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This article explores the structural, electronic, mechanical, magnetic, and thermodynamic properties of Pt-Co intermetallic compounds
using the FP-LAPW (full-potential linearized augmented plane wave) method within the DFT (density functional theory) framework, as
implemented in the Wien2k code. The negative formation enthalpies and cohesive energies indicate that Pt3Co (L12), PtCo (L10), and PtCos
(L12) are stable in the ferromagnetic (FM) phase. The calculations of the lattice constants and bulk modulus align with existing theoretical
and experimental values. The resulting electronic band structure establishes the metallic nature and the magnetic character of all three
studied compounds. The DOS at the Fermi level, the electronic specific heat coefficient ym, polarization P%, and magnetic moment are
determined. The investigation of the elastic and mechanical features illustrates that the selected materials are stable and slightly anisotropic.
The Pt3Co and PtCos materials are inherently ductile and the PtCo is the harder compound. To enhance understanding of these materials,
the quasi-harmonic Debye model is applied to scrutinize their thermal features.
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1. INTRODUCTION

Pt-based alloys, in particular, are among the most vital intermetallic materials, finding extensive use in medical devices,
thermoelectrics, and electrodes [1, 2]. Alloys of transition metals have gained importance as magnetic materials due to their
potential for high-density magnetic recording [3-8]. These systems are especially noteworthy due to Pt extensive role in
heterogeneous catalysis and electrochemistry [9-14]. These materials are sought after for an extensive variety of applications,
together with high-density magnetic data recording [4], magneto-optics [15-19], magnetic random-access memory (MRAM)
[16], oxygen reduction catalysis [16, 20-23], data storage [24], and biomedicine [25]. In the bulk Pt-Co binary alloys, three
ordered phases Pt3Co (L1,), PtCo (L1o), and PtCos (L1,) appear in the phase diagram [26]. These compounds have
accomplished exceptional consideration in the contemporary expertise for their numerous physical characteristics. Currently,
the ordered L1,-Pt3Co and L1,-PtCo; compounds are widely used as in the oxygen reduction reaction (ORR) [27-36]. PtCo
catalysts exhibit higher ORR activity which makes them as promising ORR catalysts [37-40].

In the scheme of DFT the Pt-based alloys and Pt-Co alloys are the subject of several studies. Gavira et al. [41] calculated
the mechanical, magnetic, and electrical features of Pt-Co alloys and the superlattice structures Pt;Co L1,and PtCo L1, using
DFT. Karoui ef al. [42] examined the role of magnetism in the formation energies of Co-Pt alloys using non-spin-polarized
and spin-polarized ab initio computations to evaluate the stability of the L1 and L1, structures with the ABINIT code [43].
Boulechfar et al. inspected the stability and ductility of Pt:Sc and Pt;Y materials with directed covalent bonding and
confirmed the structural stability [44] using the FP-LAPW technique. This later process is employed to study the magnetic
and optical features of Pt3V and Pd;V compounds. Along with the fundamental properties such as structural, electronic and
mechanical properties, the nonmagnetic and ferromagnetic states calculations indicate that the FM-DO0,; is the most stable,
and pseudo gap is owing to the strong d-d hybridization in both ductile compounds [45]. Front et al. [46] measured mixing
enthalpies for concentrated alloys or dissolution enthalpies in the diluted limits of Pt(Co) and Co(Pt), and lattice parameters
evaluated by DFT-GGA/PWO1 [47], TB-SMA potential. Alsaad ef al. [24] explored the structural, electronic, and magnetic
characteristics of MxPtx.; (M: V, Ni and Co) by means of the VASP. Chepulskii et al. [48] concentrated on adjusting the L1,
atomic order in Co-Pt nanoparticles, providing ab initio perceptions through Monte Carlo simulations. They demonstrated
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that L1y is an adaptable structure within the fcc-constrained ground-state phase illustration of Co-Pt. Li et al. [49] performed
the influences of pressure on the structural, electronic, mechanical, and thermodynamic features of the typical PtsM (M: Al,
Sc, Co, Y, Hf, Zr) materials using the VASP [50]. The authors observed that the charge distribution remains largely
unchanged, suggesting that no phase transition takes place within the 0—100 GPa range. Furthermore, Zosiak et al. [51]
studied the electronic structure of Co-Pt-grounded arrangements, from bulk to nano alloys, using ab initio methods. Zhang
et al. employed the (VASP) code to address the plastic behavior of Pt;Hf compound [52]. Aledealat ef al. employed Monte
Carlo simulation and DFT to examine the magnetic and electronic features of binary alloys X3Pt and XPt; (X: Ni, Co, or Fe),
in L1, structure and the ferromagnetic states [53]. They calculated Curie temperature (7c) and the magneto crystalline
anisotropy for the studied alloys. By means of the CASTEP, the fundamental physical features are investigated for Pt:X (X
=Ti, Cu) [54] and Pt;T (T: Ni, Mn) [55] intermetallic compounds. More recently, Wei [56] examined the effect of atomic
doping (Au, Ir, Os, Pd, Rh, Ru) on the ground states features of Pt-based alloys using first-principles methods. The study
revealed that doping increases the dislocation energy and reduces the plasticity of the solid solution.

In recent years, the L1¢-ordered intermetallic compounds FeX and CoX (X is a d transition metal) were studied using
both first-principles calculations and experimental methods. Rani ef al. explored the magnetism of L1o-FeNi alloy through
inducing tetragonal distortion with the interstitial doping. The results show that the structural distortion induces enormous
magneto crystalline anisotropy (MCA) and the rise in MCA is larger for N-doping in Ni-layer than in Fe-layer [57].
Aledealat et al. [16] in the theoretical study of the magnetic features of L1¢-ordered FeM (M: Ni, Pt or Pd) alloys, report
that the ferromagnetic configuration is the furthermost stable spin arrangement for the compounds in interest, and FePt
alloy possesses a large magnetocrystalline anisotropy. Islam ez al. [58] investigated ordered L1o-CoPt nanoparticles using
both experimental techniques and DFT calculations. Lethole et al. [5] studied mechanical, electronic, magnetic, and
dynamical characteristics of M-Pt alloys (M: Mn, Ni and Co). Their achieved values reveal that MnPt and NiPt alloys
stay stable at 0 K, whereas, CoPt remains marginally metastable aligning fairly well with most experimental phase
stability diagrams. Recently, Zine ef al. conducted a theoretical investigation on the structural, magnetic, electronic, and
thermodynamic properties of Tetrataenite L1o-FeNi alloy [59]. Subsequently, they investigated the impacts of cobalt (Co)
doping on the L1¢-FeNi alloy [60]. The results show that the FeNi:Co(On;) in L1o-structure exhibits a big enrichment in
saturation magnetization (M;) and magnetic moments. Co-substituted FeNi alloys grasp potentials as budding entrants for
the rare-earth-free permanent magnets. Notice that, according to the previous works three Pt-Co compounds possess
ferromagnetic state, Pt3;Co [61, 62], PtCo [63-65] and PtCos [63,64]. These alloys are of particular interest due to their
remarkable structural and magnetic properties, as well as their wide range of applications in emerging technologies.

Although numerous studies have explored these alloys, there is still a deficiency of comprehensive research work
on the detailed physical features of Pt3Co, PtCo and PtCos; in the existing data. Consequently, the principal objective of
the present investigation is to explore the impressive physical features of Pt;Co, PtCo and PtCo; compounds, and
understand the physical origins of their distinct characteristics. In this study, using the FP-LAPW technique, we explored
the structural stability, the electronic, mechanical magnetic and thermodynamic features for compounds in question, in
non-magnetic (NM) and ferromagnetic (FM) states.

