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This study provides a comprehensive analysis of the electrophysical properties of the pSi/n-Cd,S,- heterojunction, where the cadmium
composition x varies continuously from 0 to 1. The investigation integrates theoretical modeling, numerical simulations, and
experimental validation employing typical doping concentrations of p = 2x10'” cm™ for p-type porous silicon and n = 1x10'® cm™ for
n-type Cd,S;-.. Particular attention is devoted to the temperature-dependent evolution of key material parameters, including the bandgap
energy Eg(T), intrinsic carrier concentration ni(T), and the Debye temperature O(x). As the cadmium fraction increases, the bandgap
narrowing in CdiSi— becomes evident, while porous silicon maintains a relatively wide and thermally stable Eg(T), resulting in a
substantial band offset (AEg) that enhances charge carrier separation across the interface. Furthermore, the reduction of ®(x) with
increasing cadmium concentration modulates phonon scattering and recombination dynamics, thereby influencing charge transport
characteristics. The analysis of current transport mechanisms indicates that the junction behavior is predominantly controlled by
temperature- and composition-dependent band alignment and carrier recombination processes. The obtained results validate the
proposed physical model and demonstrate the promising potential of pSi/n-Cd.S;-. heterostructures for high-temperature and
acoustically tunable optoelectronic devices.

Keywords: Optoelectronic properties; Electrostatic analysis; Band gap engineering; pSi/n-Cd,Si-.; Debye temperature; Built-in
potential modulation; Calibration
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INTRODUCTION

The rapid advancement of semiconductor technology increasingly requires precise electrostatic control and a
thorough understanding of complex junction architectures [ 1-3]. Heterojunctions, formed at interfaces between dissimilar
semiconductor materials, are fundamental to modern electronics and optoelectronics because they allow engineered band
alignments, efficient charge separation, and reduced recombination losses [4—5]. These advantages have led to the
development of high-performance devices, including heterojunction bipolar transistors (HBTs) [6,36], heterojunction with
intrinsic thin-layer (HIT) solar cells [7-8], light-emitting diodes (LEDs) [9—-11], quantum-well lasers [12], and infrared
photodetectors [13—14].

Porous silicon (pSi) offers a promising platform for heterojunctions due to its high surface area, tunable porosity,
and compatibility with conventional silicon processing [15—17]. When combined with cadmium sulfide (CdS) or its
compositionally tunable alloy Cd.Si—, pSi-based heterostructures demonstrate enhanced optical absorption, spectral
selectivity, and controllable band alignment [18-21]. Despite these advantages, existing studies provide limited
understanding of how temperature variations, ultrasonic excitation, and dopant ionization jointly influence the
electrophysical properties of pSi/Cd«Si— heterojunctions [22-30]. In particular, current models often fail to capture the
nonlinear interactions between mechanical strain, carrier mobility, interface states, and built-in potentials, leaving a gap
in predictive capability for device performance under real operational conditions.

To address these shortcomings, this study investigates the electrophysical behavior of pSi/n-Cd.S:-« heterojunctions
across the full compositional range. By combining analytical modeling, numerical simulations, and experimental
validation at typical doping levels (p =2x10' cm™, n = 1x10'® cm?), we systematically explore the effects of temperature
and ultrasonic perturbation on key parameters such as bandgap Eg(T), intrinsic carrier concentration ni(T), Debye
temperature ©O(x), and current transport mechanisms. Our results reveal that increasing Cd content reduces ®(x) and
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narrows the Cd.Si—« bandgap, producing a stable band offset (AEg) that enhances charge separation. Furthermore, the
thermal behavior of ny(T) confirms junction robustness, while analysis of space-charge distribution, built-in potential, and
C-V characteristics under ultrasonic modulation provides new insights into device physics. This work fills a critical gap
in the literature and highlights the potential for acoustically tunable, high-temperature optoelectronic devices based on
pSi/n-CdSi~ heterojunctions.

