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Abstract

Highly integrable silicon carbide (SiC) has emerged as a promising platform for photonic
integrated circuits (PICs), offering a comprehensive set of material and optical properties
that are ideal for the integration of nonlinear devices and solid-state quantum defects.
However, despite significant progress in nanofabrication technology, the development of
SiC on an insulator (SiCOI)-based photonics faces challenges due to fabrication-induced
material optical losses and complex processing steps. An alternative approach to mitigate
these fabrication challenges is the direct deposition of amorphous SiC on an insulator
(a-SiCOI). However, there is a lack of systematic studies aimed at producing high optical
quality a-SiC thin films, and correspondingly, on evaluating and determining their optical
properties in the telecom range. To this end, we have studied a single-source precursor,
1,3,5-trisilacyclohexane (TSCH, C3H12Si3), and chemical vapor deposition (CVD) processes
for the deposition of SiC thin films in a low-temperature range (650–800 ◦C) on a multitude
of different substrates. We have successfully demonstrated the fabrication of smooth,
uniform, and stoichiometric a-SiCOI thin films of 20 nm to 600 nm with a highly controlled
growth rate of ~0.5 Å/s and minimal surface roughness of ~5 Å. Spectroscopic ellipsometry
and resonant micro-photoluminescence excitation spectroscopy and mapping reveal a high
index of refraction (~2.7) and a minimal absorption coefficient (<200 cm−1) in the telecom
C-band, demonstrating the high optical quality of the films. These findings establish a
strong foundation for scalable production of high-quality a-SiCOI thin films, enabling their
application in advanced chip-scale telecom PIC technologies.

Keywords: silicon carbide; thin film; chemical vapor deposition; single-source precursor;
NIR absorption; photoluminescence excitation spectroscopy; photonic integrated circuits

1. Introduction
The advancement of photonic technologies is increasingly driven by the need for mate-

rial platforms that enable the development of photonic integrated circuits (PICs) capable of
manipulating light with high precision and efficiency at the nanoscale. Among the different
materials being explored, silicon carbide (SiC) has emerged as a multifunctional material
platform for photonic integrated devices and circuits (PICs), based on lithographically
patterned waveguides. Its attributes, such as wide bandgap (2.4–3.2 eV), high refractive
index (~2.6 at 1550 nm), relatively high electro-optic coefficient (Pockels effect) (~2 pm/V
at 1550 nm), and high thermal conductivity (450 W/mK), make it particularly well-suited
for devices such as waveguides, ring resonators, and Pockels modulators on insulator, and

Appl. Sci. 2025, 15, 8603 https://doi.org/10.3390/app15158603

https://doi.org/10.3390/app15158603
https://doi.org/10.3390/app15158603
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0005-3911-3605
https://orcid.org/0009-0009-7370-5363
https://orcid.org/0009-0001-9073-4889
https://orcid.org/0000-0003-3872-1172
https://doi.org/10.3390/app15158603
https://www.mdpi.com/article/10.3390/app15158603?type=check_update&version=1


Appl. Sci. 2025, 15, 8603 2 of 16

position it as a versatile candidate for next-generation PICs [1–3]. Efficient operation at
telecom wavelengths, specifically around 1310 and 1550 nm, is essential for various PIC
applications, particularly in telecommunications and quantum information science [4].
SiC suppresses two-photon absorption at telecom wavelengths due to its large direct
bandgap [5], while its linear refractive index is high, and therefore, it can facilitate the fabri-
cation of ultra-high confinement waveguides. Moreover, SiC is unique among photonic
materials due to its ability to host optically active quantum defects [6–8]. SiC has a nearly
negligible magnetic moment, which is essential for supporting single-photon emitters with
reduced optical decoherence [9]. This feature enables a wide range of quantum photonic
applications, including quantum sensing, quantum metrology, and quantum information
processing [10–13]. SiC’s mechanical and chemical robustness further supports applications
in high-temperature and harsh environments [14–16]. Notably, among its polytypes, cubic
SiC (3C-SiC) is the only one that can be grown directly on silicon.

Current research on SiC for PICs primarily focuses on bulk SiC, heteroepitaxial 3C-
SiC on silicon (Si) [17], homoepitaxial 4H-SiC [18], and the chemical vapor deposition of
amorphous SiC (a-SiC) on Si [19]. These approaches have enabled the development of
photonic devices based on suspended SiC structures, silicon carbide-on-insulator (SiCOI)
thin films (e.g., 3C- and 4H-SiCOI) [20–22], and amorphous-SiCOI [23,24], each offering
distinct advantages for integration and device performance. The SiCOI platform paral-
lels the well-established silicon-on-insulator technology in silicon photonics, offering an
industry-compatible fabrication route. In contrast to the limited photonic device archi-
tectures enabled by homoepitaxial 4H-SiC and direct 3C-SiC growth on Si, which face
challenges such as a lattice mismatch of ~20% [25], SiCOI enables high-quality device
fabrication through wafer bonding. This process involves flipping and transferring an
epitaxially grown SiC layer onto a silicon dioxide-on-silicon substrate. Recent advances in
wafer bonding [26], smart-cut, and thinning techniques have facilitated the production of
high-quality 3C- and 4H-SiC on insulator (SiCOI) thin films [27,28], resulting in platforms
suitable for PICs (e.g., high-Q optical cavities and efficient nonlinear optical devices). How-
ever, wafer bonding introduces challenges, including the need for precise wafer-thickness
uniformity during thinning and planarization, as well as control of material optical losses
introduced by ion-cutting processes, and layer-to-layer lattice alignment [29–31].