2. COMPUTATIONAL DETAILS

The computations reported in the current investigation have been accomplished with the help of the Wien2K
code [66] based on full-potential linear augmented plane-wave (FP-LAPW) technique [67] inside the framework of DFT.
The generalized gradient approximation (GGA) plus Perdew—Burke—Ernzerhof (PBE) parameterization was utilized for
the exchange—correlation functional [50, 68]. The cut-off parameter has been set to RyrxKax = 9, where Ryr is the muffin-
tin sphere radius and K, is the highest value of the plane wave vector. To calculate the entire energy, 84 special k-points
are exploited for the irreducible Brillouin zone in the L1, structure and 75 for the L1gstructure, /.. =10 and the charge
density is Fourier-expand fit for G.n=13. For the muffin-tin sphere radii, we applied Ryr (Pt)=2.25 au,
Ryt (Co)=2.00 a.u. The changes in total energy during the optimization ultimately converge to 10™* Ry. The valence
electron configurations: Pt: [Xe]. 414 5d° 6S! 6p° and Co: [Ar]. 45? 4p° 3d” 41°.

3. RESULTS AND DISCUSSION
3.1. Structural features

The Pt-Co alloy is recognized to have a robust propensity for
assembling so as to its phase diagram has been investigated by three
key ordered phases, the Pt;Co (L15), PtCo (L1¢) and PtCos (L15). Both
compounds with stoichiometry As;B crystallize in the cubic LI,
structure (Prototype: CuszAu) with space group Pm3m (cP4), where
the B atoms occupy the corners of the cube 14 (0, 0, 0), and the A atoms
set on the face centres 3¢ (1/2, 1/2, 0). PtCo compound crystallizes in
tetragonal L1y (Prototype: AuCu) with space group P4/mmm (tP2).
Figure 1. PtCos in L12 structure (a) and PtCo in This is a tetragonal distortion of the fcc structure and has two of the
L1o structure (b) faces occupied by one type of atom (1c (1/2, 1/2, 0)) and the corner
(1a (0, 0,0)), and the other face occupied with the second type of atom

(2e (0, 1/2, 1/2)) (Fig. 1).



480

EEJP. 3 (2026) H. Grimed, et al.

To determine the structural features, the overall energy is evaluated in relation to the global volume for Pt;Co, PtCo,
and PtCos; compounds for both nonmagnetic and ferromagnetic states in the L1,and L1, structures. The overall energy values
in relation to unit cell volume have been tailored via Murnaghan's equation of state [69]. The attained data by means of PBE-
GGA approximation have been exposed in Fig. 2.
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Figure 2. Entire energy vs. volume in the nonmagnetic (NM) and ferromagnetic (FM) states of (a) Pt3Co, (b) PtCo and (c) PtCos

It can be perceived that the total energy of the ferromagnetic state is far less than that of nonmagnetic states,
demonstrating that the FM state is the magnetic ground state for all materials deliberated here. The overall energy difference
(AE) between FM and NM states at equilibrium is calculated as follows:

AE = Epy — Eyy (D

The equilibrium total energy calculation determines the crucial physical parameters such as the cohesive energy E
and formation enthalpy AH; and describes the structural stability. The values of E. have been evaluated using the

succeeding formula:
B = (o) [

is the aggregate energy of Pt,Co, alloy and E,

2

PtxCoy atom(Pt) atom(Co)

tor  — XEior —YEo;

atom(Pt atom(Co
(Pt) and E (Co)

Pt,Co
where E, ¥ rot rot

tot
atoms Pt and Co, respectively.
The enthalpy of formation of these alloys was determined using:

are the energies of the isolated

_ 1 PtyCoy
Aty = () [t —
Pt(solid) and ECo(solid)

where E,, ot are the energies per atom of Pt and Co in the solid-state, correspondingly.
In Table 1, the obtained values of AE, E. and AHf are equated with accessible experimental and theoretical
information.

Pt(solid) Co(solid)
Eior —YEio;

3

Table 1. AE (meV/atom), AHr (eV/atom), referred to Co(fcc)/Co(hep) and Pt (fec) and Ec (eV/atom), for Pt3Co, PtCo and PtCos for
both nonmagnetic (NM) and ferromagnetic (FM) cases

Compounds AE AH¢ (NM) AH¢ (FM)

-0.089%/-0.084"
-0.07% /-
-/-0.1°
-/-0.12¢
-0.0679/-
-0.0745¢/-

-0.0997/-0.088"
-0.1%/ -

E. (NM) E. (FM)

Pt;Co -106 -0.029%/-0.034" -0.802" -0.055°

-0.0227/-0.028°
2002/ -
-0.0354¢/ -

PtCo -172°

-/-0.110°
-/-0.07°
-0.0999/-
-0.0951-
-0.079%/-
-0.089"/-

-2.781°

-1.96"

PtCo; 471" -0.0187/-0.034"

-0.07"/-0.057"

0.07%-
/-0.1°
-0.06884/-

-4.69"

-3.875"

*Our calculation: “Ref. [42] PAW, "Ref. [51] PP-GGA, °Ref. [73] Exp, “Ref. [8] PP-PAW, °Ref. [74], PP-PAW- GGA, Ref. [65] KKR-

CPA, Ref. [65] PP-LDA, "Ref. [65] PP-GGA.
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The overall energy difference AE at the equilibrium volume, in meV/atom unit, is ordered as follows:
PtCo3(-471)<PtCo(-172 )<Pt3Co (-106). AE have a considerable value for PtCoj; case, with high Co concentration, which
specifies the decisive part of the spin effect in the thermodynamic stability.

The enthalpies of formation assist in predicting the stability of alloys and helps in developing their phase
diagrams [70]. The formation enthalpy results are evaluated relative to the Co-fcc/Co-hcp and Pt-fcc states. From Table
1, it can be observed that the studied compounds exhibit negative enthalpies of formation for the NM and FM states,
suggesting that they are chemically stable and readily synthesized. According to the present findings, 3 materials' alloying
abilities are as follows: PtCo>Pt;:Co>PtCo;. For FM states, lower formation enthalpies correspond to larger alloying
ability [71,72], whereas, for NM states, the formation enthalpies are ordered as Pt;Co >PtCo >PtCos. On the other hand,
for each compound the AH; for FM states is lower than the NM states. The negative valued cohesive energies suggest
that all compounds are stable in the considered phases. The PtCos compound possesses the higher structural stability due
to the larger cohesive energy relative to the PtCo and Pt;Co. It can be concluded that the cubic (tetragonal) PtCos (PtCo)
and Pt3Co compounds crystalize in the FM-L1, (FM-L1,) phase and these results agree well with experimental phase
diagram [70]. Comparatively, our results (AH; values) are in upright promise with several reported values
[8,42,51,65,73,74] (Table 1). However, as far as we know, there are no accessible information in the literature for cohesive
energies.

The equilibrium lattice constants (a and c), bulk modulus, B, and its pressure derivative B’ follow from an appropriate
form of the entire energy in terms of volume to the (MEOS) Murnaghan equation of state [69]. The key results are
summarized in Table 2. The comparison with the experimental results [75,77-79] and theoretical results [8,24,51,65,76]
shows good overall agreement for a, c, and B. Both computations effectively forecast the durable impact of magnetism
on chemical ordering. The results for a and ¢ are in good agreement with the available experiments. The discrepancy
between the evaluated equilibrium volumes and the corresponding experimental values is less than 2.4%.