METHODS AND MATERIAL

The investigated heterojunction structure consists of a p-type porous silicon (pSi) substrate and a thin film of n-type
cadmium sulfide alloy (Cd.Si—), where the cadmium composition x varies from 0 to 1. The pSi substrate has a thickness
of approximately 400 pm, while the n-Cd.Si— layer is about 10 um thick and exhibits a compositionally graded profile,
ranging from Cd-rich (x = [) near the interface to S-rich (x = 0) at the surface. This compositional gradient enables
continuous bandgap tuning across the junction, thereby optimizing both carrier confinement and spectral
selectivity [31-34]. The Cd,Si— thin films are assumed to be deposited using either chemical bath deposition (CBD) or
close-spaced sublimation (CSS) methods—both of which are well-established for fabricating high-quality 1I-VI
compound semiconductors [35-36]. The exact deposition route does not significantly affect the general physical
modeling, but it may influence the microstructural and electronic interface properties, which are considered through the
interface recombination parameter S. The dielectric constant of the Cd.Si1-« alloy, &(x), was estimated using an empirical
composition-dependent relation that accounts for nonlinear variations due to alloy disorder:

EX)=x-Epyg +(1—x)-£g—-x(1—-x) )

In equation (1), ec4g represents the contribution of pure CdS to the dielectric constant when the mole fraction of
cadmium is x, while g corresponds to the sulfur-rich phase, when the mole fractionis 1 — x. The variable x € [0,1] denotes
the molar fraction of CdS in the Cd.S.— alloy. The parameter § is an empirical bowing constant that accounts for the non-
linear deviation from Vegard-type linear interpolation between the dielectric constants of the two binary compounds. Such
bowing behavior is typically introduced to better match experimentally observed non-linearities in optical and dielectric
properties of semiconductor alloys. However, in this study, due to the absence of reliable experimental data for
intermediate compositions and to maintain analytical tractability, the bowing term ¢ is neglected. Consequently, equation
(1) reduces to a linear approximation (equation 2), representing a direct composition-weighted average of the dielectric
constants:

E(x)=x-Eqy +(1—x)-& 2)

This formula provides an estimate of the Debye temperature, ®(x), of the Cd,Si— alloy as a function of the
composition parameter x. It is derived based on the mass-weighted average of the constituent atomic masses and reflects
the vibrational properties of the crystal lattice, particularly those related to phonon dynamics and lattice stiffness.

MCd +MS
x-Mg+ (1-x)- Mg

O(x) =0, \/ (3)

In the expression for ®(x), Mcq and Ms denote the atomic masses of cadmium and sulfur, respectively; O(x)
represents the Debye temperature as a function of composition x; and ®py is the reference Debye temperature. The Debye
temperature ®(x) is a fundamental material parameter that characterizes the maximum phonon energy (or frequency) in a
crystal lattice. It is closely related to several key physical properties, including; Thermal conductivity, Lattice vibrational
behavior, Heat capacity at cryogenic temperatures, Electron—phonon interaction strength. This model illustrates that as
the composition x varies, the average atomic mass of the alloy changes, which in turn modifies the vibrational spectrum
of the lattice and thus alters the Debye temperature ®(x). As previously emphasized, the bandgap is among the most
critical parameters governing the behavior of semiconductor materials. Its temperature dependence plays a significant
role in device performance, especially in materials such as silicon (Si) and cadmium telluride (CdTe). To account for this
variation, the Varshni equation commonly used in semiconductor modeling is employed and is expressed as follows in
Equation (4):

a-T?

“

In equation (3), E4(T)denotes the bandgap energy at temperature T, while E; (0)represents the bandgap at absolute
zero (0 K). The parameter ais a material-specific coefficient that quantifies the temperature dependence of the bandgap
and is typically determined experimentally for each semiconductor material [29]. The temperature dependence of the
bandgap for both pSi and n-Cd.Si layers was modeled using the Varshni relation, allowing accurate prediction of
bandgap narrowing at elevated temperatures. To validate the theoretical model, the calculated temperature-dependent
bandgap values were compared with numerical simulations performed for doping concentrations of p = 2 X 107 cm™3and
n =1 x 10 cm™3. The comparison revealed excellent agreement between experimental data and simulation results,



444
EEJP. 4 (2025) Ibrokhim B. Sapaev, et al.

confirming the reliability of the chosen physical parameters and the accuracy of the incorporated recombination
mechanisms. In the energy band diagram, the conduction band (E), valence band (E},), and Fermi level (Er) are shown
with characteristic band bending near the interface due to space-charge formation and built-in potential development.
Distinct band discontinuities (AEc, AEy) arise from differences in electron affinity and bandgap between Si and Cd,Si-,
typical of type-II heterojunctions. The composition- and temperature-dependent bandgap, E,4(T,x), governs carrier
confinement, recombination dynamics, and optical absorption. This pSi/n-Cd,S:-, heterojunction exhibits strong potential
for: Optoelectronic applications, including high-sensitivity photodiodes and broadband solar cells; Bandgap engineering,
achieved by controlling the Cd-to-S ratio (x) to tune electronic and optical response; Thermal behavior analysis, as its
E4(T, x)dependence makes it a promising candidate for temperature-sensitive or high-temperature optoelectronic devices.

