknesses,
namely, SiC-1, SiC-2, SiC-3, and SiC-4, where circles and
lines represent experimental data and theoretical fit, respec-
tively. Interference of scattered x-rays from SiC/Si layers
results in the formation of a pattern of well-defined Kiessig
fringes of films with finite thickness as shown in the reflec-
tivity pattern of the films in Fig. 5(a). A secondary pattern of
Kiessig fringes is evident in XRR pattern with a larger
period of oscillations, corresponding to a large change in qz,
indicating the presence of a thin layer of different electron
density along with the thicker layer in SiC/Si systems. The
x-ray reflectivity data have been fitted by the well-known
Parratt exact recursive method.31 Initially, a single layer
model on top of the substrate is tested. A reasonable agree-
ment between theoretical fit and experimental data is not
obtained as the secondary pattern in the XRR is not properly
represented by this single layer model. An improvement of
the data fitting is obtained by the introduction of a very thin
layer on the top of the main SiC layer. The EDP along the
surface normal direction has been extracted by fitting the
XRR data with the above theoretical model using Parratt for-
malism by recursively solving the Fresnel equations at each
interface,31 shown in Fig. 5(b). A schematic of the XRR
technique for SiC/Si layers is depicted in Fig. 5(c). Electron
density profiles indicate the formation of SiC films on a Si
substrate, with very low surface and interface roughness
(<5 Å). It is to be noted that the extracted EDP indicates the
presence of a very thin layer (∼1 nm) of SiC with slightly
lower electron density (0.664 eÅ−3), above the thick princi-
pal SiC layer in all the SiC/Si films as shown in the zoomed
portion of EDP in the inset of Fig. 5(b). The result is consis-
tent with the observed overall surface roughness of SiC/Si
films as obtained from SE data analysis. The overall thick-
nesses of SiC layers as estimated from XRR are 21.6, 82.5,
203, and 456 nm for SiC-1, SiC-2, SiC-3, and SiC-4, respec-
tively. The thicknesses of SiC films, as determined from the
XRR, are in good agreement with the results obtained from
the SE study, as shown in Table I. The electron densities of
SiC films are very close to the bulk SiC electron density
(ρbulk = 0.979 eÅ

−3) and found to vary only slightly with the
thickness of the SiC thin films (see Table I). The XRR analysis
shows the formation of high-quality SiC thin films, with nearly
full coverage (>90%, as calculated from the bulk electron
density of SiC) and very low surface roughness (see Table I).

The relative electron density (ρrel) of each film with
respect to the SiC bulk electron density (ρbulk = 0.979 eÅ−3)
is shown in Table I. The results indicate a small increase in
electron density in thicker SiC films (by less than 10%),
consequently a decrease in void density in thicker films.
Therefore, the observed increase of refractive index in thinner
SiC film cannot be explained by the influence of void density
in the SiC film, because opposite trends are observed in SE
and XRR as a function of SiC layer thickness.

C. Structural analysis by XRD

The influence of crystallinity on the observed changes in
optical properties of the deposited SiC thin films of different
thicknesses was also investigated. Different crystal structures
(amorphous or crystalline) of SiC are known to have differ-
ent optical properties as reported in the literature.68,69 XRD
patterns of SiC films (SiC-1, SiC-2, SiC-3, and SiC-4) show
that the films are amorphous in nature, as shown in Fig. S3
in the supplementary material.113 The XRD patterns exhibit
a peak at 2θ of 69°, which corresponds to the (004) Si sub-
strate Bragg peak, but there is no diffraction peak of crystal-
line SiC, indicating that the films can be regarded as
amorphous SiC.72

The thickness independent amorphous nature of DIBSD
deposited SiC films rules out the influence of crystal struc-
ture to explain the observed variation of optical properties of
SiC films.

D. Bonding configuration/compositional study by FTIR
and Raman spectroscopy

The SiC films were analyzed by FTIR and Raman spec-
troscopy in order to investigate the bonding configuration
and compositional details. Figure 6 shows the FTIR transmit-
tance spectra of SiC/Si layers (SiC-1, SiC-2, SiC-3, and
SiC-4) in the region of 500–3500 cm−1. The FTIR spectrum
of the Si substrate is also shown as a reference. Several FTIR
absorption bands were detected from the SiC/Si layers
including the Si–C stretching vibration87,88 at 820 cm−1, the
Si-H oscillatory modes65 at 885 cm−1, and the C-H wagging
mode87 at 970 cm−1. Absorption at 1200–1000 cm−1 corre-
sponds to Si–O–Si and Si–O–C bonds.65 The peak at posi-
tion ∼740 cm−1 in the Si substrate can be assigned to the
two-phonon modes (LO + LA) of Si (Ref. 89), while the
peak at a similar position for SiC films, which becomes
stronger for thicker SiC films, may have an additional contri-
bution from the C–C bonds.9 The spectrum of the thickest
(SiC-4) SiC film shows a broad absorption band between
630 and 1050 cm−1, which can be deconvoluted into C–C,
Si–C, Si–H, and C–H bonds, as shown in Fig. 6. The broad