An alternative approach to mitigate the fabrication challenges associated with the
SiCOI platform through the wafer bonding process is the direct deposition of amorphous
SiC on an insulator (a-SiCOI) [23,24]. This method leverages CMOS-compatible fabrication
techniques, such as plasma-enhanced chemical vapor deposition (PECVD) and inductively
coupled plasma CVD (ICPCVD), which enables precise thickness control—an essential fac-
tor for wafer- and chip-scale PIC fabrication. However, there is a lack of systematic studies
to produce high optical quality a-SiC thin films focusing on evaluating and determining
their optical properties in the telecom band. Furthermore, while the a-SiCOI platform
potentially offers a more straightforward fabrication process, its material optical losses, due
to the inhomogeneity and disorder of the a-SiC materials (e.g., non-stoichiometric material,
presence of homonuclear Si-Si, C-C bonds) and/or due to the presence of hydrogen-related
bonds (e.g., Si-H or C-H), remain a substantial challenge. Furthermore, many studies on
SiC films for photonics lack quantitative optical absorption data in the telecom range [24],
despite its significant impact on propagation losses as seen in other materials such as silicon
nitride (SiN) [32,33], and consequently on the suitability of these films for low-loss photonic
device integration.

Overcoming these challenges requires control of film quality to mitigate material-
related optical losses that affect the performance of photonic devices (e.g., waveguides,
Kerr nonlinear devices). To this end, we present a materials-engineering-driven strategy
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for fabricating SiC thin films with precise thickness control, minimal surface roughness,
and telecom-range optical absorption. This approach centers on the development of CVD
processes for producing both amorphous (a-SiC) and crystalline (c-SiC) films, deposited
using a single-source precursor, 1,3,5-trisilacyclohexane (TSCH, C3H12Si3) on a multitude
of different substrates, including Si (e.g., Si (100) and Si (111)), and silicon dioxide-on-Si.
This study has enabled the fabrication of fab-compatible, smooth, stoichiometric, and
homogeneous SiCOI thin films (with a surface roughness of ~5 Å, hydrogen-free, and
lacking homonuclear (e.g., Si-Si and C-C) bonds). Furthermore, optical measurements
revealed a high refractive index of ~2.7 and a low absorption coefficient (e.g., <200 cm−1)
at around 1550 nm, indicating the high optical quality of the resulting SiC thin films. Our
CVD-deposited amorphous thin films can be fabricated with a growth rate of ~0.5 Å/s,
allowing for a thickness control on the nm scale. Therefore, directly depositing a-SiC on an
insulator, using our CVD-compatible chip-scale device fabrication process, can potentially
eliminate the need for expensive and time-consuming bonding transfer methods, including
material waste during the thinning process, for the fabrication of next-generation chip-scale
SiC PIC components [24]. In this context, our fabrication can also be applied to integrate
SiC waveguides on an erbium-implanted lithium niobate (LN) platform, enabling hybrid
integrated photonics [30] for applications such as modulation and enhancement of Er3+

telecom emission in thin-film LN [34].

2. Materials and Methods
The CVD-grown SiC films (Figure 1) are produced in a thickness range of 20–600 nm,

using a low deposition temperature (TD) range (650 ◦C ≤ TD ≤ 800 ◦C) in a hot-wall
quartz tube CVD reactor (Figure 1A). The deposition employed a single-source precursor,
1,3,5-trisilacyclohexane (TSCH, C3H12Si3) [7,35]. Prior to deposition, Si (100), undoped
(intrinsic) double-polished Si, and Si (111) substrates were cleaned in 1% diluted HF (DHF)
for 10 min to remove native oxide from the surface. Additionally, in situ cleaning and
passivation were performed at 800 ◦C for 30 min in a forming gas ambient (comprising 5%
H2 and 95% Ar). In situ post-deposition annealing was performed using three different
processes: annealing [A1] in forming gas at 850 ◦C; [A2] in Ar at 900 ◦C; and [A3] in
forming gas at 1100 ◦C for 1 h. To optimize uniformity and minimize surface roughness, we
have explored combinations of deposition temperatures and process pressures, targeting
a surface-reaction-limited growth process where film growth is predominantly governed
by the TD. In this growth process regime, achieved by reducing the pressure of the
CVD system, a reduced flux and high diffusivity of the reactive species can be attained,
thus yielding smoother, more conformal films with fewer defects. Conversely, the mass-
transport-limited regime introduces undesirable flow-dependent effects that can degrade
film quality (e.g., thickness variation, increased defectivity, and roughness) [36]. To this end,
films deposited at TD ≥ 750 ◦C were grown at 200 mTorr (limited by our CVD pumping
apparatus under the investigated conditions) with growth rates of 2–11 Å/s, while films
grown at lower temperatures (TD ≤ 700 ◦C) required higher pressures, for example, 1.5 Torr
for the 650 ◦C deposition temperature, and exhibited much lower growth rates (~0.5 Å/s)
(Figure 1A). Furthermore, to optimize both deposition and post-deposition parameters
for achieving high-quality SiC films, we have conducted extensive characterization using
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
and atomic force microscopy (AFM) (Figure 1B–E). Additionally, spectroscopic ellipsometry
(SE) is employed to determine the optical properties of the films, specifically the index
of refraction (n), extinction coefficient (k), and absorption coefficient (α), along with their
spectral dispersion.
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Figure 1. Chemical vapor deposition (CVD) system and characterization of film growth, composition,
and morphology. (A) (i) Schematic of the custom hot-wall quartz tube CVD and annealing system.
(ii) SiC film growth rate as a function of deposition temperature under process-specific pressures
(0.2 T, 0.4 T, and 1.5 T). (iii) Thermal annealing transforms amorphous SiC (a-SiC) deposited at
650 ◦C (green) into cubic crystalline SiC (3C-SiC). (B) Evolution of the Si–C stretching mode FTIR
peak from the AD to A3 annealing, reflecting changes in crystallinity and peak position. (C) XPS
spectra of the Si 2p peak for the deposited SiC film (black) compared to reference spectra (3C-SiC (red
dashed), Si (green dashed), and SiO2 (purple dotted)) showing a binding energy near ~100.3 eV that
matches the 3C-SiC reference and confirms Si–C bonding. (D) SEM and AFM images of (i) AD and
(ii) A3 annealed SiC films deposited at 650 ◦C, and (E) corresponding SEM and AFM analysis for
(i) AD and (ii) A3 annealed films deposited at 800 ◦C.

