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Abstract
Silicon carbide films on porous-Si/Si substrates have attracted considerable attention due to their
potential use inmodern high-power electronic devices. Here, SiC/porous-Si/Si heterostructures
fabricated by an atomic substitutionmethod are investigated. Scanning electronmicroscopy shows
the formation of a continuous about 40 nm thick film of SiC, with a sharp interface to the porous Si
sublayer. Energy-dispersive x-ray spectroscopy confirmed that Si, C, andO are the only constituents
of the SiC film and the porous-Si underlayer. Raman spectroscopy indicated 3C and 6Hpolytypes in
the SiC film. Spectroscopic ellipsometry in the range of 0.6–5.1 eVwas performed in order to
determine the refractive index (n), extinction coefficient (k), and bandgap (Eg) of the SiC layer.
Macro-FTIR transmission spectra showed the expected absorption features of SiC. IR reflectance
mapsmeasuredwith nano-resolution reveal lateral inhomogeneities of the intensity, whichwe
attribute to themorphology of the porous silicon sublayer. Numerical simulations of the local near-
field responsewere performed for regions, where the SiC layer lay directly on silicon and for regions
where it is free-standing over pores. The simulation results are in close agreementwith the
experimental observations obtained by nanoFTIR and confirm that the porous substrate plays a
decisive role in determining the local optical and structural properties of the SiC/porous-Si/Si
heterostructures.

1. Introduction

Silicon carbide (SiC)films have attracted considerable attention for decades due to their unique properties, such as
high thermal and chemical stability, wide bandgap (2.49–3.26 eV [1]), andhigh electronmobility (12400 cm2/(V·s)
[2]), whichmake SiC apromisingmaterial for appli-cations inhigh-temperature andhigh-power electronics as
well as for sensors operating in chemi-cally aggressive environments [3].High-quality SiCfilms are essential for use
in advancedoptoe-lectronic devices [4]. To obtain SiCfilms, various substrates are used such as TiN [5], SrTiO3

[6], and glass [7]. Silicon is a particularly promising substrate for the deposition of SiCfilms [8].
The integration of the advantageous optical and electrical characteristics of siliconwith the superior thermal

and electronic properties of silicon carbide (SiC) presents significant opportunities for the development of high-
performance electronic and optoelectronic devices [9]. Nevertheless, the realization of high-quality epitaxial
growth of SiCfilms heteroepitaxially deposited on silicon (Si) substrates remains amajor challenge. This is
primarily due to the substantial latticemismatch (∼20%) between SiC and Si, as well as the pronounced
difference in their thermal expansion coefficients [10]. These factors induce high levels of strain and defect
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formation such as dislocations and cracks during epitaxial growth and subsequent thermal cycling, ultimately
limiting the structural and functional integrity of the resulting heterostructures.

SiC thinfilms have attracted considerable research interest in the pastfive years due to their potential
applications in high-performance electronics, optoelectronics, and photonic systems. Kavitha et al [11]
demonstrated that the presence of nitrogen during radio frequency plasma enhanced chemical vapor deposition
(RF-PECVD) significantly affects both the structural and photoluminescent properties of SiC films, particularly
by tuning the bandgap and enhancing visible emission. Kaloyeros andArkles [12] provided a comprehensive
review of physical vapor deposition (PVD) and alternative non-CVD techniques for SiC filmdeposition,
highlighting howphysical growth parameters influence phase formation andmorphology. Singh [13] showed
that applying externalmagnetic fields duringCVDprocessesmodifies thefilm growth kinetics and induces
magnetic anisotropy, opening new perspectives formagneto-functional device design. Furthermore, Co-doped
SiCfilmswere reported to transition from superparamagnetic to ferromagnetic behavior at around 8 at.%Co,
suggesting their relevance for spintronic applications [14]. Alzubaidi et al [15] applied pulsed laser deposition
(PLD) to grow SiC/Si heterostructures, reporting strong photoluminescence in the visible and near-infrared
regions suitable for optoelectronic integration. Due to their high thermal conductivity, chemical resistance, and
mechanical durability, SiC thin films have become attractive for harsh-environment sensors, including gas and
pressure sensors in automotive and aerospace industries [16]. Their wide bandgap also supports UV
photodetector applications and integrated photonic circuits [17].Moreover, rare-earth or defect-engineered SiC
thinfilms have recently emerged as promising platforms for quantum technologies, such as single-photon
emitters and spin-based qubits [18]. Their high breakdown voltage and electrical stabilitymake them ideal
candidates for substrate in high-power RFwith lowmicrowave noise [19].