Table 2. a (in A), ¢ (in A), and c/a ratio, B in (GPa), and B’ for Pt3Co, PtCo, and PtCo3 compounds

Compounds Method a c c/a B B’
Pt;Co This work

GGA(NM) 3.86" - - 225" 5.01"

GGA(FM) 3.88" - - 304" 474

Experimental 3.831° - - - -

Other calculations
3.871° - - - -
3.89¢ - - - -

NM 3.87¢ - - 268.44 -

FM 3.89¢ - - 254.44 -
3.86° - - - -
3.885¢ - - - -

PtCo This work

GGA(NM) 3.798" 3.634" 0.957" 252" 4.40"

GGA(FM) 3.808" 3.732" 0.979" 216" 4.82"

Experimental 3.810 3.695 0.971 - -

Other calculations

NM 3.823¢ 3.641¢ 0.952¢ 250.5¢ -

FM 3.821¢ 3.703¢ 0.969¢ 229.4¢ -
3.810¢ 3.718¢ 0.976¢ - -
3.809f 3.708f 0.973f - -
3.806" 3.707" 0.979" - -
3.746' 3.622' 0.967 - -
3.819¢ 3.715¢ 0.973¢ - -
3.800% 3.693% 0.972% - -

PtCos This work

GGA(NM) 3.61° - - 252.8" 4.70"

GGA(FM) 3.668" - - 209.6" 4.65

Experimental 3.664' - - - -

Other calculations
3.672° - - - -
3.666° - - - -

NM 3.612¢ - - 299.0¢ -

FM 3.661¢ - - 259.6¢ -
3.66° - - - -
3.654" - - - -

“Our calculation: “Ref. [75] exp, "Ref. [53] PP- PAW- GGA and MC, ‘Ref. [76] PAW-GGA , ‘Ref. [51] PP-GGA, ‘Ref. [42] PAW-GGA, 'Ref. [8] PP-
PAW, 'Ref. [77] exp, "Ref. [24] PP-GGA, 'Ref. [65] PP-LDA, *Ref. [65] PP-GGA, *Ref. [78] exp, 'Ref. [79] Exp.

3.2. Electronic structure and magnetic Properties
Proportional stability can be discussed in detail by studying the electronic properties of the compound. To
comprehend the electronic structure and magnetic features of Pt-Co binary materials, the band structure along selected
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high-symmetry directions in the first Brillouin zone, the total density of states (TDOS), and partial density of states
(PDOS) at equilibrium lattice constants have been calculated. Although the cohesive properties suggest that the
nonmagnetic states could be synthesized experimentally. The TDOS of the studied compounds have been shown in
Fig. 3(a). The foremost feature is the Fermi level lying at high DOS peaks, as also reported by Karoui et al. for
paramagnetic PtCo, thereby promoting the instability of the nonmagnetic phase toward ferromagnetism [42].

Figs. 3(b and c) show the combined band structure and TDOS (for both spins) of Pt;Co. For simplicity, and due to
their similarity, the corresponding figures for PtCo and PtCos are not shown. The valence and conduction bands exhibit
significant overlay, with numerous bands crossing the Fermi level, indicating metallic behavior in all compounds. The
noticeable asymmetric band distribution of spin-up and spin-down bands reflects the strong magnetic character of the Pt—
Co binary compounds.
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Figure 3. TDOS of Pt3Co, PtCo and PtCo3 compounds in NM states (a), band structure with the corresponding DOS of spin up (b)
and spin down for Pt3Co compound (¢)

Figure 4 shows the PDOS for all compounds. It can be observed that the electronic states are strongly because of
Pt-5d and Co-3d orbitals; and the contributions of s and p orbitals in the DOS are negligible compared to the d band
contribution. Therefore, the Pt and Co-d states are the main origin of the absolute spin polarization. The bands crossing
the Fermi level are chiefly composed of hybridized Pt-5d and Co-3d states. Table 3 reports the TDOS at the Fermi level
N(EF), and the magnetic moment per atom. The overall magnetic moments for the investigated materials are 2.98, 4.5,
and 5.66 (uB) for Pt;Co, PtCo, and PtCo3, respectively. The results have been matched with the obtainable results [8, 24,
51, 53, 58, 82]. In addition, the degree of polarization, which is evaluated by the fractional difference between the two
spin states at the Fermi level (Er), is given below [80, 81].

ny(Ep)—ny(EF)
=l =2 4
n(Ep)+n (EF) @)

where ny(Er) and n(Ey) are, respectively, the spin-up and spin-down DOS at the Fermi level.

The value of P discriminates the material type: P=0 corresponds to a paramagnetic state, while a finite value indicates
antiferromagnetic nature. The obtained polarization values for all compounds are abridged in Table 3. It is worth
mentioning that neither n;(Er) nor ny(Er) vanishes at Ef, resulting in a non-zero value of P, suggesting ferromagnetic
systems. The electronic specific heat coefficients values are found out by means of the below equation:

Yen = w2k’ N(Er)/3 Q)

where kg is the Boltzmann constant. The calculate values are 24.32, 25.08 and 23.08mJ/ mol™' K2 for Pt;Co, PtCo and
PtCos, respectively (Table 3).
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Table 3. TDOS at N(Er) (states/e V- cell), yin (mJ/mol. K?), ny (Er), ny (Er) DOS at Fermi level for spin up and spin down, respectively,
degree of polarization P %, and entire magnetic moment p (in uB) for Pt3Co, PtCo and PtCos.

System N(Er) Yih w nt((Er) nl(Er) P %
Pt3Co 10.32" 24.32" Tot:2.98";3.47%,2.925;2.8%,2.47¢ (Co:1.99, Pt:0.34)" 1.54" 3.96" -44*
(Co: 1.89, Pt: 0.24)¢
PtCo 10.64" 25.08" Tot:4.5%;4.31¢;2.381,2.261 0.78" 3.67" -64"

(Co:1.91; Pt:0.41)"
(Co: 1.96, Pt: 0.25)i
(Co: 1.83, Pt: 0.37)¢
(Co:1.74; P:0.44)"
PtCos 9.79" 23.08" Tot:5.66";6.72%5.6 0.73" 4.19* -70"
(Co:1.83; Pt:0.4)"

*Our calculation, “Ref. [53] PBE + U , *Ref.[8] PP- PAW, °Ref. [82] exp, ‘Ref. [83] SP-GGA,
*Ref. [24], PP- PAW, 'Ref. [58] PBE-GGA, 'Ref. [51] PP.

a »
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Figure 4. Spin polarized, TDOS and PDOS for Pt3Co (a), PtCo (b), and PtCos (c)

3.3. Single-crystal elastic properties

Recently, the study of elastic parameters has played a crucial role in materials science and engineering. The elastic
constants Cj reflect the mechanical response of crystals to applied external forces. In this section, we discuss the stability,
ductility, anisotropy and bonding features of Pt-Co binary compounds. In the current investigation, the single-crystal
elastic constants Cj for the selected compounds have been evaluated using the IRelast program implemented in the
WIEN2k package [66] with the PBE-GGA approximation. The attained values are tabulate in Table 4, we can observe
that, for cubic structure, 3 independent elastic constants C;;, C;> and Cyy, satisfy the Born mechanical stability criteria
(Ci>0,Cy> 0, Cyy+2C;12> 0, and Cys- C2>0) and for tetragonal phase the six independent coefficient satisfy stability
criteria (C11> 0, C35> 0, Cs> 0, Css> 0, (C][ — C12) >0, (C][ +Cs;3 - 2C13) >0 and [2(C11 + C12) +Cs3 + 4C13] > 0) [84]

Table 4. C;j (GPa), B (GPa), G (GPa), E (GPa), B/G ratio, v, and Hv for Pt3Co, PtCo and PtCo3

Compounds Cu Ci2 Cis Css Cas (O B G E B/G v Hv
Pt:Co 317.8° 172,57 - - 104.5% - 220.9"  90.3" 241.8" 244" 031" 6.78"
3222 2182 93.12 2522
232.6°  93.6° 247.7° 248>  0.32°
321.2¢ 188.3¢ 117.9¢ 0.32¢
0.334
PtCo (L10) 456.4" 149.4" 158.6" 305.5"° 164.5" 102.5°  235.3" 1322 334.0" 1777 026" 14.7°
3232 210? 87.4° 2312
PtCos3(L12)  302.1" 165.6" - - 152° - 211.1°  1102° 2994 190" 026" 11.6

*Our calculation: *Ref. [14] 2NN MEAM, "Ref. [74] PP- PAW- GGA, ‘Ref. [59] PP- PAW- GGA, ‘Ref. [100] PP- PAW- GGA.