The films are modeled using a bilayer structure consisting of a SiC film on top of a c-Si
or a SiO2/c-Si substrate. A discussion of the SE models in relation to our study is provided
in the next section. To further study the absorption characteristics in the 1550 nm regime,
we have performed resonant micro-photoluminescence excitation (PLE) spectroscopy and
mapping using a tunable pulsed excitation laser and a time-gated detection system.

3. Results and Discussion
Synoptically, FTIR spectroscopy shows that SiC thin films deposited at TD ≤ 750 ◦C

exhibit a strong peak at ~760 cm−1, shifting to ~780 cm−1 after A3 annealing—indicating
Si–C bonding (Figure 1B). A3 annealing effectively transforms amorphous a-SiC into
polycrystalline 3C-SiC, as confirmed by FTIR and high-resolution scanning transmission
electron microscopy (HRSTEM) studies (Figure S1A). Additionally, XPS results agree well
with the FTIR data across all samples. The Si 2p binding energy (~100.3 eV) matched with
that of 3C- and 4H–SiC reference samples, confirming that the chemical bonding in the
synthesized SiC thin films is Si–C (Figure 1C). The absence of peaks near ~98.5 eV and
~103 eV—corresponding to Si–Si and Si–O bonds, respectively—rules out the presence of
silicon nanodomains or oxidation in the films [6,37]. The highly controlled growth rate
yields exceptionally smooth surfaces, exhibiting a root-mean-square (RMS) roughness of
~5 Å for samples deposited at TD ≤ 700 ◦C, as measured by AFM (Figure 1D). However,
increased surface roughness (~15 Å RMS) was observed in the A3-annealed samples
compared to their as-deposited (AD) counterparts and for the 800 ◦C—grown thin films
(Figure 1D,E).
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Additionally, we have used the same deposition parameters to grow films of various thick-
nesses on different substrates, including Si (111) and SiO2-on-Si (650 ◦C ≤ TD ≤ 700 ◦C). As
shown in Figure 2A and summarized in Figure 2B, film uniformity and surface roughness
remained consistent (5–8 Å) across Si (100), Si (111), and SiO2 substrates for similarly thick
films, indicating no observable substrate dependence in surface roughness or morphology
under the investigated processing conditions.

Figure 2. Surface morphology and substrate dependency of a-SiC films with different thicknesses:
(A) SEM images and corresponding 2D AFM scans of films below 100 nm on Si (100), Si (111), and
SiO2 substrates ((i)–(iii)), and films above 200 nm on Si (111) (iv). AFM scans highlight substrate-
independent morphology variations. (B) (i) RMS roughness values for a-SiC films deposited on
different substrates (Si (100), Si (111), SiO2) vary between ~5–8 Å, indicating minimal impact of
substrate choice and thickness on the film quality. Transformation of a- to c-SiC after A3 annealing
slightly increases the roughness to ~15 Å. All films were deposited at temperatures of 650 ◦C and
700 ◦C. (ii) Optical image of the sample deposited at 650 ◦C showing uniformity of the thickness of
the film.