One promising approach tomitigating these challenges is the atomic substitutionmethod [20]. Thismethod
is a heteroepitaxial growth technique, inwhich carbonmonoxide (CO) gas is introduced to react with a silicon
(Si) substrate surface at elevated temperatures. This technique involves the controlled replacement of silicon
atoms in the substrate surfacewith carbon atoms, thereby facilitating the formation of a thin interfacial layer
gradually changing in composition fromSi to SiC.However, a disadvantage of the atomic substitutionmethod is
related to the fact that the silicon carbidefilm is very thin and unevenmechanical stresses arise in it.

We demonstrated [21] that the presence of pores in Si ensuresmore intense penetration of theCO gas deep
into the substrate and, as a consequence, amore ‘energetic’ rate of the chemical reaction of COwith silicon
[22, 23]. In the presence of pores in the substrate, the reaction of con-verting Si into SiC affects amuch larger
volume of the Si substrate than in the case of the reaction of COwithflat silicon, since theCOgas penetrates into
the silicon volume through the pores and the thickness of the silicon carbide film increases [24].

Themorphology and internal structure of the SiCfilms on porous-Si/Si were previously investigated by
traditional analytical techniques, such as scanning and transmission electronmicroscopy (SEM,TEM), atomic
forcemicroscopy (AFM), andRaman spectroscopy [25, 26]. Tip-enhanced Raman spectroscopy (TERS) is a
powerful technique that allows studyingmolecular structures and interactions at the nanometer scale,making it
an essential tool in nanotechnology,materials science, and biomedical research [27]. Similarly efficient for
studying the vibrational spectra of amaterial with nm-resolution can be another plasmon-enhanced technique
based on IR absorption, namely nanoFTIR, which still is an emerging technique [28].

The relevance of this research arises from the growing demand for high-quality SiC films. The atomic
substitutionmethod for forming SiCfilms on porous-Si/Si substrates enables the production of high-quality
heterostructures. However, to ensure successful implementation inmass production, it is necessary to carefully
optimize themethod tomeet specific device requirements. Therefore, a key objective is to thoroughly study the
properties of the SiC/porous-Si/Si heterostructure obtained, thereby support further technological
improvement, and establish optimal conditions for its application inmodern electronic devices.

2. Experimentalmethodology

The process of growing a SiC/porous-Si/Si structure includes the preparation of siliconwafers, the formation
of a porous layer by electrochemical etching [29], and the deposition of a SiC film by atomic substitution
[21–24, 30]. Themethod for obtaining SiC/porous-Si/Si heterostructures is described in detail in theworks
[20–24, 29–31]. Themechanismof silicon carbide film growth on porous Si substrates is described in detail in
our previous works [30, 31].

Cross-sectionalmicrographs of the fabricated structure were obtained using aMIRA3TESCAN scanning
electronmicroscope equippedwith a Bruker XFlash energy-dispersive x-ray spectroscopy (EDX) detector for
elemental analysis.

Raman scattering spectraweremeasured at an excitationwavelength of 514.7nmwith aHoribaLabRam
Raman spectrometer (power∼1.8mW,100x objective, grating 1/2400mm, signal accumulation time6× 300 s).
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TheFTIRmeasurementswere performed in transmission geometry using aBrukerVertex 80v vacuumFTIR
spectrometer.NanoFTIRmeasurementswere takenusing an attocube (formerly neaspec)neaSNOMsetup. A
Toptica Femto Fiberdichromid IR laserwas used as a broadband light source. TheAFMtipusedwas a special
PtIr-coated tip fromattocube. The signalwas demodulated at the secondharmonic (O2) in all cases. To study the
optical properties of SiC thinfilms deposited onporous silicon substrates, spectroscopic ellipsometry (SE2000,
SemiLabLtd) in the 0.6–5.1 eV spectral regionwas used. The analysis aims to determine the thickness, refractive
index (n), extinction coefficient (k), and bandgap (Eg)of the SiC layer.

3. Results

The SEM image (figure 1) reveals a very homogeneous and continuous layer of SiC, with a thickness of about 39
nm (marked in the imagewith yellowbars), formed on top of the porous-Si sublayer. The detailedmechanismof
the formation of the flat SiC overlayer on top of the porous Si layer is described in previous works [22–24].
Shortly, the formation of SiC starts on thewhole surface of pores, but at some stage the openings of the pores get
overgrown and growth inside the pores stops.

Figure 2 shows the result of elemental analysis on the surface of the heterostructure, quantified in table 1.
EDXprobes a depth down to 2 μmof the sample and thus the obtained composition is an average over the SiC
film, the porous Si layer, and Si substrate. In addition to themain substances, a small amount of oxygen is
present on the surface. Themost likely source of the impuritymay be intermediate compounds that arise during
the reaction.