The two elastic constants C;; and Cjs describe the stiffness along the crystallographic a (or b) and c axes,
respectively. For PtCo in tetragonal phase L1y, we can constat that the C;;>Cj3;3, the compound resists deformation along
the a (or b)-axis more strongly than the c-axis (is additional compressible along the c-axis than that of along a- and b-
axis), demonstrating that the bonds are stronger along <100> and <010> directions as comparation to bonds along <001>
direction. Cy4 reflects the resistance to shear in the (100) plane, and Css measures the resistance to shear along <110>
orientation. Indicating the material is harder to shear along c-axis than in-plane.

We can see that C;; and C;; are closer in cubic compounds, indicating that the two materials have the same response
to uniaxial compression and lateral deformation, whereas Cys (PtCos)> Cyy (Pt3Co) indicates PtCos possesses superior
resistance to shear deformation. On the contrary, both compounds resist longitudinal deformation more than shape
deformation (C11 > C12 > Cy).



484
EEJP. 3 (2026) H. Grimed, et al.

The comparison with the previously reported values shows a good agreement with Ref [14,49] for Pt;Co compound
and a considerable deviation for PtCo [14]. To our knowledge, no data are available in the literature for PtCo3-L12, so
the results of the present investigation can serve as a guide for future investigations.

3.4. Mechanical properties and dynamic stability

The Voigt—Reuss—Hill (VRH) approximation is applied to estimate the polycrystalline mechanical parameters of
materials by averaging the Voigt (upper) and the Reuss (lower) limits [85-87]. The polycrystalline bulk modulus (B)
denotes resistance to volume change with uniform compression) and shear modulus (G) refers resistance to shape change,
shear deformation; for isotropic aggregates are B = (B, + Bg)/2 and G = G, + Gg/2, repectively. By (Br) and Gy (Gg)
represent the Voigt's (Reuss's) bulk modulus and the Voigt's (Reuss's) shear modulus respectively. According to Refs. [85]
and [86], Voigt and Reuss modulus are derived from the independent single-crystal constants Ci;;.

The computed elastic modulus B and G of Pt;Co, PtCo and PtCos are enumerated in Table 4. Table 4 shows accord
with the bulk modulus values obtained from the equation of state. This serves as proof of the consistency and accurateness
of the elastic constants we've calculated for these compounds.

In accordance with our analysis, PtCo-L10 has a large bulk modulus, indicating high incompressibility. The shear
modulus G (modulus of rigidity) of the studied compounds is in order: PtCo > Pt;Co >PtCos3, thus the tetragonal PtCo
resists more the shear deformation (shape change without volume change) than the cubic compounds. Hence, we can
predict with strong directional covalent bonds in PtCo.

The Young's modulus (£) and Poisson's ratio (v) have been given below:

9BG

E= 3B+G (6)
3B-26

T 2(3B+6) (7)

The Young's modulus value of PtCo is greater than that of PtCos and Pt;Co, consequently, PtCo is stiffer than other
compounds. The Young modulus describes the stickness of the compound [88]. Furthermore, ductility of Pt-Co binary
compounds is determined based on the Pugh’s criteria (B/G) [89] (critical value of Pugh’s criteria is equal to 1.75: ductility
>brittleness), the Pugh’s criteria are larger than 1.75 for the selected materials, indicating the ductility of compounds, the
PtCo behave with low ductility, B/G is 1.77, whereas Pt;Co behave with high ductility, B/G is 2.44. Li et al [49, 74] have
found that when B/G > 1.75, it suggests that Pt;Co is ductile. According to Poisson's ratio values, if v> 0.26, the material
performs in a ductile manner, else it is brittle [90]. Hence, Pt;Co is ductile and PtCo possesses a low ductility i.e. is brittle.
According to Pettifor the Cauchy pressure, for ductile materials with metallic bonding, are positive, it’s the case of the
studied cubic compounds (Pt;Co and PtCos, Table 5). The more negative the Cauchy pressure, the more directional
covalent or ionic bonds, were directional bonding leads to brittleness. The positive/negative Cauchy pressure C;»-Ce6/Ci3-
Cas suggests the mixture of bonding and weak of ductility of tetragonal PtCo material. The Vickers hardness (Hv) is
applied to guesstimate the resistance of the Pt-Co binary materials to plastic deformation. the formula used to calculate
Hv [91] is:

34 0.585
H,=2 (g—z) -3 ®)

The evaluated hardness is itemized in Table 4. Hence, Pt3Co has the lowermost Hy owing to its relative ductility and

metallic bonds. whereas, the PtCo compound has the maximum Hv due to the stronger covalent bonding.

1
The longitudinal and transverse acoustic velocities v; (v; = [(3B + 4G)/3p]z) and v, (v, = G/p), respectively, are
-1

determined as well as the mean sound velocity v, (v, = E (v% + v%)] ’ ), in order to calculate the Debye temperatur ©p
1 t
using Refs. [92, 93]:

1

00 = 2% 2

4T

where kg, h, and p denote Boltzmann’s constant, Plank’s constant, and the density, correspondingly. N4, M and n refer
the Avogadro’s number, the molecular weight and the number of atoms in the molecule respectively. In addition, the
approximate melting temperature of the selected compounds has been evaluated using the succeeding empirical
equation [94]:

T, = [553K + (5.91 K/GPa)C,;] + 300K (10)

The evaluated values of the acoustic velocities (v¢, v; and v,,), Debye temperature 8, and melting temperature 75,
have been provided in Table 5 for the selected Pt;Co, PtCo and PtCos. The values v;, v; and v, for Pt;Co are coincide
with theoretical data [49]. The longitudinal velocities of sound in all considered alloys is considerably greater than in the
transverse velocities. Out of these, PtCos supports the highest supremely average sound velocity (v,, = 3294.96 m/s).
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Table 5. Cp=C12—Cu4 for cubic, (C12—Ces)/(C13—Ca4) ratio for tetragonal structures, AY, v, V1 (in m/s), Vi (in m/s), Vi (in m/s), 8p (in K)
and Tm (K) for Pt3Co, PtCo and PtCos

Compounds Ci2-Caua Ci2-Ce6/Ci13-Cas AY Vi Vi Vi 6) Tm+300
Pt3Co 68 - 0.15" 4317 22217 2487" 302.9 24317
0.42 44212 22632 25352 308.6*
0.46°
PtCo - 47/-6 0.39" 5040" 2856" 2009" 402.0" 3176"
PtCos 14 - 0.81" 5331" 2958" 3295" 425.4" 2338"

*Our calculation: *Ref. [74] PP- PAW- GGA, *Ref. [49] PP- PAW- GGA.

A larger 6p designates an augmented thermal conductivity [95] signifying that the PtCos is anticipated to show a
relatively greater thermal conductivity matched with the other materials. In [74], Li ef al. described a Debye temperature
(6p) of 308.6 K for Pt3Co, which discloses a concordance to the achieved calculated value of 302.9 K.

From Table 5, it can be observed that all compounds melt at high temperatures. According to the experimental Pt-
Co phase illustration [70] and our Ty, values are over estimate. The Pt-Co system has, at low temperatures, an ordered fcc
structure and a disordered one at high temperatures. The order-disorder transition temperatures were experimentally
reported to be 1000, 840 and 1100 K for Pt;Co, PtCos and for PtCo, respectively [96]. The chemical ordering is attributed
to the magnetic moment of Pt and Co atoms [97].

In addition, in the (VRH) scheme the material’s anisotropy is also given via the universal anisotropic index
AY(AY=5Gv/GrH+(Bvy/Br)-6) [98]. The evaluated results of AV for Pt-Co intermetallic materials are gathered in Table 5.
The deviation of all AV indexes from zero (AY = 0 for an isotropic crystal) [99] indicates the anisotropic behavior of the
three compounds, with PtCos exhibiting a relatively greater degree of elastic anisotropy.

The 3D-representation of the dependence of the elastic modules on the crystallographic direction is a modern method
applied to estimate the degree of elastic anisotropy in materials. Fig. 5 depicts the 3D-representation of the Young’s
modulus for Pt-Co binary materials. It is clearly seen that there is a small nonconformity from spherical shape suggesting
modest degree of elastic anisotropy for all compounds. In materials sciences, the spherical 3D surface shape of Young’s
modulus corresponds to isotropic materials.