FTIR studies revealed a prominent absorption peak at ~760 cm−1 for SiC films de-
posited at TD ≤ 750 ◦C, and a shift to ~785 cm−1 for samples deposited at 800 ◦C, cor-
responding to Si–C stretching mode (Figure 3(Ai,Aii)) [6,38]. To quantify the relative
contributions of amorphous and crystalline phases, we deconvoluted the FTIR spectra
of the AD and annealed films using Gaussian (G) and/or Lorentzian (L) components,
corresponding to amorphous and crystalline phases, respectively, and the degree of crys-
tallinity was then estimated using the ratio L/(L + G) [6,38]. For example, the line shape
of the Si–C stretching mode in the AD SiC thin films (TD ≤ 750 ◦C) was best fit with
a Gaussian function characteristic of an amorphous phase with short-range structural
order [6,38,39]. In this phase, bond lengths and angles are distributed randomly, as evi-
denced by the broad full width at half maximum (FWHM) of approximately 170 cm−1.
After A2 annealing, however, the Si–C peak of the SiC films grown at 700 ◦C is best
fit using a combination of Lorentzian and Gaussian functions, indicating approximately
50% crystallinity (Figure 3(Aiii)). In contrast, the line shape for the AD sample grown at
800 ◦C is well described by a Lorentzian function with a FWHM of approximately 80 cm−1,
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indicating a higher degree of medium-range order consistent with the onset of crystallinity
(Figure 3(Aiv)) [40,41].
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Figure 3. FTIR compositional analysis of the films deposited at different temperatures. (A) Normal-
ized absorption spectra of the Si–C stretching mode for (i) as-deposited and (ii) A3-annealed SiC
samples grown at 650 ◦C and 800 ◦C, highlighting spectral shifts and intensity variations. Deconvo-
lution of the Si–C absorption band for (iii) A2 annealed 700 ◦C sample applying Lorentz-Gaussian
fit indicates the presence of both amorphous and crystalline phases, and (iv) A3 annealed sam-
ple using Lorentz fit indicates the cubic crystalline phase. (B) Quantitative presence of (i) Si–H
(2000–2300 cm−1) and (ii) C-H bonds (2800–3100 cm−1) in A1- and A2-annealed SiC thin films.
(C) XPS atomic concentrations for C1s and Si2p in as-deposited SiC films grown at 650 ◦C and
800 ◦C, showing stoichiometry. (D) Analysis of (i) Integrated Si–C bond area (700–815 cm−1),
(ii) Si–C stretching mode peak position, (iii) full width at half maximum (FWHM), and (iv) per-
centage of crystallinity for as-deposited and annealed SiC thin films as a function of deposition and
annealing conditions.

In the spectral range of 2000–2300 cm−1, a low-intensity absorption peak centered
around 2080 cm−1 was detected in the 650 ◦C and 700 ◦C-deposited sample (Figure 3(Bi)).
This is attributed to Si–H or Si–H2 stretching modes [38,42]. The intensity of this
hydrogen-related peak decreased monotonically with increasing TD, becoming negligible at
800 ◦C. Furthermore, in situ post-deposition A2 annealing effectively removed residual
hydrogen. FTIR also confirmed the absence of C–Hn absorption in the 2800–3100 cm−1

region for all samples within our investigated conditions (Figure 3(Bii)) [38,42]. Further-
more, hydrogen desorption upon in situ annealing leads to film densification and a corre-
sponding reduction in thickness, as determined by SE and cross-sectional SEM analysis
(Figure S1B). For example, the 650 ◦C-grown films showed a ~22% thickness reduction
following A3 annealing.

To complement the FTIR findings, XPS depth profiling was conducted to assess the
chemical environment of Si 2p, C 1s, and O 1s states. Binding energy shifts due to charging
were corrected using the Ar 2p doublet reference peaks at ~242 eV and ~244 eV. For the AD
film deposited at 800 ◦C, the Si:C atomic ratio was 50:50 with an experimental uncertainty
of ~1% (Figure 3C). A decrease of ±1% in carbon content, approaching the XPS detection
limit, was observed with decreasing TD from 800 ◦C to 650 ◦C.
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Following the in situ post-deposition annealing processes, the Si–C stretching mode
peak blue-shifted, while the Si-C bond area increased, as seen in Figure 3(Di,Dii). Our
annealing studies revealed three significant changes in the FTIR absorption spectra that
occur with increasing in situ annealing temperature: (1) a shift in peak position of the Si–C
stretching mode toward ~790 cm−1 (Figure 3(Dii)); (2) a significant narrowing of the full
width at half maximum (FWHM) of this Si-C mode (Figure 3(Diii)); and (3) an increase in
film crystallinity (Figure 3(Div)). Specifically, A3 annealing led to complete crystallization,
as indicated by an FWHM narrowing to ~46 cm−1—comparable to high-quality crystalline
c-SiC [6,43]. These findings were further supported by HRTEM analysis of the A3-annealed
films (Figure S1(Ai)), which revealed ring patterns with radii corresponding to the (111),
(220), and (311) planes of the 3C–SiC phase [44]. The observed d-spacing value of ~2.56 Å,
derived from HRTEM images of a single grain (Figure S1(Aii)), is also consistent with the
(111) plane of 3C-SiC [6].

Considering the morphological requirements for photonics devices and the increased
surface roughness of the thin films grown at TD ≥750 ◦C, we have primarily studied the
optical properties of the 650 ◦C- and 700 ◦C-grown SiC thin films. SE was employed to
extract the primary optical constants of the films, n and k. This technique is critical for
evaluating the optical bandgap (Eg), and E04 gap, Urbach energy (Eu) associated with
sub-bandgap defects and/or band tail states, and the absorption, α(λ) = 4πk/λ, in the
NIR range. The E04 gap corresponds to the energy at which α is equal to 104 cm−1. Three
fitting models have been employed: the Tauc-Lorentz (TL), the Cody-Lorentz (CL), and
the Cauchy-Urbach (CU) model, focusing on evaluating and determining their optical
properties in the near-infrared (NIR)—telecom range, as presented in Figure 4A. The Tauc-
Lorentz model [45] combines Tauc’s formula T(E) [46] with a Lorentz oscillator function
L(E) to describe the imaginary part of the dielectric function εi near and above the optical
band (E > Eg):