For themodelling of the ellipsometry data the thickness of the SiC layer of approximately 40 nm, determined
fromSEMcross-section images, was used assuming the following structure: Si substrate/porous-Si layer/SiC
film/SiC roughness/air. However,modelling of such a 5-layer structure did not give any reasonable agreement
with themeasured experimental ellipsometry data. This fact, alongwith the absence of interference fringes in the
experimental ellipsometry spectra, indicates that the porous Si sublayer does not contribute as a single layer with
effective optical constants. Therefore, we performedmodelling assuming separate contribution of the areas with
voids and Si walls of the porous-Si layer, in particular; (i) air/SiCfilm/SiC roughness/air and (ii) continuous
(bulk) Si layer/SiCfilm/SiC roughness/air. In case (i), themodelling did not result in a satisfactory agreement
with the experiment, while in case (ii)we obtained very good agreement between theory and experiment, as can
be seen infigure 3. So, only those regions of SiCfilmwhich are placed on Si (walls) are contributing (dominating)
the ellipsometry spectrum in the visible range. The parts of thefilmwhich are ‘hanging’ over the pores are not
contributing significantly in the visible range. In particular, an opticalmodel consisting of a 40 nmSiC layer on a

Figure 1. SEM image of the cross-section of the SiCfilm (thicknessmarked in yellow) on porous-Si sublayer.
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Si substrate with a 5 nm surface roughness layer was used to derive preliminary n and k values (figure 4). An
initial rough estimation of the SiC optical constants was performed using awavelength (WVL)fitting procedure,
independently fitting n, k, and the SiCfilm thickness (40 nm).

To extract the dielectric function of SiC, the Cody-Lorentzmodel [32]was applied. Thismodel is consistent
withKramers-Kronig relations and usually used to describe the dielectric function of amorphousmaterials, but
also applicable to crystallinematerials. It offers improvements over the Tauc-Lorentzmodel [33] bymodifying
the joint-density of states (JDOS) and allowingweak exponential absorption below the bandgap.

TheCody-Lorentzmodel parameters include: A is the oscillator amplitude, E0 is the oscillator peak position,
Ґ is the broadening energy, Eg is the bandgap, Ep is the transition energy, Eu is theUrbach tail slope, Et is the
demarcation energy, ε∞ is the high-frequency dielectric constant. The values obtained are shown in table 2.

The analysis in the frame ofTheCody-Lorentzmodel yielded a SiC layer thickness of 38.9± 1.4 nm and a
surface roughness layer thickness of 4.7± 3.6 nm. The bandgap (Eg)was determined to be 2.94± 0.01 eV. The
coefficient of determination (R2) for theCody-Lorentzmodel fit was 0.99806, indicating a high degree of
accuracy in themodel fit. The determined bandgap value of approximately 2.94 eV suggests that the SiCfilm
may correspond to the 15R-SiC polytype [34], while it is also close to the bandgap of themore common 6H-SiC
polytype (∼3.0–3.1 eV) [35, 36].

The refractive index (n) and extinction coefficient (k), obtained from themodelling of ellipsometry data, are
in good agreementwith literature data for bulk SiC and SiCfilms [37, 38]. For instance, for the visible spectral
range, kwas found to be 0.047 for theCody-Lorentzmodel and 0.074 for theWVL fitting, corresponding to an
absorption coefficientα= 4πk/λ≈∼104 cm−1, which is in good agreementwith reported values [39].

According to the literature [40–43], the characteristic Ramanmodes of SiC are expected near 200 cm−1 and
below 1000 cm−1, while their number and frequency position depends on the particular polytype [40–45]. In the
low-frequency part of the spectrumof the SiC/porous-Si/Si heterostructure studied in this work, a broad band
withmaxima at about 125 and 154 cm−1 is observed (figure 4(a)). The former can be assigned to the folded
transversal acoustic (FTA)mode of the 21-R polytype, and the latter to the analogousmode of the 6H-SiC
polytype, since the other polytypes do not havemodes in this range [34]. Based on this assignment, themode at
794 cm−1 can be associatedwith the planar optical folded transversal optical (FTO)mode of the 6H-SiC polytype
[40]. However, the good coincidence of the peak at 794 cm−1 with the TOphonon frequency for the 3C-SiC
polytype [41] (and the TAphonons at 125 and 154 cm−1 for the 6H-SiC polytype)may indicate the presence of a
certain combination of the two polytypes in the thin film. The co-existence of several polytypes of thin SiC films
grownon porous Si by the same techniquewas proven byXRD earlier [22].