(vao)z3a
(vao)z3a

2
A S
A

Figure 5. 3D-presentation of the surface related to Young’s modulus (Y) for: Pt3Co (a), PtCo (b),: PtCos(c) compounds

3.5. Thermal properties
In this subdivision, the thermodynamics features of ferromagnetic Pt-Co binary intermetallics materials are explored
versus temperature (0-1000 K) and pressure (0-30). The main values of bulk modulus B, heat capacities Cyand Cp, Debye
temperature dp, thermal expansion coefficient a, the Griineisen parameter y; and entropy S have been tabulated in Table 6
and some of them have been shown in Fig. 6.

Table 6. Temperature and pressure dependent B (in GPa), Cyand Cp (in J/mol. K), a (10°/K), 6p (K), yc and S (in J/mol. K)

Compounds T P B Cy Cp A Op YG S
Pt;Co 0 0 229.3" 0" 0 0" 372.1° 3.1" 0"
30 388.5" 0 0 0 4752 2.0" 0

300 0 207.1 92.8" 96.4" 4.0" 363.4° 32 117.4*

30 380.4" 88.3" 89.2" 14" 472.9" 2.0 93.5"

900 0 121.0" 99.1 131.5" 8.9" 319.6" 4.0" 236.6"

30 349.6 98.4" 102.0" 1.8" 462.7" 2.1° 200.0"
PtCo 0 0 215.6" 0" 0" 0" 405.2" 277" 0"
30 366.7 0 0 0" 509.5" 1.8" 0"

300 0 195.7" 458" 47.4" 4.1" 396.6" 2.88* 54.7"

30 359.7° 434" 43.8" 1.5" 507.0" 1.8% 43.7"
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Compounds T P B Cy Cp A Op YG S
900 0 120.7 49.5" 63.1" 8.6" 355.3" 3.5 113.0"
30 331.4" 49.1 50.7" 1.9" 497.6" 1.8" 96.5"
PtCo; 0 0 208.9" 0" 0" 0" 4522° 23" 0"
30 339.9" 0 0 0" 566.73" 1.8" 0"
300 0 198.3" 89.5" 91.8" 35" 4454 23" 98.8"
30 333.9" 84.1" 84.9" 1.7 563.8" 1.8" 78.3"
900 0 136.9" 98.5" 108.9" 5.1° 451.7° 22" 202.4"
30 271.6" 97.5" 100.5" 2.0" 599.5" 1.6" 174.6"
*Our calculation.
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Figure 6. Temperature and pressure dependent thermodynamic parameters of Pt-Co binary materials: (a, b) Cpand Cyv, (c, d) a and (e) S

Based on the quasi-harmonic Debye model and the unit cell energies E(V), obtained in the first subsection, as
input data, the GIBBS code [101] is used to illustrate both temperature and pressure influences. A thorough explanation
of this process is given in the literature [101]. At ambient temperature and zero pressure (P=0), the values of Cy (Cp)
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are 89.5 (91.8) and 92.8 (96.4) Jmol' K™! for PtCos, and Pt;Co, correspondingly, with values impending zero at low
temperatures. These values are 45.8 (47.4) Jmol™! K™!, respectively, for CoPt. From Fig. 6(a), it can be understood that
both quantities upsurge with 7° at temperatures below 400 K.Beyond this range, the anharmonic things on the heat
capacity Cy become insignificant for all compounds. As a result, Cy reaches a constant value, nearby to the Dulong—
Petit limit [102] (Cy=3nR = 25xn J/mol K, n: number of atoms in the unit cell), whereas Cp undergoes to rise with
temperature. At a given temperature, both Cr and Cy decrease with growing pressure. The thermal expansion
coefficient a has the maximum values at zero pressure and significantly drops as pressure rises at a constant
temperature, showcasing the compressive nature of solids. Whereas o augment rapidly with temperature in all range
of T, at elevated T the speed of increase decreases mostly for PtCo; compound (Fig. 6(c)). The thermal expansion
coefficient () attains its highest values at zero pressure and reduces significantly as pressure increases at constant
temperature, reflecting the compressive nature of solids. Although a increases rapidly with temperature across the
entire range of 7, the rate of increase slows at higher temperatures, most notably for the PtCos; compound (Fig. 6(d)).
In addition, o for Pt;Co and PtCo are very closer and higher than that of PtCos. To assess the order and disorder in the
Pt-Co alloy based on temperature and pressure, the changes in entropy have been exposed in Fig. 6(e). It can be
perceived that the entropy approaches zero at 0 K and 0 GPa, then increases with rising temperature at constant
pressure. The increase in entropy indicates a growing degree of disorder within the Pt—Co alloy as the temperature
rises, with this effect being particularly considerable for the Pt;Co compound. From Table 6, we can see that both
parameters B and fp increase (decrease) with pressure (temperature). At static states (T = 0K, P =0 GPa), the calculated
Op for Pt3Co, PtCo and PtCos, are 372.1, 405.2 and 452.2 K, respectively. In Table 5, the attained 6p values from elastic
constant Cj; are 302.9, 402 and 425.5 K for Pt;Co, PtCo and PtCos, respectively, and the concordance for all the studied
compounds is clearly seen (Fig. 6(f)). This accord is also observed in calculated bulk modulus (Tables 4 and 6). As for
the Griineisen parameter g, it rises with temperature and diminishes with pressure.

4. CONCLUSIONS

In the present investigation, DFT-based computations were conducted to examine the structural, electronic,
mechanical, and thermodynamic features of the intermetallics Pt-Co. The evaluated lattice parameters show strong
agreement with obtainable experimental data and preceding theoretical data. The negative formation enthalpies confirm
that Pt3Co, PtCo, and PtCo; can be synthesized and remain chemically stable in all considered structures. The
investigation of the electronic band structure, DOS, and PDOS reveals that the Co—3d and Pt—5d states contribute
significantly to the total DOS through strong hybridization. The noticeable asymmetry between spin up and spin down
states in all compounds indicates significant magnetization. In particular, Pt;Co, PtCo and PtCos exhibit strong
magnetic behavior because of the large spin polarization near the Fermi level. Mechanical property calculations further
demonstrate the elastic stability of these compounds. Pugh’s criterion, Poisson’s ratio, and Cauchy pressure indicate
that both Pt3Co and PtCos are ductile with a metallic character. In contrast, PtCo possesses a mixed bonding nature
(metallic and directional covalent) and exhibits the lowest ductility (B/G=1.77), making it the hardest compound. The
evaluation of the elastic anisotropy (AY and the 3D surface of Young’s modulus) suggests a relatively low degree of
anisotropy for all compounds. Thermodynamic features, including the bulk modulus (B), thermal expansion coefficient
(@), heat capacities (Cy, Cp), entropy (S), and Debye temperature (6p), were systematically examined with the quasi-
harmonic Debye model, highlighting their dependence on both temperature and pressure. Overall, the PtCo alloy
exhibits a significant magnetic moment, making it a promising entrant for a variability of magnetic and spintronic
utilizations.
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AB-INITIO JOCAI)KEHHS ®I3MYHAX OCOBJIUBOCTEM IHTEPMETAJIIIIB Pt-Co
X. I'pumen'?, P. Byaexdap!, X. Ben Cagannax!, ®. Cemapi?, . Xeniyi’, 1. Casn®, M. Bymkenaur?,
X. Mepamxn®, C. Temin®, /. Cinrx’, P. Kenara*?
Jlabopamopis mamepianosuascmea ma enepeemuunoi insicenepii (LMGE), Yuicepcumem 6io 20 cepnus 1955 p., Cxixoa, Anowcup
2Jlabopamopis LRPCSI, Ynieepcumem 6io 20 cepnus 1955 p., nowmosa ckpumvka 26, Cxixoa, 21000, Anocup
3Jlabopamopisn erexmponixu Crixou (LRES), Kagedpa enexmpomexnixu, Yuicepcumem 6io 20 cepnus 1955 p., Ckixoa,
21000, Ckixoa, Anocup
4Jlabopamopis keanmosoi (izuKu pevosunu ma MamemMamuuHo20 mooenosanns, Yuisepcumem Mackapu, 29000, Mackapa, Anocup
SKagpedpa cmpyxmyprux ma obnuyiosansuux mamepianie, Biooin naausnux mexnonoaiti, Soepruii docionuyvxuii yenmp Jpapis,
/e A/c 43, Cebana, [lpapis, Anocup, Anocup
¢Jlabopamopis padiayitinoi gisuxu, kagedpa izuxu, gaxyromem npupoonuyux nayx, Yuisepcumem baooci Moxmapa, Aunaba, Anocup
’Kagpedpa ¢hizuxu, Incmumym ¢hisuunux nayx ons eusuenns ma docnioxcetnv im. npogpecopa Padocenopu Cinexa (Padacy Bxaiis), Yuisepcumem
Bipa Baxaoypa Cinexa ITypeanuana, [ocaynnyp-222003, Yuisepcumemcobruii nampiapxam, Inois
8Anocupcora axademis nayk i mexnonoziii, Patic Xamioy Binna-Env-Madanis, Anocup 16000, Anicup