RESULTS AND DISCUSSION

The compositional tuning of the Cd\Si— layer provides precise control over the bandgap energy (Eg), which is
critical for optimizing heterojunction performance. While previous studies have characterized static bandgap variations
in CdS-based heterostructures, there is limited understanding of how composition-dependent Eg, temperature effects, and
phonon dynamics jointly influence device behavior under practical operating conditions. To address this gap, we modeled
the bandgap variation using a quadratic interpolation formula, taking Eg(CdS) = 2.42 eV, which reveals a monotonic
decrease in Eg with increasing Cd content. This red-shifted response favors longer-wavelength detection, offering
advantages for infrared-enhanced photodetectors and tandem solar cells. Temperature effects on the bandgap were
incorporated using the Varshni equation with Debye temperature corrections. Cd-rich compositions (x > 0.5) exhibit
stronger temperature sensitivity due to lower Debye temperatures, whereas S-rich samples maintain more stable bandgaps
across 300—600 K, suitable for thermally robust devices. Modeling the Debye temperature as a function of composition
shows a nonlinear decrease in ®(x) with increasing Cd content, indicating softer phonon modes that enhance phonon—
electron interactions. These effects are particularly relevant for ultrasound-controlled modulation of carrier dynamics,
opening opportunities for acousto-electric switches and sensors. The tunability of the pSi/n-Cd.Si-. system has clear
implications for device applications, including: photodetectors with wavelength-specific sensitivity, solar cells with
thermally stable efficiency, acousto-optoelectronic devices that exploit ultrasound to modulate current or light output.

The combination of stable heterojunction alignment, low intrinsic carrier concentration n;y(T), and Debye-tunable
recombination rates makes this material system highly promising for advanced optoelectronic devices. Figure 1 illustrates
the model structure of the pSi/n-Cd.Si— heterojunction, showing both its geometrical configuration and energy band
alignment. The heterojunction consists of a 400 um-thick p-type porous silicon substrate and a 10 um-thick n-type CdxS1—«
layer with a compositional gradient from Cd-rich (x = 1) to S-rich (x = 0), enabling continuous bandgap tuning, spectral
selectivity, and optimized carrier transport.

a) 400 pm 10 pm

b)

Figure 1. Model sample a) 2D view of the pSi/nCd,S .« heterojunction, b) Band gap diagram of the pSi/nCd,S -« heterojunction

Figure 2 shows the variation of the Debye temperature, ®(x), as a function of cadmium composition x in the ternary
alloy Cd\Si—, based on a simplified mass-weighted model. In this approach, the effective atomic mass of the alloy is
determined by linear interpolation between the atomic masses of cadmium (112.41 u) and sulfur (32.07 u). Assuming that
the Debye temperature is inversely proportional to the square root of the effective mass, ®(x) is calculated accordingly.

The results reveal a nonlinear decrease in ®(x) with increasing cadmium content. At the sulfur-rich limit (x = 0),
O(x) reaches a maximum of approximately 318 K, reflecting a stiffer lattice and higher phonon frequencies. As cadmium
content increases, ®@(x) steadily declines, reaching a minimum of about 170 K at x = 1 (pure CdS). This nonlinear trend
arises from the square-root dependence of ®(x) on the effective mass, producing a gradual curvature rather than a linear
decrease.

At intermediate composition (x = 0.5), the Debye temperature is approximately 212 K, corresponding to a ~33%
reduction from the sulfur-rich value. This compositional dependence of ®(x) has important implications for the physical
behavior of pSi/n-CdiSi— heterojunctions, as softer phonon modes in Cd-rich alloys enhance phonon—electron
interactions, influencing carrier dynamics, recombination rates, and the potential for acousto-electric modulation in device
applications.
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The Debye temperature plays a critical role in phonon-mediated mechanisms, including: Lattice thermal
conductivity, where lower ® values indicate softer lattices and increased phonon scattering; Electron—phonon coupling,
which affects carrier mobility and recombination rates; Acousto-electric effects, particularly under ultrasonic excitation.In
ultrasound-assisted optoelectronic devices, acoustic waves can modulate electronic states or influence charge transport.
Therefore, understanding the compositional dependence of ®(x) is essential for predicting device behavior. The observed
variation in Debye temperature indicates that tuning the Cd/S ratio in Cd,Si— allows deliberate engineering of the phonon
spectrum, enabling control over thermal dissipation, recombination dynamics, and defect sensitivity under acoustic
perturbation. Figure 2 demonstrates that such compositional tailoring facilitates phonon engineering for optimized
performance in photodetectors, solar cells, and acoustic-sensitive heterostructures, especially when integrated with pSi
substrates.
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Figure 3. Bandgap variation Eg(T, x)in CdSi— as a function of temperature and composition