εi (E) = AT

(
E − Eg

E

)2
(

A0E0BE(
E2 − E2

0
)2

+ (B2E2)

)
E > Eg (1a)

εi (E) = T(E)L(E), E > Eg (1b)

where AT is the Tauc’s coefficient, Eg is the optical bandgap; A0, E0, and B are the am-
plitude, resonance energy, and broadening factor of the Lorentz oscillator, respectively.
The real part of the dielectric function εr, and thus the index of refraction, n, is obtained
via Kramers-Kronig (K-K) transformation [47]. However, this model assumes zero ab-
sorption (εi = 0) for energies below the bandgap (E < Eg), which limits its accuracy in
describing potential sub-bandgap absorption due to defects or band-tail states (blue line in
Figure 4A) [48]. To address this, the Cody-Lorentz (CL) model [49,50] is an extension of the
TL model developed to more accurately describe materials that exhibit sub-bandgap ab-
sorption (orange line in Figure 4A). For photon energies above a transition threshold energy
Eg + Et, εi is expressed as the product of a variable band edge function G(E) and a Lorentz
oscillator L(E):

εi(E) =

(
E − Eg

)2(
E − Eg

)2
+ E2

P

L(E) = G(E)L(E), E > (Eg + Et) (2a)

where EP is a weighting factor introduced to differentiate between Cody absorption and
Lorentz absorption behavior. For energies below Eg + Et, the CL model introduces an
exponential Urbach tail to account for absorption at energies below the optical bandgap:
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εi(E) =
EtG(Et)L(Et)

E
exp
(E − Eg − Et

Eu

)
, E ≤ (Eg + Et) (2b)

where Eu is the Urbach width. Finally, the Cauchy-Urbach (CU) dispersion model [51] is
used to describe the optical properties of the films in the NIR region (1000 nm to 1690 nm).
In this model, the extinction coefficient, k, is described using an exponential Urbach tail
(pink line in Figure 4A)

k(λ) = k0exp
[

E − Eg

Eu

]
, (3)

where k0 is the absorption coefficient near the band edge. Additionally, n is described by:

n = A +
B
λ2 , (4)

where A and B are fitting parameters, and λ is the wavelength. By leveraging three
complementary models, we have accurately determined the range of critical optical prop-
erties of our deposited SiC thin films, specifically the absorption coefficient (α) in the
telecom wavelength region (e.g., at 1550 nm). Mean square error (MSE) of the fitted
models, along with the corresponding fitting parameters for each model, are provided in
Tables S1 and S2. Figure 4B presents the n and k spectra of the AD and A3-annealed 650 ◦C
and 700 ◦C depositions, respectively, based on the above-described fitting models. The n
and k values at 500 nm and 1550 nm across all samples, processing conditions, and fitting
models are summarized in Table 1, Tables S1 and S2. Across the visible region, both the
TL and CL models yield consistent n values. For example, for 650 ◦C AD samples, the TL
and CL models produced n values of 2.85 at 500 nm and 2.57 at 1550 nm (Figure 4(Bi)),
with a measurement uncertainty of ±0.01. Following the A3 annealing, the refractive index
increased to 2.97 and 2.73 at 500 nm and 1550 nm, respectively. In contrast, the 700 ◦C AD
films exhibited higher n (~2.94 at 500 nm and ~2.67 at 1550 nm), which remained essentially
unchanged after A3 annealing (Figure 4(Bii)). The insets of Figure 4(Bi,4Bii) demonstrate
that refractive index values obtained from the Cauchy model closely match those derived
from the TL and CL models in the near-infrared (NIR) region for the corresponding samples.

The refractive index, n, at optical frequencies, can be described by the Lorenz–Lorenz
(L-L) equation [52]:

n2 − 1
n2 + 2

=
Nαe(ω)

3ε0
(5)

where N is the concentration of dipoles (e.g., the number of atoms or molecules per
m3), αe(ω) is the electronic polarizability, and ε0 is the permittivity of vacuum. Above
10 THz, only the electronic polarization, with resonant frequencies usually in the order of
~103 THz, survives and thus contributes to the dielectric constant. Equation (5) indicates
that the concentration N, representing the number of atoms per unit volume (film density),
can significantly affect the index of refraction of the SiC thin films. This approach is practi-
cally applied in porous low-dielectric-constant (low-k) materials used in microelectronics,
in which by reducing the film density, the dielectric constant (index of refraction) is de-
creased [53,54]. In this context, the L-L relationship suggests that the observed increase
in n in 650 ◦C-grown samples upon annealing is partly due to the observed thin-film
thickness reduction (e.g., ~22% between the AD and A3 samples; see Figure S1B). The film
densification observed for the sample deposited at 700 ◦C is lower (~17%) and does not
lead to an observable change in the index of refraction, within the error associated with the
SE measurements and fitting.
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Figure 4. Spectroscopic ellipsometry of the SiC films: (A) Schematic illustration of mobility edge,
optical gap (Eg), and band-tail states (Eu) in the energy (E) vs. density of states (DOS) diagram. The
adjacent energy vs. absorption (α) plot highlights the need for multiple models to describe absorption
across different energy ranges. Inset: Comparison of model assumptions—while the Tauc-Lorentz
(TL) model imposes zero absorption for E < Eg, the CL and CU models capture non-zero sub-gap
absorption associated with Urbach tail transitions, with the CU model typically yielding a higher
absorption near the optical bandgap. (B) Refractive index (n) and extinction coefficient (k) extracted
from CL and TL fittings for AD and A3-annealed SiC films grown at (i) 650 ◦C and (ii) 700 ◦C,
measured across the UV-Visible-NIR range. Inset: Data obtained from CU fitting. (C) Absorption
coefficient in the energy range 1–3.75 eV, which is used to extract E04 values. (D) In the sub-bandgap
Urbach tail region (0.7–1.1 eV), absorption is modeled using the CL and CU models. A standard
25 nm SiO2/Si reference sample is fitted by CU and CL models for reference. (E) Tauc’s plots with
linear fits (dotted lines) used to extract Tauc’s optical gap (Eg,Tauc).