V wiif crarTi OCIIKYIOTBCS CTPYKTYPHI, SISKTPOHHI, MEXaHi4Hi, MArHITHI Ta TEPMOANHAMIYHI BIACTHBOCTI IHTEPMETAJICBUX CIIOTYK
Pt-Co 3a momomororo metony FP-LAPW (moBHOMOTEHIianpHA JIiHEapH30BaHa JOMOBHEHA IUTOCKa XBWA) B pamkax DFT (teopii
($yHKIIIOHATYy TYCTHHH), peai3oBaHoro B koai Wien2k. HeraTuBHi eHTanbIIii yTBOPEHHS Ta €HEprii koresii Bka3yloTh Ha Te, mo Pt3Co
(L12), PtCo (L1o) Ta PtCos (L12) crabinbai y depomarnitHiit (FM) da3zi. Po3paxyHKky MOCTIHHAX KPUCTATIYHOI PENTITKU Ta MO
00'eMHOI TIPY>KHOCTI Y3TOKYIOThCS 3 ICHYIOUMMHU TEOPETUYHHMH Ta €KCIIEpPUMEHTAIbHUMU 3HaueHHsSMH. OTpHMaHa eleKTpPOHHA
30HHA CTPYKTYypa BCTAHOBIIIOE METaJIeBy IPUPOIY Ta MarHiTHUI XapakTep yCiX TPhOX JOCIIJDKYBaHHX CHOJYK. Bu3HaueHo mmoOuny
HarpiBy Ha piBHI Depmi, KOe)illi€HT STCKTPOHHOT TETIIOEMHOCTI Yih, MOJISIpH3aIlito P% Ta MarHiTHU MOMEHT. JlOCITIPKEHHS MIPYKHUX
Ta MEXaHIYHUX XapaKTePHUCTHK MOKa3ye, 10 BUOpaHi MaTepiany € CTabiIbHIMH Ta 371erka anizorponHumu. Marepiaiau Pt3Co ta PtCos
€ 3a CBO€ CyTTi0 mactuurumu, a PtCo e TBepaimoro cromykoro. J[iis Kpamioro po3yMiHHS LHX MaTepiailiB 3aCTOCOBYETHCS
KBa3irapMoHiuHa Mozienb [le6Gast Ui BUBYEHHS iXHIX TEIIOBHUX BIaCTHBOCTEH.

KurouoBi ciioBa: DFT; FP-LAPW; inmepmemanio; eneKmpoHHi 61acmugocmi, MexaHiuni KOHCmaumu
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Transcendental equations have been obtained to determine the electron energy spectrum in a five-layer semiconductor structure with
an energy dip at its center for various energy ranges. It is shown that the presence of this dip leads to an increase in the energy gaps
calculated within first-order perturbation theory. It is pointed out that the origin of the energy-level shift is associated with the
dependence of the electron Hamiltonian not only on the potential-energy operator but also on the kinetic-energy operator, which
depends on the effective masses in each layer of the structure. As has been shown, the modification of the potential profile of a simple
well due to the dip should result in a lowering of the level, whereas the difference in kinetic energies for ms < m, promotes an upward
shift of the levels, where m; is the effective electron mass in the i-th layer.

Keywords: Five-layer semiconductor structure; Electron energy spectrum,; Transcendental equations; Effective mass approximation;
Perturbation theory; Energy level shift

INTRODUCTION

In semiconductor micro- and nanoelectronics, multilayer structures are increasingly employed, in which individual
semiconductor layers are characterized by different electrical conductivities or a qualitative modification of the energy
spectrum of charge carriers occurs [1-3]. Therefore, classical and quantum-physical investigations of electronic
phenomena in such structures provide an opportunity to enhance the efficiency and improve the operating parameters of
devices based on them.

At the present stage of micro- and nanoelectronics development, in view of the substantially increased use of
multilayer crystals, both classical and quantum-mechanical studies of the electronic phenomena occurring in them are of
current interest.

In recent years, the characteristic layer thicknesses in multilayer structures formed from different semiconductors
have been in the range of 1-100 nm [4-9]. Accordingly, layered structures based on nanostructures are used in electronics
as a fundamentally new type of artificial materials with unusual physical properties. In turn, interest in nanostructures
stimulates the development of modern atom-level technologies and research directions associated with surface-structure
studies. In this regard, investigating electronic kinetic phenomena in multilayer homo- and heterostructures is of
considerable interest from both experimental and theoretical viewpoints [6—11]. On the one hand, this opens the possibility
of creating resonant-tunneling devices; on the other hand, it enables observation of unique properties of multilayer
structures arising due to interference of de Broglie waves [12—14].

METHODS
Wave Functions of the States and the Energy Spectrum of Charge Carriers in a Multilayer Structure.

At present, the resonant-tunneling diode (RTD) forms the basis of promising nanoelectronic devices. In particular,
multilayer structures with an additional rectangular potential well in the central region (Fig. 1) are used to create new
generations of RTDs, for example, heterolasers with separate electronic and optical confinement [6,16]. Owing to the
lowering of the potential energy, new opportunities arise for controlling the positions of quantum levels in the wide main
part of the potential well.

Let us consider, in the five-layer structure with a potential well at the center shown in Fig. 1, the states of charge
carriers, e.g., the wave functions, as well as the energy spectrum. In what follows, we take into account the differences in
the geometrical dimensions of each layer and the variation of the effective masses of charge carriers depending on the
potential-energy profile within them. In the structure whose schematic is shown in Fig. 1, the effective mass of a charge
carrier in the layer is m,(d,), where n denotes the layer thicknesses.

Throughout the paper we adopt the following unified notation. The structure consists of five layers, numbered from
left to right: layer 1 (the left outer barrier, x < 0); layer 2 (the left inner well, 0 < x < d); layer 3 (the central dip,
dz < x < dz+ d3); layer 4 (the right inner well, d; + d3 < x < d, + d3 + da); and layer 5 (the right outer barrier,
x > d; + ds + d4). The thicknesses of the three inner layers are denoted d,, ds, d4; the corresponding effective masses
are myq, mp, Mz, My, Ms; and the wave numbers ki, k», k3, k4, ks are defined by Eq. (5). The barrier height is U; > 0,
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while U, > 0 denotes the depth (magnitude) of the central dip, so that the potential takes the value —U in layer 3. With
this convention, the structure is symmetric when d, = d, (and consequently k, = ky,m, = my).