The high-frequency Raman spectrumof the SiC/porous-Si/Si heterostructure is shown infigure 4(b). The
strong and broad (trapezoidal) band at 950–1000 cm−1 ismainly due to second-order scattering from the silicon

Figure 2.EDX spectrumof the SiC/porous-Si/Si heterostructure surface.

Table 1.Elemental composition of the sample derived fromEDX.

Element MassNorm.,% Atom,% Rel. error,% (1 sigma)

C 18.40 34.39 14.45

O 0.61 0.86 26.22

Si 80.99 64.75 4.30

100 100
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substrate. However, the sharp peak at 942 cm−1 on top of it can be associatedwith the LOphonon of 3C-SiC.
Usually, the LOphonon for 3C-SiC is observed at 970–975 cm−1, so the lower frequency valuemay be related
with the effect of residual strain in the SiCfilm. In addition, wemost likely have a film of the 3C-SiC polytype
with fragments of the 6H-SiC polytype and possibly also 21-R, so the peak at 942 cm−1may be relatedwith these
phases. Broad bands near 825 cm−1 and 980 cm−1 can be associatedwith amorphous SiC phases [42, 43], since
bands in these ranges andwith similar shapewere observed during the formation of various combinations of Si-
H, Si-CH3, Si-C bonds using silane gas (SiH4) [42], whichwas also used in our fabrication process.

Prior to investigation of near-field nanoFTIR, amacroscopic Fourier transform infrared (FTIR) spectrum
measured in transmissionwas acquired (figure 5). The expected absorption band for SiC fromabout 780 cm−1 to
about 900 cm−1 is observed (figure 6). Theweak feature at 700 cm−1may be relatedwith one of the SiC
polytypes, because it is not characteristic for Si-Si or Si-O bonds. Distinguishing different polytypes is not
possible due to large bandwidth in the IR spectra (as compared to the Raman ones). The extremely low
transmission in the high-frequency region (>1000 cm−1) of the spectrum is unusual.Most likely, the intense
absorption of the signal in this region of the spectrumoccurs predominantly due to losses in the porous silicon
sublayer hindering determination of the SiC layer contribution in this spectral range. The additional features
near 600 cm−1 and 950 cm−1 were previously identified as Si-Hwaggingmodes [46, 47] and Si–O–Si stretching
modes [48], respectively. Otherwork assigned the feature near 950 cm−1 toC-Hnwaggingmodeswhile also
considering the one at 1100 cm−1 to be due to the asymmetric Si–O–Si stretchingmode [41, 49, 50].

Figure 3. Spectral dependences of the real and imaginary part of the effective dielectric function 〈ε1〉 (a) and〈ε2〉 (b) of the SiCfilm on
Si, and itsmodeling usingWVLfitting and theCody-Lorenzmodel.
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To investigate the possible influence of thefilmmorphology on the absorption in the range of 800–1500
cm−1, near-field nanoFTIRmeasurements were performed comprisingmeasurements of the near-field IR
amplitude signal (figure 7, right) and the simultaneously recordedAFMfilm topography (figure 7, left). The
near-field amplitude is often interpreted as ameasure of the reflection [44]. The dark areas infigure 7 (right) thus
correspond to regions of stronger absorption. The very strong contrast between different areas in the IR
amplitudemap does not correlate with the rather uniformmorphology of the film obtained fromAFM.This
indicates aminimal contribution of themorphology (orfilm thickness) to the observed variation of the IR
amplitude signal. It is thus suggested that the intensity inhomogeneities in the IR reflectancemap are associated
with the porous structure of the substrate under the film, in particular, the areas of low reflection (dark) are
located above the pores in the silicon substrate.

To clarify the differences between the dark and light areas infigure 7(right), nanoFTIR spectrawere
measured. The results are presented infigure 8. Themeasured signal is proportional to the scattering coefficient
of the near-field signal and is generally quite complex. Typically, when interpreting the signal fromorganic
materials, it is assumed that the phase (shown on the y-axis infigure 8) is proportional to absorption [51, 52]. For
strong oscillators such as SiC, the phase and amplitude can shift to the LOmode position.

For bulk 4H-SiC, the phase signal exhibits a peak∼950 cm−1 [44] (figure 9). For the studied SiC thin films,
the spectrum ismore complex and differs in the dark and bright areas. In the bright areas it shows and sharper
peak slightly above 950 cm−1 and a broader one below 950 cm−1. In the dark areas, an additional broad feature
between 800 and 900 cm−1 is observed (figure 8). Explaining this requiresmodeling of the near-field response.
Generally, themodelling ofmultilayers follows a similar path, irrespective of using a Point-Dipole-Model [52], a
Finite-Dipole-Model [53], or amore advanced approach [54, 55]. In all cases, the sample is described using
momentum-dependent Fresnel reflection coefficients ofmultilayers instead of the quasistatic reflection
coefficients used for bulk samples while the tip is described as a dipole of various shapes. The tip-sample system
modelling the near-field response ismost sensitive to a certainmomentum range, which is often expressed by a

Figure 4. Spectral dependences of the refractive index of the SiCfilm obtained usingWVL fitting and theCody-Lorenzmodel.