The values of k in the NIR region range from ~10−3 to 10−6 depending on the fitting
model used (CL and CU) (Table 1), irrespective of the amorphous or crystalline phase of the
films. These findings underscore that the extracted k values and corresponding absorption
coefficients are highly model-dependent, as expected from the inherently model-based
nature of SE. While these k values are low, those below ~10−3 fall below the sensitiv-
ity limits [55] of k values in this range from other studies may similarly reflect model-
dependent limitations and should be accompanied by a clear disclaimer regarding the
sensitivity limits of SE and the assumptions of the fitting model, as they may not reflect true
material absorption.

Figure 4C presents the absorption coefficient values calculated from the TL and CL fits
for the 650 ◦C and 700 ◦C AD films for photon energies ≥ 1 eV. The E04 gap is denoted by
the gray dashed line. For energies above this point, both models show identical absorption
coefficient values. Below E04, the TL-derived absorption coefficient values go to zero at the
energy corresponding to Eg, as outlined in Equation (1a). Conversely, the CL models show
non-zero absorption coefficient values extending from Eg into the NIR region. Nevertheless,
both models produce nearly identical E04 and Eg values, with all extracted fitting parameters
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summarized in Table 1. Figure 4D highlights the absorption behavior in the NIR region
(~0.7 eV–1.1 eV) for the 650 ◦C and 700 ◦C AD films, incorporating both the CL model and
the corresponding CU fits discussed earlier. For reference, the fitting results for a pristine
25 nm thick reference SiO2 film — expected to be fully transparent below ~7 eV —are also
included. All models reproduced the expected refractive index of ~1.48 for SiO2 at 1550 nm
(Table S3) [56]. Absorption in this region in the SiC films is below ≤103 cm−1 in all cases.
Significantly, the 700 ◦C sample consistently exhibits lower absorption coefficient values
than the 650 ◦C sample across both models. In fact, the CL model yields near-zero α values
(≤1 cm−1) for the 700 ◦C sample, comparable to those of the measured SiO2 reference.

Table 1. Summary analysis of AD and annealed samples deposited at 650 ◦C and 700 ◦C.

Deposition
Temp.(◦C) Annealing Model Tauc’s Optical

Gap (eV) E04(eV) n @ 1550 nm k @ 1550 nm Abs. Coeff.@
1550 nm (cm−1)

650

AD

TL 2.0 2.3 2.57 0 0
CL 2.1 2.3 2.56 1.5 × 10−3 121

Cauchy NA NA 2.56 11.8 × 10−3 957

700
TL 2.1 2.4 2.66 0 0
CL 2.1 2.4 2.67 4.0 × 10−6 0

Cauchy NA NA 2.59 6.6 × 10−3 539

650

A1

TL 2.1 2.4 2.65 0 0
CL 2.0 2.4 2.65 5.1 × 10−4 41

Cauchy NA NA 2.65 4.8 × 10−3 389

700
TL 2.0 2.3 2.76 0 0
CL 2.1 2.3 2.76 6.3 × 10−5 5

Cauchy NA NA 2.66 2.2 × 10−3 182

650

A2

TL 2.0 2.3 2.73 0 0
CL 2.0 2.3 2.73 3.4 × 10−4 27

Cauchy NA NA 2.72 19.1 × 10−3 1546

700
TL 2.0 2.3 2.73 0 0
CL 2.1 2.4 2.73 2.6 × 10−5 2

Cauchy NA NA 2.58 1.3 × 10−3 105

650

A3

TL 2.0 2.4 2.73 0 0
CL 2.0 2.4 2.73 5.0 × 10−5 4

Cauchy NA NA 2.72 14.0 × 10−3 1135

700
TL 2.1 2.5 2.69 0 0
CL 2.0 2.4 2.68 1.9 × 10−3 160

Cauchy NA NA 2.64 28.2 × 10−3 2200

Tauc’s optical bandgap (Eg,Tauc) is determined from the absorption data using a linear
fit in Tauc’s relation (αE)1/2 = B