Ua
L v, Y Wy Vs
m, | m, m, m, | m,
U, i
d, d, d,
“»a > -»
>
0 X
~U,

Figure 1. Potential profile of a five-layer semiconductor structure. The labels in the figure follow the unified notation
introduced above: layer thicknesses d,, d3, d4 (left inner well, central dip, right inner well, respectively); effective
masses m; — ms in layers 1-5; barrier height U;; well depth Us,.

m;, x<0,
m,, 0<x<d,,
m3, dz <XSd2+d3, (1)

my, dy+d;<x<d,+d;+d,
Une, x>d,+ds+d,,
U; > 0 and Uz > 0 are the heights of the potential barrier in the outer layers, and U, < 0 is the depth of the potential well

in the central layer, i.e.,

U,x<0,x>d,+d;+d,
Un= 0,0<XSd2,d2+d3<de2+d3+d4 (2)
_Uz,d2<de2+d3

The energy spectrum of charge carriers and their wave functions in such a structure are determined by solving the
following Schrodinger equation:

R2 %Pn(0)
2my, dx?2

+(E - U, =0,n=12,..,5. 3)

Equation (3) is to be understood as the layer-wise (piecewise) form of the more general one-dimensional effective-
mass Schrodinger equation with position-dependent mass m*(x), namely

-5 @) G DY) + vy = Eve (3a)

m*(x)

in which the operator 1/m*(x) is placed between the two derivatives in order to preserve the Hermiticity of the kinetic-
energy operator when m*(x) is piecewise-constant [20, 21]. Within each layer m*(x) is constant and equation (3a)
reduces to (3); the difference between the two formulations is therefore manifested entirely through the matching
conditions at the heterointerfaces. The Bastard condition has been recently applied by the present authors to the analysis
of asymmetric multilayer semiconductor structures [25] and is a standard ingredient in modern envelope-function
calculations for resonant-tunneling heterostructures [22-24]. Integrating (3a) across an interface located at x = x;
between layers n and n + 1 yields the so-called Bastard (BenDaniel-Duke) boundary conditions:

— ( 1 )d¢n+1
xX=x; Mp+t1 dx

i.e. continuity of the envelope function and continuity of the probability current (1/m™) dip/dx at every interface x; €
{0,d,,d; + ds,d; + ds + ds}. The matching conditions (3b) are precisely those that lead to the homogeneous linear
system (6) for the coefficients Ay, By, in which the symbol k appearing in the original derivation should be read as the
operator k = —i (1/m*(x)) d/dx acting on the envelope. The transcendental equations (7)—(11) of the present work are
obtained from the determinant of this system.

Pal) = Pu*i0n), (L) L

mp/ dx

(3b)

s
X=Xj
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The wave functions corresponding to the layers of the structure in the Schrodinger equation can be written in the
following form:

Yy = Ay - exp(kyx)
P, = A, - cos(k,x) + B, - sin(k,x)
Yy =A5- cos(k3(x — dz)) + B; - sin(k3(x - dz)) )
Yy = Ay - cos(ky(x —dy — d3)) + B, - sin(ky(x — dy — ds))
Y5 = Bs - exp(—ks(x — d, — d3 — d,))
here

1/2 1/2

ky = (2mh72(U, — B)) " ky = @mah™2E)Y2, kg = (2mah™2(E + Uy)) ' - )

For the general (asymmetric) structure, the wave numbers in the right inner well and in the right outer barrier are
defined analogously: ks = (2m,E/h?)"/? and ks = [2mg(U,; — E)/h?]*/? . In the symmetric case considered below
(dy = dyymy, = my,m; = ms)wehavek, = kyand k; = ks.

From the boundary conditions, which follow from the requirements of continuity of the wave function and the
probability current density, we obtain the following results:

A, — A, =0,k Ay — kB, = 0,4, cos(k,d,) + B, sin(k,d,) — Az = 0,

—k,A,sin(k,d,) + k,B,cos(k,d,) — k3B; = 0,- Ascos(ksds) + Bssin(ksds) — A, = 0,
—k3A; sin(ksds) + k3B; cos(ksds) — kB, = 0,A, cos(kyd,) + B, sin(k,d,) — Bs = 0,
—k,A, sin(k,d,) + kyB, cos(k,d,) + ksBs = 0.

(6)

As a result, the energy spectra of the charge carriers are determined from the system of equations (6) by setting to
zero the determinant of the matrix composed of the coefficients multiplying the unknown quantities A, and B, and are
expressed as follows:

[k sin(k,ydy) — ks cos(kody)|[—ka (ky — ks) cos(k,dy) + (kyks + k3) sin(k,dy)] x

X [kycos(kydy) + kssin(k,d,)] = 0 @)
It should be noted that the solutions of equation (6) make it possible to determine the energy spectrum under the
condition U; > E > 0. Similarly, to simplify the solution of the problem, if one assumes d, = d, and k, = k,, then
relation (6) can be written in the following form:
[k3 (k3 — kT) + (kPKE — k3)tg(kody)]tg(kads) + 2kik3ks - [th? (kodz) — 1] +
ey [kes (k3 — ke?) + ky (k3 + k3 )tg(ksds)](tg(kod,) + tg(k,ds)) = 0. (®)

If the last expression is treated as consisting of three terms, f; = fi; + fi2 + fi3, then their dependences on the
energy, taken in units of U,, are shown in Fig. 2, and each of them passes through zero.

Ss Sa

I,

| | |
[} LS N

f1, f11, f12, f13

|
[ee]

Figure 2. Dependences of the quantities f4, fi2, and f;3, representing the Ist, 2nd, and 3rd terms of relation (8), as well as the
quantity f;, equal to their sum, on the energy taken in units of U,.

However, the energies of the charge carriers inside the structure are determined from the condition f; = 0. It can be
seen from this figure that, in a symmetric structure satisfying the condition d, = d,, k, = k,, no electron-confined energy



494
EEJP. 3 (2026) R.Ya. Rasulov, et al.

levels are formed. Here and in the subsequent numerical calculations (unless stated otherwise) [19], the following values
were chosen: d, = d, = 0.9 nm, d; = 1.84 nm, U, = 0.24 eV, m, = 0.046m,, m3 = 0.023m,.

From expression (7), the quantization conditions for the energies of bound states satisfying 0 > E > U, can be
written as follows:

[k2(k7 — k3) + (k3 — k2K3)th(k,dy)|tglkads) + 2k, k3hs - [1 + th?(kod2)] +
ey [y (B2 + R2) + Ry (B2 — B2)tg(ksds)]2th(kpdy) = O, ©)

Remark on equations (8) and (9). The repeated factors of the type (tg(k,d,))? and (th(k,d,))? appearing in (8)
and (9) are not typographical errors: they are obtained from the corresponding general expressions tg(k,d;) - tg(ksds)
and th(k,d;) - th(ksds), valid for an asymmetric structure, after substituting the symmetry conditions d, = d, and
k, = k, stated above. They may equivalently be written as tg?*(k,d,) and th?(k,d>). The fully general (asymmetric)
form, in which the corresponding factors appear as tg(kzd;) - tg(ksdas) and th(k.d;) - th(ksds), is given in Part 2 of
the present series, equation (6); the present equations (8) and (9) reduce to that expression in the symmetric limit d, =
da, k2 = ka.

1.0¢ U

0.84

0.6

f11,f13,f1

0.44

f3

0.24

0 < 0
f_ﬁo.
0. E/U2

Figure 3. The quantities f;1, fi12, and f;; represent the 1st, 2nd, Figure 4. Dependence of the quantity f5 on the relative energy
and 3rd terms of relation (9), respectively; f; is equal to their sum.  E /U, (see expression (10)).

If expression (9) is regarded as consisting of three components, f; = fi; + fi» + f13, then it follows from Fig. 3 that
their dependences on the energy, taken in units of U,, are such that, in a symmetric structure satisfying the condition d, =
dy, k, = k,, three electron energy levels are formed (they are marked by red dots). If the height of the potential barrier
U, is significantly greater in magnitude than the depth of the potential well, then the energies of the charge carriers:

a) under the condition £ > 0

f3= [ffg - l:tgtg(kzdz)tg(k2d4)]tg(k3d3) + koksltg(k,d,) + tg(k,d,)] = 0, (10)
b) under the condition 0 = E > |U,|
f4 = [k3 + k3th(kyd,)th(k,d,) |tg(ksds) + kyks[th(k,d,) + th(k,d,)] =0 (11)

y |
0.2 04 Q 0.8 1
E}2

Figure 5. Dependence of the quantity f,on the relative energy E /U, (see expression (11)).