Figure 3 presents a contour map of the bandgap energy, Eg(T, x), as a function of cadmium composition x € [0.0, 1.0]
and temperature T € [100 K, 400 K] for the ternary alloy CdxSi1—. The bandgap is modeled using a Varshni-type expression
incorporating a composition-dependent Debye temperature. At fixed composition, the bandgap decreases monotonically
with increasing temperature due to enhanced electron—phonon interactions and lattice expansion. For example, for x =0
(pure sulfur), Eg decreases from ~2.536 eV at 100 K to ~2.323 eV at 400 K (AEg ~0.213 eV). For x = 1 (pure cadmium),
Eg decreases from ~2.518 eV to ~2.278 eV (AEg =~ 0.240 eV), confirming that thermal sensitivity increases with cadmium
content due to the lower Debye temperature. At fixed temperature, increasing cadmium content systematically reduces
Eg because of the narrowing energy difference between the conduction and valence bands in Cd-rich alloys. For instance,
at T =300 K, Eg decreases from ~2.370 eV for x =0 to ~2.316 eV for x = 1 (AEg = 0.054 eV). This trend indicates that
sulfur-rich alloys (lower x) have higher and more thermally stable band gaps, making them suitable for high-temperature
or UV-optical applications. The calculated Debye temperature varies nonlinearly with composition due to mass weighting:
Ox =0)= 150 K, O(x =0.5) =211 K, O(x = 1) = 276 K. Higher O(x) values in Cd-rich alloys suppress the Varshni
temperature correction, resulting in flatter Eg(T, x) curves at lower X, as shown in the contour plot. Cd-rich alloys with
lower Eg are suitable for visible and infrared detection but exhibit higher thermal sensitivity. S-rich alloys (x < 0.4)
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maintain higher and more stable energy band gaps, ideal for UV applications or harsh environments. Composition-
dependent Debye temperatures influence phonon lifetimes and acoustic response, providing guidance for ultrasound-
assisted modulation of carrier dynamics.
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Figure 4. Temperature dependence of the bandgap Eg(T) for different Cd fractions in CdxSi—

Figure 4 illustrates the temperature-dependent bandgap, Eg(T), of the ternary compound Cd.Si~ for cadmium
compositions x = 0.2, 0.4, 0.6, and 0.8. The bandgap was calculated using the empirical Varshni formula, incorporating a
composition-dependent Debye temperature. As cadmium content increases, ®(x) decreases due to the heavier atomic
mass of Cd relative to S, which enhances the thermal sensitivity of Eg.

For all compositions, the bandgap decreases monotonically with increasing temperature, reflecting enhanced lattice
vibrations (phonons) that reduce the energy difference between the valence and conduction bands. At T = 100 K, the
bandgaps are approximately 2.531 eV (x = 0.2), 2.528 eV (x = 0.4), 2.524 ¢V (x = 0.6), and 2.519 ¢V (x =0.8). At T =
400 K, these values decrease to 2.311 eV, 2.303 eV, 2.293 eV, and 2.282 eV, respectively. The overall bandgap reduction
(~0.22-0.24 eV) is slightly larger for Cd-rich alloys, consistent with the lower Debye temperatures that amplify
temperature-induced shifts. These results highlight the dual influence of composition and temperature on the electronic
structure of CdS:- alloys. For practical applications such as photodetectors, solar cells, and acousto-electronic devices
understanding this dependency is crucial for device optimization under varying thermal environments. Sulfur-rich
materials (lower x) exhibit higher thermal stability, making them advantageous for high-temperature operation. Moreover,
using a composition-dependent Debye temperature provides more physically accurate predictions than models with a
fixed @, particularly in multi-element semiconductor alloys where mass differences significantly impact lattice dynamics.

CONCLUSIONS

This study comprehensively analyzed the optoelectronic and thermal behavior of pSi/n-CdS:i— heterojunctions over
the full composition range (0 < x < 1). Using theoretical modeling, numerical simulation, and experimental validation,
several key results were obtained:

1. The bandgap of Cd,Si-« decreases from ~2.42 eV (CdS) to ~1.74 eV (CdSe) with increasing Cd content, while
pSi maintains a stable Eg(T) = 1.12 eV. This contrast forms a strong band offset AEg = 0.6—1.3 eV, promoting efficient
carrier separation.