Table 2.Parameters of the
Cody-Lorentzmodel for
describing the dielectric
function of a SiCfilm.

d(nm) 38.9± 1.4

A (eV) 13.68± 2.2

E0 (eV) 5.89± 0.08

Ґ (eV) 0.805± 0.02

Eg (eV) 2.94± 0.01

Ep (eV) 0.435± 0.04

Eu (eV) 0.42± 0.4

Et (eV) 1.00± 2.0

ε∞ 4.93± 0.3

R2 0.99806

6

Mater. Res. Express 12 (2025) 076402 VKidalov et al



Figure 5.Raman spectra of the SiC/porous-Si/Si heterostructure in the range 100–400 cm−1 (a) and 700–1000 cm−1 (b). The broad
feature between 925 and 1000 cm−1 ismainly due to second-order scattering in Si substrate, but the possible additional contribution
of SiCfilm in this spectral range is also indicated.

Figure 6.Macro FTIR spectrumof the SiC/porous-Si/Si heterostructure.
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couplingweight function. This functionwith a shape similar to aGaussian function depends on the system
geometry, especially the tip radius. In the above-mentioned references of the differentmodels [53–55] the
calculated couplingweight function shows that themomentumprobed by the tip is in the range of 104–105

Figure 7.AFM topography (left) and near-field IR amplitude (right)maps of the SiC/porous-Si/Si heterostructure. The illumination
range used for the near-fieldmap is approx. 800—1600 cm−1.

Figure 8.Near-field IR phase spectra in dark and bright areas of the sample.

Figure 9.Near-field IR phase spectra of n-doped (approx. 5·1018 cm−3) and nominally undoped bulk SiC.
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cm−1.We can then estimate the expected near-field response by inspecting themodeled Fresnel reflection
coefficients of the system investigated.

For this, we separated the SiC/porous-Si/Si heterostructure into two systems. One layer stack of air-SiC-Si,
representing the parts of the sample, where the SiC is directly on top of the silicon substrate, and one layer stack
of air-SiC-air representing those parts of the sample, where the SiC layer is above a pore in silicon.We used the
usual dielectric constant of 11.7 for silicon and took the dielectric function of SiC from literature [56]. Figure 10
shows the imaginary part of the Fresnel reflection coefficients for those two systems.Within the probed
momentum range of 104–105 cm−1, the air-SiC-Si system shows aweak feature just above 800 cm−1 and a
stronger one near 950 cm−1. Both features show little dispersion. This corresponds well to the spectrameasured
on the brighter spots showing two relatively sharp features at thosewavenumbers. In contrast, the air-SiC-air
system,while possessing an almost identical feature near 950 cm−1, shows a strong feature at lower
wavenumbers. This feature has a strong dispersion ranging from800 to 900 cm−1 within the range of the probed
momentum. This again corresponds well to the spectrameasured on the dark parts, which show a similarly
sharp feature near 950 cm−1 while also having a far broader feature right within thewavenumber range
estimated here. It is therefore reasonable to assume that the bright and dark spots infigure 7 correspond to
regions of SiC above silicon and above pores, respectively.

4. Conclusions

The SiCfilm obtained on porous-Si/Si substrate by atomic substitutionmethod exhibit very homogeneous
thickness (about 40 nm), small roughness of the surface (about 5 nm), and a sharp interface with the porous-Si
sublayer. Raman scattering spectra revealed vibrationalmodes corresponding to 3C-SiC, 6H-SiC, and possibly

Figure 10.The imaginary part of the Fresnel reflection coefficient for the air-SiC-Si (up) and air-SiC-air (down) systems.
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21-R polytypes. Broad bandswere also detected thatmay be associatedwith amorphous SiC phases. Spectral
ellipsometry, combinedwith appropriate opticalmodeling by aCody-Lorentzmodel offers a suitable approach
to characterize the optical functions of the studied SiC film, yielding accurate values for thickness, refractive
index, extinction coefficient, and bandgap. The determined bandgap (2.94 eV) suggests the possible presence of
the 6H-SiC polytype. The derived optical constants of the SiC layer are in good agreement with other works
[37, 38]. According to ellipsometrymeasurements, the optical properties in theUV-NIR range of the structure
under investigation caused by the areas where thefilm lies on solid silicon, while in the far-IR range, the areas
where thefilm is formed over cavities play a significant role. Experimental FTIR and nanoFTIR results,
corroborated by numericalmodelling, indicate a significant contribution of the porous substrate on the IR
reflection of the SiC film. The SiCfilms investigated in the present paper, which exhibit increased absorbance in
the 800–1000 cm−1 spectral range,may be applied as an effective buffer layer formultilayer structures in sensor
applications.