FIG. 6. FTIR spectra of different SiC/Si thin films. (A) two-phonon modes
(LO + LA) modes of Si and/or C–C bond; (B) Si–C bond; (C) Si–H oscilla-
tory mode; (D) C–H wagging mode; (E) Si–O–Si and Si–O–C bonds; (F)
C–H stretching vibration.
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absorption band is indicative of the amorphous structure of the
grown SiC films,88,90 as revealed by XRD also. An absorption
band at around 1100 cm−1, assigned by Si–O–Si or Si–O–C
bonds,91,92 could be induced by the Si substrate. Additionally,
an absorption band in the range of 2800–3000 cm−1 is
detected in all the SiC/Si layers, which is attributed to the C-H
stretching vibration.93

Figure 7 shows the Raman spectra of SiC/Si systems
(SiC-1, SiC-2, SiC-3, and SiC-4). Raman scattering was
employed to the SiC/Si layers as a complementary technique
to FTIR spectroscopy. A sharp peak at 520 cm–1 and a broad
band near 970 cm–1 correspond to the TO and two-phonon
2TO of the crystalline Si substrate.94–96 The peak at ∼300 cm−1

can be assigned to the second transverse acoustic phonon mode
(2TA) of the Si substrate.96 The weak peak at 620 cm−1 can be
assigned as an overtone of the peak at about 300 cm−1, origi-
nating from the crystalline bulk Si substrate,97,98 while the peak
at 670 cm−1 can be attributed to the wagging vibrations of
Si–H bonds.99 For the thicker SiC films (SiC-2, SiC-3, and
SiC-4), a broad band appearing in the 1300–1500 cm–1 spectra
region is associated with the C–C vibrational modes.100 This
C–C signature was already observed in Si–C alloys with carbon
excess certainly corresponding to a specific structure, which
could be described as a random covalent network of tetrahe-
dral–trigonal bonding carbons with distorted bond angles and
bond length.94,101 The Si–C band, which is usually present in
the region of 700 and 1000 cm−1, is found to be very weak in
the Raman spectra, which is due to the low Raman efficiency
for the Si–C bond because the cross section of the Si–C bond
is low as compared to Si–Si and C–C bonds.73,102 The results
indicate the enhancement of C–C bonds in thicker SiC films.

E. Surface morphology and elemental composition
ratio

The surface morphology of the SiC/Si thin film was
examined by field emission scanning electron microscopy
(FESEM) and AFM. Figures 8(a) and 8(b) show the SEM

micrograph of SiC-4 and SiC-1, respectively. Corresponding
AFM images are displayed in Figs. 8(c) and 8(d). Images
show the smooth and uniform surface morphology for both
the SiC films. Root mean square roughness of the obtained
film estimated from a 5 μm× 5 μm2 AFM scan are given in
Table I. The roughness was found to be very low (<5 Å),
which is consistent with the surface roughness obtained from
XRR that signifies the deposition of the smooth SiC film. It
is to be noted that similar smooth films with no grain forma-
tion are observed in all the thicknesses of SiC deposited,
which rules out the possibility that different particle mor-
phology and size influence the observed changes in optical
properties.

It is well known that in amorphous SiC alloys, the optical
gap and the refractive index strongly depend on film compo-
sition.103,104 This change in carbon content has been related
to changes in the optical properties of SiC by many research
groups.9,12,59,72,73 They had demonstrated that with increas-
ing C content with respect to Si, there was an increase in
bandgap and a decrease in refractive index in SiC.73,105 In
that respect, EDAX measurement was carried out to explore
the compositional information106–108 of the SiC/Si layers of
different thicknesses in our study. Figure 8(e) represents
EDAX spectra of SiC films. A clear indication of enhancement
of the C signal in thicker SiC films was observed in EDAX

FIG. 7. Raman spectra of different SiC/Si thin films with respect to the Si
substrate. c-Si represents the crystalline Si substrate.