(
E − Eg,Tauc

)
, where E is the photon energy, B is the slope,

and α is the absorption coefficient [57,58]. Figure 4E shows these plots for the 650 ◦C and
700 ◦C AD films based on the absorption data from both the CL and TL models. Each
fit yielded consistent Eg,Tauc values of ~2.1 eV, which lie within the expected range for
amorphous SiC 1.6–2 eV [59] and are slightly higher than the Eg values obtained directly
from the SE models (1.8–2.0 eV, see Tables S1 and S2). Figure 5A presents these Eg + Et

and E04 values from both TL and CL models for the 650 ◦C and 700 ◦C AD thin films
before and after the sequential annealing to A3. Also shown are the Eg + Et values obtained
from the CL fits for both samples, which align closely with the corresponding E04 values.
Eg + Et in the CL model is associated with the transition into the band-to-band absorption
region, and thus, related to E04 as the onset of strong absorption. In this context, Eg + Et

may approximate the energy near the mobility edge (Figure 4A).
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Figure 5. Telecom absorption characteristics of SiC films. (A) Comparison between Eg + Et and E04

values extracted from the CL model and TL/CL models, respectively. (B) Absorption coefficient at
1550 nm calculated using the CL and CU models for all AD and annealed samples, which shows all
absorption values are below ~103 cm−1. (C) (i) Resonant PLE spectra across the telecom C-band of
the 650 ◦C AD, 700 ◦C AD, and 700 ◦C A2 SiC films, along with SiO2 as a reference. PLE intensities
are consistent with SE-derived absorption trends. Intensity mappings over 5 × 5 µm2 regions for the
(ii) 650 ◦C and (iii) 700 ◦C AD samples demonstrate spatial uniformity of the results. (D) Relative
comparison of Eu extracted from the CU and CL models for AD and annealed samples. Symbol size
reflects the associated error (10−4). (E) Correlation between Eu values and the FWHM of the Si-C
peak (~790 cm−1) from FTIR analysis of (i) 650◦C and (ii) 700◦C SiC films. (F) Comparison of figures
of merit (FOMs) from this work with the best reported values in the literature.

Figure 5B presents a comparative analysis of the absorption at 1550 nm for the AD
and annealed 650 ◦C and 700 ◦C samples. For samples deposited at 650 ◦C, absorption
values derived from the CL model monotonically decrease with increasing annealing steps,
exhibiting an approximate 30-fold decrease following A3 annealing, from ~120 cm−1 for the
AD to ~4 cm−1 for the A3 sample. The CU model analysis yields overall higher absorption,
with α values of around 103 cm−1. This highlights what was previously mentioned, that k
and, consequently, α, are dictated by the SE model-based analysis approach. Conversely, for
the 700 ◦C SiC samples up to A2 annealing, α decreases (CU model), reaching values below
102 cm−1, comparable to the reference SiO2 sample, followed by a substantial increase
in the A3-annealed samples (~2000 cm−1 for the CU model). For A1- and A2-annealed
700 ◦C SiC thin films, the analysis reveals absorption values below 200 cm−1 at telecom
wavelengths, regardless of the model employed, demonstrating the high optical quality
achieved. Figure 5(Ci) shows representative PLE spectra for the reference SiO2 sample
and the 650 ◦C and 700 ◦C AD SiC films. The reference sample demonstrated zero PLE
intensity, a critical finding that corroborates the absorption values obtained from SE analysis,
regardless of the models (CL and CU) used.

Also, consistent with the higher absorption coefficient extracted from SE, the
650 ◦C film exhibited a substantially higher PLE intensity (~10 times higher integrated
PLE intensity) compared to the 700 ◦C film, which exhibited overall minimal PLE. The
700 ◦C film subjected to A2 annealing showed a further decrease in PLE intensity, again
aligning with SE-derived absorption trends. This trend was spatially uniform across the
samples’ area, as shown in the corresponding intensity mappings of a 5 × 5 µm2 area in
Figure 5(Cii,Ciii) for the 650 ◦C and 700 ◦C films, respectively.
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Amorphous covalent materials typically exhibit two types of disorder: bond angle
disorder, associated with the inherent variability of the atomic structure, and compositional
disorder, related to deviation from the ideal coordination. In the case of stoichiometric a-SiC,
the latter may be manifested with the presence of topological defects (e.g., undercoordinated
C and Si defects), as well as of homonuclear and heteronuclear bonding configurations,
such as Si-Si, C-C, C=C, Si-H, and C-H [60,61]. These bonding configurations may introduce
defects and localized states within the optical gap, leading to enhanced optical absorption
below the band edge, even in low concentrations (e.g., below the XPS and FTIR detection
limit) (Figure S2i).

The Urbach energy Eu, extracted from both the CL and CU models, quantifies the
exponential absorption tail below the band edge, which arises from disorder and/or defect-
related states in the material, illustrated in the inset of Figure 4A. Figure 5D presents the
extracted Eu energy values from the CL and CU fittings for the 650 ◦C and 700 ◦C samples
as a function of annealing. Excluding the A3 annealing step, the AD and annealed SiC
films grown at 700 ◦C generally exhibit lower Eu values than their 650 ◦C counterparts
within each model. For instance, according to the CL model, the 700 ◦C samples exhibit Eu