Acknowledgments

The studywas partially supported by theNational Academy of Sciences ofUkraine (Projects#0125U000799,
0125U000995), theGermanResearch Foundation under theWalter Benjamin Programme, referenced as KI
2865/1-1, and Science Foundation Ireland under the Supplemental Grant forDisplaced Researchers scheme
(SFI 20/FFP-P/8728 (S)).

Data availability statement

The data cannot bemade publicly available upon publication because they are not available in a format that is
sufficiently accessible or reusable by other researchers. The data that support the findings of this study are
available upon reasonable request from the authors.

Author contributions

Valerii Kidalov 0000-0002-5128-1880
Investigation (equal)

References

[1] HoatDM,NaseriM,HieuNN, Ponce-Pérez R, Rivas-Silva J F andCocoletzi GH2020 SuperlatticesMicrostruct. 137 106320
[2] Pernot J, Contreras S, Camassel J, Robert J L, ZawadzkiW,Neyret E andDiCioccio L 2000Appl. Phys. Lett. 77 4359
[3] ZhangQ, Liu Y, LiH,Wang J,WangY, Cheng F andZhang P 2024 Sensors 24 7731
[4] LaVia F, AlquierD,Giannazzo F, Kimoto T,Neudeck P,OuHandTudisco S 2023Micromachines 14 1200
[5] PogrebnjakAD, IvashchenkoV I, Skrynskyy P L, BondarOV,Konarski P, Załęski K andCoy E 2018CompositesB 142 85
[6] OujjaM, TabakkouhtK, SanzM, Rebollar E, Sánchez-ArenillasM,Marco J F and deNalda R 2022Appl. Phys.A 128 375
[7] Xu J,WangC, LiD, Cheng J,Wang Y,HangC andTianY 2019Ceram. Int. 45 4094
[8] Foisal ARM,NguyenT,DinhT,Nguyen TK, Tanner P, Streed EWandDaoDV2019ACSAppl.Mater. Interfaces 11 40980
[9] Song S, GaoZ, LuB, BaoC, Zheng B andWang L 2020Ceram. Int. 46 568
[10] Reeber RR andWangK2000MRSOnline Proceedings Library (OPL) 622 35
[11] KavithaV S, KumarR andNarayan J 2025 Silicon 17
[12] Kaloyeros A E andBarry A 2024ECS J. Solid State Sci. Technol. 13 043001
[13] Singh B 2025 J.Mater. Chem. A 13
[14] KumarM, SinghAK, KumarA, KumarR, GautamYK,Dash SK andChandra R 2025NextNanotechnology 7 100110
[15] Alzubaidi R, FakhriMA and Pohl L 2025Thermo 5 13
[16] ZhangQ, Liu Y, LiH,Wang J,WangY, Cheng F,HanH andZhang P 2024 Sensors 24 7731
[17] ZhangW,ChenYX, Yang J Y, Feng S Y, Li B, LuWE, Liu FY andWan J 2025 IEEETrans. ElectronDevices 72 2411–6
[18] ZhouY et al 2025Appl. Phys. Rev. 12 031301
[19] ZhouM et al 2025 IEEETrans. ElectronDevices 72 2874–8
[20] KidalovVV,KladkoVP,DyadenchukA F,GudymenkoO I, BaturinVA andKarpenkoAY 2022Nanosistemi, Nanomateriali,

Nanotehnologii 20 647–55
[21] KidalovVV,Kukushkin S A,Osipov AV, RedkovAV,GrashchenkoA S, Soshnikov I P andDyadenchukAF 2018 ECS J. Solid State Sci.

Technol. 7P158
[22] KidalovVV,Kukushkin S A,Osipov AV, RedkovAV,GrashchenkoA S, Soshnikov I P andDyаdenchukAF 2018 Journal of Nano-and

Electronic Physics 10 03026
[23] KidalovVV, RevenkoA S,DulebaD, RedkoRA, AssmannM,GudimenkoA I and JohnsonRP 2024 ECS J. Solid State Sci. Technol. 13

114003
[24] Kukushkin SA, Sharofidinov S S,Osipov AV, RedkovAV,KidalovVV,GrashchenkoA S, Soshnikov I P andDydenchukAF 2018 ECS