FIG. 8. FESEM image of SiC/Si thin film (a) SiC-4 and (b) SiC-1.
Corresponding tapping mode AFM topographic images [(c) and (d)].
(e) Carbon signal relative to Si, using EDAX spectra of SiC films of
different thicknesses. Inset: normalized Si signal.
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spectra of those with normalized Si signal, as shown in
Fig. 8(e) and the inset.

The increasing carbon (C) to silicon (Si) atomic concen-
tration ratio (C:Si) with increasing SiC film thickness is
evident from EDAX results. The enhancement of C:Si ratio
from about 0.6 to 1.1 concomitant to the increase in the SiC
film thickness from 20 nm (SiC-1, the thinnest SiC film) to
450 nm (SiC-4, the thickest SiC film). It should be noted that
for these SiC films, the C:Si ratio reaches the saturation
value, which is close to 1.1, when SiC film thickness reaches

about 400 nm, and remains the same for the 450 nm thick
SiC film, as shown in S4 and Fig. S4 in the supplementary
material113 (and consequently in S5 and Fig. S5 in the sup-
plementary material113). The observed enhancement in
the carbon content in a thicker SiC film can be attributed to
the decrease in the refractive index and an increase in the
bandgap. In that respect, the observed thickness dependent
variation in the refractive index and the bandgap of the SiC
thin film can be properly explained/correlated in terms of
variation of the C:Si ratio.

The variation of the ratio of C:Si with thickness is repre-
sented graphically in Fig. 9(a). The variations of bandgap
and high-frequency refractive index (n∞) with the increment
of C:Si ratio are shown in Figs. 9(b) and 9(c), respectively.

The observed increase in the Tauc bandgap with thickness
in this study is found to be in parallel with the increment in
the carbon content as reported earlier.109–111 This can be
attributed to the structural change of the films from Si-rich
thinner a-SiC films to near stoichiometric (Si:C = 1:1) thicker
a-SiC films as the replacement of weaker Si–Si bonds in
Si-rich films with stronger Si–C bonds in thicker SiC influ-
ences the energy band structure through the lowering of the
valence band edge.73,105 The reduction in the contents of C
would cause a reduction in the chemical shift of the valence
band states to higher energy and, therefore, would result in a
decrease in the Eg values. These results suggest that the key
parameter controlling the energy bandgap is being regulated
by the C:Si atomic ratio. The refractive index of the SiC/Si
layer shows the decrease in the refractive index (n∞) with an
increase in thickness, which can also be attributed to the
increase in the carbon content.73,105,112

IV. CONCLUSIONS

Amorphous SiC thin films with high coverage and low
surface/interface roughness were prepared by the DIBSD
technique on Si substrates. Film thicknesses of SiC layers
were varied from about 20 to 450 nm. Thickness dependent
optical properties of SiC thin films were explored by SE.
Interestingly, the refractive index of SiC thin films was found
to be decreasing from 2.97 to 2.77 with increasing film
thickness from 20 to 450 nm, whereas the bandgap was
increasing from 5.15 to 5.59 eV with increasing SiC film
thickness in the same range. The observed thickness depen-
dent variation in optical properties was suitably explained by
the increment of C to Si atomic concentration ratio in SiC
thin film with increasing film thickness from 20 to 450 nm,
as extracted from EDAX measurement. The other possible
explanations, such as the increase of void concentration in
the thicker SiC films or change in crystallite size/crystallin-
ity/formation of a different crystalline polytype of SiC in the
thicker films, were excluded by using relevant measurements
(e.g., XRR, XRD, Raman spectroscopy, SEM, and AFM).
The study has established a control of optical properties of
amorphous SiC thin films corresponding to its structural
properties or composition ratio by way of changing the film
thickness and has important implications in terms of various
diverse applications of SiC thin films, such as solar cell,

FIG. 9. (a) Increment of C:Si with SiC film thickness. Variation of bandgap
(b) and refractive index n∞ (c) with the C to Si ratio (C:Si) in SiC films of
different thickness.
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optoelectronic devices (e.g., photoreceptors and color
sensors), and photovoltaic applications. The unique proper-
ties of amorphous SiC have already made it a suitable candi-
date for solar cells and photovoltaic applications in its thin
film form. The results developed in this study can be used
for further optimizing the performance of SiC in various
applications through tuning of optical properties.
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