values of ~0.19 eV across the annealing sequence up to A2, compared to ~0.26 eV for the
650 ◦C sample. The CU model yields higher Eu values overall; however, a similar trend
is observed, with the 700 ◦C consistently exhibiting lower Eu values than the 650 ◦C, and
thus, lower disorder and/or defect density. In Figure 5E, we plot the extracted Eu values
against the corresponding FWHM values of the Si-C stretching mode across the annealing
sequence for both 650 ◦C and 700 ◦C samples. For both samples, the FWHM of the Si–C
stretching mode is decreased by ~70% upon annealing, from ~165 cm−1 (AD samples)
to ~48 cm−1 (A3-annealed samples), resulting in a substantial reduction in bond angle
disorder. For the 650 ◦C samples, this decrease in FWHM coincides with a ~36% reduction
in Eu, as determined by the CL model and an ~10% reduction based on the CU model. In
contrast, for the 700 ◦C samples, the reduction in FWHM is accompanied by an increase in
Eu. These results are consistent with previous studies, which have also shown that Eu is
not correlated with bond-angle disorder [62].

These trends in optical properties are further supported by vibrational analysis of
compositional disorder in our SiC films. The intensity of the Si-H stretching mode at
~2080 cm−1 is approximately 60% less intense in the AD 700 ◦C samples compared to
their 650 ◦C analogs (Figure 3B). Additionally, this Si-H signal is no longer detectable in
the A1-annealed 700 ◦C samples, whereas it remains present, albeit reduced, in the A1-
annealed 650 ◦C samples. Furthermore, Raman measurements reveal that C-C bond-related
signals near 1400 cm−1 are observed in the 650 ◦C films, a characteristic of compositional
disorder, but are absent in the 700 ◦C films (Figure S2ii). These observations, along with
the low α and Eu values in the AD and A2-annealed 700 ◦C SiC films, collectively indicate
a lower density of sub-band edge states and minimal compositional disorder under our
investigated conditions.

Figure 5F summarizes the figures of merit (FOMs) from this study with state-of-the-art
values reported for SiC-based platforms fabricated using various deposition techniques
(e.g., PECVD, ICPCVD) and on different substrates (e.g., Si, SiO2, LN). Our study demon-
strates that, collectively under our investigated conditions, we have achieved improved
values across key metrics: hydrogen content, surface roughness, optical absorption, and
refractive index. Our A2-annealed 700 ◦C SiC thin films exhibit undetectable hydrogen-
related bonds and extremely low surface roughness, minimal optical absorption, and
refractive indices within the optimal range for photonic integration. This underscores not
only the effectiveness of our materials-science engineering approach, but also the impor-
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tance of comprehensive material characterization in the development of high-performance
photonic devices.

4. Conclusions
In this work, we present a comprehensive study of the CVD process for SiC thin films

using a single-source precursor, 1,3,5-trisilacyclohexane (TSCH). Our materials-engineering-
driven approach targets key challenges that hinder the integration of SiC into photonic
devices, both intrinsic material limitations—such as hydrogen incorporation, surface rough-
ness, material disorder—and fabrication-related challenges, including precise thickness
control, critical for integrating SiC into photonic devices. We achieved controlled deposition
of SiC thin films on Si and SiO2-on-Si substrates at temperatures ≤700 ◦C, demonstrating
smooth surfaces (~5 Å RMS roughness), precise thickness, undetectable hydrogen-related
bonds, and extremely low optical absorption in the telecom range. Specifically, optical
analysis using spectroscopic ellipsometry and three different fitting models—Tauc-Lorentz,
Cody-Lorentz, and Cauchy-Urbach—consistently confirmed low absorption (<200 cm−1)
at telecom wavelengths (~1550 nm), high refractive indices (~2.7), and E04 optical bandgap
values of ~2.3 eV. However, we emphasize that the reported extinction coefficients and
corresponding absorption values depend significantly on the SE models used and are
inherently limited by the sensitivity of ellipsometry in probing extremely low k values. To
this end, the trends in the SE absorption data were correlated with PLE measurements
in the telecom C-band to probe absorption characteristics directly. Collectively, this work
establishes a scalable and robust pathway for the hybrid and heterogeneous integration
of CMOS-compatible SiC-based photonic devices, directly overcoming materials-related
barriers to improved device performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app15158603/s1, Figure S1: A.i. Selected area electron diffraction
(SAED) patterns revealed similar results with concentric rings corresponding to the (111), (200),
(220), and (311) planes of the c-SiC sample, respectively. A.ii. High-resolution transmission electron
microscopy (HRTEM) yielded a d-spacing value of 2.56 Å, consistent with the (111) orientation of the
3C-SiC film B. Cross-SEM images showing the high-quality SiC/Si interface and uniformity of the
a- and c-SiC (polycrystalline 3C-SiC) thin films deposited at 650 ◦C. The thickness measured from
the images of AD (i) and A3 annealed (ii) samples indicates a densification of ~20% after annealing;
Table S1: Fitting parameters and SE results from three different models for the sample deposited
at 650 ◦C; Table S2: Fitting parameters and SE results from three different models for the sample
deposited at 700 ◦C; Table S3: SE results from three different models for the reference 25 nm SiO2

on Si sample; Figure S2: Raman spectrum of 650AD (i) and 700AD (ii), recorded using a 532 nm
excitation laser (exposure time of 15 s, 15 accumulations) in a spectral range of 200–2000 cm−1. For
the 650AD sample, a broad peak was observed around 1300–1500 cm−1, revealing the presence of
C-C bonds in the film.
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