J. Solid State Sci. Technol. 7P480

10

Mater. Res. Express 12 (2025) 076402 VKidalov et al

https://orcid.org/0000-0002-5128-1880
https://orcid.org/0000-0002-5128-1880
https://orcid.org/0000-0002-5128-1880
https://orcid.org/0000-0002-5128-1880
https://doi.org/10.1016/j.spmi.2019.106320
https://doi.org/10.1063/1.1332102
https://doi.org/10.3390/s24237731
https://doi.org/10.3390/mi14061200
https://doi.org/10.1016/j.compositesb.2018.01.004
https://doi.org/10.1007/s00339-022-05499-9
https://doi.org/10.1016/J.CERAMINT.2018.10.231
https://doi.org/10.1021/acsami.9b15855
https://doi.org/10.1016/j.ceramint.2019.09.004
https://doi.org/10.1557/PROC-622-T6.35.1
https://doi.org/10.1007/s12633-025-03320-9
https://doi.org/10.1149/2162-8777/ad3672
https://doi.org/10.1039/d5ta01081k
https://doi.org/10.1016/j.nxnano.2024.100110
https://doi.org/10.3390/thermo5020013
https://doi.org/10.3390/s24237731
https://doi.org/10.1109/TED.2025.3551721
https://doi.org/10.1109/TED.2025.3551721
https://doi.org/10.1109/TED.2025.3551721
https://doi.org/10.1063/5.0262377
https://doi.org/10.1109/TED.2025.3558492
https://doi.org/10.1109/TED.2025.3558492
https://doi.org/10.1109/TED.2025.3558492
https://doi.org/10.15407/nnn.20.03.647
https://doi.org/10.15407/nnn.20.03.647
https://doi.org/10.15407/nnn.20.03.647
https://doi.org/10.1149/2.0061804jss
https://doi.org/10.21272/jnep.10(3).03026
https://doi.org/10.1149/2162-8777/ad89f8
https://doi.org/10.1149/2162-8777/ad89f8
https://doi.org/10.1149/2.0191809jss


[25] Torchynska TV,Morales RodríguezM,VivasHernandez A, PolupanG, Jiménez Sandoval S, Ostapenko S andMynbaevaM2005
Physica Status Solidi (C) 2 2962

[26] YukhymchukVO,Kiselov V S, ValakhMY, TryusMP, SkorykMA,RozhinAG andBelyaev AE 2016 J. Phys. Chem. Solids 91 145
[27] Verma P 2017Chem. Rev. 117 6447
[28] MilekhinAG,Kuznetsov SA, Sveshnikova L L,Duda TA,Milekhin I A, Rodyakina E E andZahnDRT2017The Journal of Physical

Chemistry C 121 5779
[29] KidalovVV,DyadenchukA F, BaturinVA,KarpenkoOY, KolomysOF, PonomarenkoVV andOkhrimenkoOB 2023

Semiconductor Physics, QuantumElectronics &Optoelectronics 26 140
[30] KidalovV,DyadenchukA, AbbasovaC, BaturinV,KarpenkoO,GudimenkoO andKidalovV 2022 Synthesis and characterization of

SiC-based thinfilm heterostructures 2022 IEEE 12th Int. Conf. Nanomaterials: Applications&Properties (NAP) (IEEE) 01–04
[31] KidalovVV,DyadenchukA F, ZhukAG,GudimenkoOY and Simchenko SV 2024Himia, Fizika ta Tehnologia Poverhni 15 221
[32] FerlautoA S, Ferreira GM, Pearce JM,Wronski CR, Collins RW,DengX andGangulyG 2002 J. Appl. Phys. 92 2424
[33] JellisonGE Jr andModine FA 1996 Erratum:Parameterization of the optical functions of amorphousmaterials in the interband region

[1996Appl. Phys. Lett. 69 371]Appl. Phys. Lett. 69 2137
[34] Rohmfeld S,HundhausenM, Ley L, ZormanCAandMehreganyM2002 J. Appl. Phys. 91 1113
[35] ChoykeW J,HamiltonDRand Patrick L 1964Phys. Rev. 133A1163
[36] Kimoto T andCooper J A 2014 Fundamentals of Silicon Carbide Technology: Growth, Characterization, Devices andApplications (Wiley)

(https://doi.org/10.1002/9781118313534)
[37] Sridhara SG, Eperjesi T J, Devaty R P andChoykeW J 1999Materials Science and Engineering: B 61 229
[38] Larruquert J I, Pérez-Marín AP,García-Cortés S, Rodríguez-de Marcos L, Aznárez J A andMéndez J A 2011 Journal of theOptical