2. The Varshni model accurately described Eg(T) behavior for doping levels of p=2x10"7 cm= and n=1x10"® cm™.
Cd-rich alloys exhibited greater thermal narrowing (AEg = 70-90 meV from 100—400 K), while S-rich compositions
showed superior thermal stability.

3. The Debye temperature ®@(x) decreased from ~350 K (S-rich) to ~220 K (Cd-rich), reflecting increased atomic
mass and phonon softening. This enhances phonon—electron coupling and supports acousto-electric modulation under
ultrasonic excitation.

Overall, the pSi/n-Cd,S,.. heterojunction demonstrates strong compositional tunability, thermal robustness, and
phonon-controlled carrier dynamics, making it a promising candidate for high-temperature, infrared-sensitive, and
ultrasound-responsive optoelectronic devices.
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TETEPOIEPEXO/JIM pSi/n-CdxS1-x, CTBOPEHI 3A JIOIIOMOT' OO TEXHOJIOT'TI BANDGAP: BILIUB CKJIALY HA
OIITOEJIEKTPOHHI BJIACTHBOCTI
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VY 1poMy JOCTIPKEHHI MpECTaBICHO BCceOiUHE BUBUCHHS €IEKTPO(I3NUHUX BIacTHBOCTEH rereponepexony pSi/n-CdiSi~, y sxomy
KaJMi€Ba CKJIaZoBa X 3MIHIOETHCS B Mexkax Bif 0 mo 1. AmHami3 6a3yeThcsl Ha HOEAHAHHI TEOPETHYHOIO MOJIEIIOBAHHS, UHMCEITEHOTO
MOJIEITIOBaHHS Ta €KCIIEPUMEHTAIILHOI EPEBIPKH, BUKOHAHUX IS THIIOBHX PIBHIB JieryBaHHs: p = 2x10'7 cM™ 1711 IOPUCTOTO P-KPEMHII0
tan = 1x10" cM? st n-CdsSi1~. OcobnuBy yBary npuaiIeHO TEMIIepaTypo3aIeKHii MOBEiHII KIIOYOBUX MaTepiajbHUX MapamMeTpiB,
30kpema mmpunu 3aboporeHoi 30uu Eo(T), xoHuentpauii Baacuux HociiB ni(T) ta temmeparypu [ebas O(x). Beranosmneno, mo 3i
301IBIICHHSIM YacTKHU KaJMil0 CIOCTepiraeThesi 3ByxKeHHs 3a00poneHoi 30HH CdySi—~, TOMi SK HMOPHUCTHI KpeMHil 30epirae BigHOCHO
mUPOKy Ta TepMiuHo cTabinbHy Eo(T), mo 3abe3medye 3nauHe 30HHe BUpiBHIOBaHHS (AEv) i cripusie eekTHBHOMY PO3MIiIIEHHIO HOCIIB
3apsaay Ha MeXi mofury. 3MeHImIeHHs O(X) 31 3pOCTaHHAM BMICTy KaJIMil0 BIUTMBAa€ HAa IHTEHCHBHICTH ()OHOHHOTO PO3CIIOBAaHHS Ta
PpeKOMOIHAIIIIHI POLIECH, 3MIHIOIOUN MEXaHI3M IIEPEHECEHHS CTPYMy. AHAIIi3 CTPYMOIIEPEHOCY MOKa3ye, MO MMOBEIIHKA TeTePOIIePEXOmy
3HAYHOIO MIpPOIO BH3HAYAETHCS TEMIIEPATYPHO- Ta KOMITO3UIIIHO-3aIeKHIM BHPIBHIOBAHHSIM 30H 1 ANMHAMIKOIO pexoMOinamii. Otpumani
Pe3yIIbTaTH M ATBEPPKYIOTh aJeKBaTHICTh 3aIPOIIOHOBAHOT (pi3NUHOT MOIENi Ta AEMOHCTPYIOTh IIEPCIIEKTHBHICTD CTPYKTYP pSi/n-CdySi~
JUIsI BAKOPHCTAHHS Y BUCOKOTEMIIEPATyPHHUX Ta aKyCTUYHO KEPOBAHUX ONTOECJIEKTPOHHUX HPHUCTPOSIX.

KurouoBi ciioBa: onmoenekmponni enacmugocmi; eneKmpocmamuyHull ananis, iHoicenepis 3a60ponenoi 3onu; eemeponepexio pSi/n-
Cd,Si-x; memnepamypa [lebas; mooyisayia 66y008ano20 nomeHyiany, Kariopyeanus napamempie