Society of America A 28 2340–5
[39] Solangi A andChaudhryM I 1992 J.Mater. Res. 7 539
[40] Espinosa-TorresND, la LuzDHD, Flores-Gracia J F J, Luna-López J A,Martínez-Juárez J andVázquez-Valerdi D E 2014Nanoscale

Res. Lett. 9 1
[41] BauerM,Gigler AM,Huber A J,Hillenbrand R and Stark RW2009 J. Raman Spectrosc. 40 1867
[42] Nakashima S andHarimaH1997Physica Status Solidi (a) 162 39
[43] Inoue Y,Nakashima S,Mitsuishi A, Tabata S andTsuboi S 1983 Solid State Commun. 48 1071
[44] ElKhalfiA-I, Ech-Chamikh EM, IjdiyaouY, AzizanM, Essafti A,Nkhaili L andOutzourhit A 2014 Spectrosc. Lett. 47 392
[45] Costantini J-M,Miro S and PlucheryO 2017 J. Phys. D 50 095301
[46] Ivashchenko L, VasinA, IvashchenkoV,UshakovMandRusavskyA 2005MRSOnline Proceedings Library 910 1203
[47] Shariatmadar Tehrani F et al 2013 J.Mater Sci:Mater Electron 24 1361
[48] LuoG, Zhang Z,Hu J, Zhang J, SunY, ShenQ andZhang L 2020Materials 13 1496
[49] KanekoT,NemotoD,Horiguchi A andMiyakawaN 2005 J. Cryst. Growth 275 e1097
[50] Merazga S, Keffous A, Brighet A andKechouaneM2017NanoWorld Journal 3 54
[51] Mester L, GovyadinovA, Chen S, GoikoetxeaMandHillenbrand R2020Nat. Commun. 11 3359
[52] Aizpurua J, Taubner T,Garcia deAbajo F, BrehmMandHillenbrand R2008Opt. Express 16 1529
[53] Hauer B, Engelhardt A andTaubner T 2012Opt. Express 20 13173
[54] Jiang B, Zhang L, CastroNetoA, BasovD and FoglerM2016 J. Appl. Phys. 119 054305
[55] McLeodA, Kelly P,GoldflamM,Gainsforth Z,Westphal A,Dominguez G, ThiemensM, FoglerM andBasovD2014Phys. Rev. B 90

085136
[56] Dong J, Zhao J and Liu L 2017 J. Quant. Spectrosc. Radiat. Transf. 197 114

11

Mater. Res. Express 12 (2025) 076402 VKidalov et al

https://doi.org/10.1002/pssc.200460731
https://doi.org/10.1016/j.jpcs.2016.01.003
https://doi.org/10.1021/acs.chemrev.6b00821
https://doi.org/10.1021/acs.jpcc.6b11431
https://doi.org/10.15407/spqeo26.02.140
https://doi.org/10.1109/NAP55339.2022.9934602
https://doi.org/10.1109/NAP55339.2022.9934602
https://doi.org/10.1109/NAP55339.2022.9934602
https://doi.org/10.15407/hftp15.02.221
https://doi.org/10.1063/1.1497462
https://doi.org/10.1063/1.118155
https://doi.org/10.1063/1.1427408
https://doi.org/10.1103/PhysRev.133.A1163
https://doi.org/10.1002/9781118313534
https://doi.org/10.1016/S0921-5107(98)00508-X
https://doi.org/10.1364/JOSAA.28.002340
https://doi.org/10.1364/JOSAA.28.002340
https://doi.org/10.1364/JOSAA.28.002340
https://doi.org/10.1557/JMR.1992.0539
https://doi.org/10.1186/1556-276X-9-507
https://doi.org/10.1002/jrs.2334
https://doi.org/10.1002/1521-396X(199707)162:1%3C39::AID-PSSA39%3E3.0.CO;2-L
https://doi.org/10.1016/0038-1098(83)90834-7
https://doi.org/10.1080/00387010.2013.840849
https://doi.org/10.1088/1361-6463/aa5614
https://doi.org/10.1557/PROC-0910-A12-03
https://doi.org/10.1007/s10854-012-0934-z
https://doi.org/10.3390/ma13071496
https://doi.org/10.1016/j.jcrysgro.2004.11.128
https://doi.org/10.17756/nwj.2017-047
https://doi.org/10.1038/s41467-020-17034-6
https://doi.org/10.1364/OE.16.001529
https://doi.org/10.1364/OE.20.013173
https://doi.org/10.1063/1.4941343
https://doi.org/10.1103/PhysRevB.90.085136
https://doi.org/10.1103/PhysRevB.90.085136
https://doi.org/10.1016/j.jqsrt.2016.10.015

	1. Introduction
	2. Experimental methodology
	3. Results
	4. Conclusions
	Acknowledgments
	Data availability statement
	References