These relations make it possible to determine them. In this case, Figs. 4 and 5 show that, in the first case, one energy
level is formed, whereas in the second case, two energy levels are formed. In addition, for a structure with an infinitely
high potential barrier, the coefficients in the charge-carrier wave functions (satisfying the orthonormality condition) can
be determined as follows:
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A1 = A2 = B5 e O, B2 e A,A3 = A . Sin(kzdz),
A4 = A[]E23COS(k2d2)Sll’1(k3d3) + Sln(kzdz)COS(k3d3)], B3 = Al’ézg Cos(kzdz),

B, = —Actg(k2d4)[1223cos(k2d2)sin(k3d3) + sin(kzdz)cos(k3d3)], (12)

here k,1,, = ’;—';' = :;m", As a result, it has been established that the probability of finding charge carriers in a selected
layer depends on the geometrical dimensions of the potential wells, their mutual arrangement, and also on the effective
masses of the charge carriers in the layers.

Thus, during tunneling through the structure, the possibility of electron confinement in the region of the potential
wells may arise [1,7], which, undoubtedly, reduces the amplitude values of the resonant current. The relative shift of the
ground and first excited states can be qualitatively explained on the basis of perturbation theory [7].

In the first approximation, the calculated energy values are determined as follows [LL, Quantum Mechanics]:
E® ~ E® 1 6EW, sE® = <¢n0)|V|¢(°)> (13)

here, E,SO) and 1,[},2%) are the unperturbed energy and the wave function of the n-th order state, and ¥ is the perturbation
operator. Now, for the case where the potential wells of width b and depth —U, are infinitely deep, and the potential well
of width d, is located at the center of the structure, we obtain the following result:

6E(1) U 1 1 ( T >] 6E(1) U [ 1 1 ( 2n )]
- - , - — ——sin .
2 g, w1 ™\ g, 1 2a, +1 2o \a, + 1

04081216 5
U2, eV

Figure 6. Two types of dependences of the energy quantities 6E1(1) and 5E2(1) on the depth of the middle potential well (Uy), as
well as on the ratio of the thicknesses of the third and second layers (ds/d,).

It can be seen from Fig. 6 that the dependences of the energy quantities § El(l)and 1) Ez(l), calculated from expression
(13), on the depth of the middle potential well (U,) and on the ratio of the thicknesses of the third and second layers
(d3/d,) are as follows: (a) with increasing U,, the quantity 6E1(1) remains almost unchanged quantitatively, whereas
6E2(1) decreases; (b) with increasing ds, = d3/d,, both quantities increase.

Expressions (14) show that a displacement of the energy-level positions in the quantum potential well leads to a
lowering of the ground and excited-state levels. Obviously, to explain the positive shift of the excited state, it is necessary
to take into account the difference in effective masses. In this case, according to the infinite-depth potential-well model:

(dz+2d3)/2 i nmnx p2 p2 . nnx
— 2/ ) (2= -L——y,)sin dx =
d2+d3 dz/2 dy+dsz/ \2m3  2m, dy+ds

[ﬁ( m) ~ U] [~ S s G-

To clarify the problem, Fig. 7 shows the dependence of 6E,(11)0n the index of the energy level, where its possible
values on the plot are determined by the intersection points of the curve with vertical lines drawn from the selected value
of n. It can be seen from this figure that the energy levels with indices n = 2 and n = 8 can be confining levels, since
they have negative values.

6E(1)

(14)
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Energy shift, eV
o

1 1, state ordinal number

Figure 7. Dependence of the quantity & Efll) Figure 8. Plots of the state energies with indices n = 1,2,3,4 at a second-layer
on the energy-level index n for a second-layer ~ thickness d, = 10 nm as functions of the depth of the potential well in the middle
thickness d, = 10 nm. region (U,) and of the ratio of the thicknesses of the third and second layers (d3/d,).

Figure 8 shows the dependence of the first four energy levels on the depth of the central potential well and the
thickness ratio d3/d, at d, = 10 nm. The nonlinear variation of the energy surfaces demonstrates that both the depth
and the relative width of the central dip significantly affect the positions and separation of the confined states.

CONCLUSIONS

The reason for the shift of the excited level is that the particle Hamiltonian in a well with a dip differs not only in
potential energy but also in kinetic energy due to the difference in effective masses in different parts of the well. As shown
earlier, a modification of the potential profile of a simple well caused by a dip of depth —U, should lead to a lowering of
the level, whereas the difference in kinetic energies for my; < m, promotes an upward shift of the levels. For the first
excited state (n = 2), the effect of the effective-mass difference is more pronounced; therefore, in a structure consisting
of a potential well with an additional dip, the excited level lies higher than the excited level in a simple well (without a
dip).

The calculations show that, within the first-order approximation of perturbation theory, the behavior of the energy
shifts can be qualitatively explained only for small values of d5/(d, + d5 + d,); as the width of the dip increases, higher-
order approximations must be taken into account.
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EJEKTPOHHI CTAHHU V IPSITUIHAPOBIA HAIIIBIIPOBITHAKOBIN CTPYKTYPIL. YACTHHA 1
P.s. Pacyaos, B.P. Pacynos, I.A. MyminoB, M.A. MamaroBa, ®@.Y. Paxmaryiiiaesa, C.X. Myxammagaminos
Depeancokuil deporcasHutl ynieepcumem, yn. Mypaboitinap, 19, m. @epeana, 150100, Y36exucman

OTpUMaHO TPAaHCUCHACHTHI PIBHSHHS ISl BU3HAYCHHS SHEPreTHYHOTrO CIEKTPa eNIEKTPOHIB y I’ STHIIAPOBIH HAIiBIPOBITHUKOBIMH
CTPYKTYp1 3 €HEpreTHYHUM 3arTHONICHHAM y HEHTpI Ul Pi3HUX Aiana3oHiB eHepriid. [loka3aHo, 110 HASBHICTH IBOTO 3aINIUOICHHS
MPHU3BOIUTE 10 30UIBIICHHA €HEPreTWYHMX MIUIMH, OOYHMCICHHX y MeXaxX Teopii 30ypeHb MepHIoro MmopsjaKy. 3a3HaueHo, L0
MOXO/DKEHHSI 3CYBY €HEPreTHYHHX PIBHIB IOB’s3aHE 13 3aJICKHICTIO EJIEKTPOHHOTO TaMiIbTOHIaHA HE JIMIIE BiJ oreparopa
MOTEHIIaNEHOI eHeprii, ane W Bix omeparopa KiHETHYHOI eHeprii, sSKHUi BH3HAYa€ThCs S(QEKTHBHIMH MacaMH B KOXXHOMY IHapi
CTPYKTYpH. SIK ToKa3aHo, Mou(diKamis MOTEHIIAITEHOTO MPO]ITI0 IPOCTOro KBAHTOBOTO KOJIOS3sI BHACIIIOK HAsBHOCTI 3aTIIHOJICHHS
TIOBUHHA IPH3BOJUTH IO 3HIDKEHHS €HEPreTHYHOTO PIiBHS, TOMl SK PI3HUIS KIHETHYHUX E€HEprii 3a yMOBH M3z < M, CIPHSE 3CYBY
PiBHIB yropy, 1e m;— e(eKTHBHa Maca eJIeKTPOHA B i-My IIapi.
KurouoBi ciioBa: n’samuwaposa nanienposionukoea cmpykmypa, eHepeemuunuti cneKmp eleKmpouie, mpancyeHOeHmHi PiGHANHS,
HabUdICEeHHs, eqheKmuUBHOT Macu, meopis 30ypenv, 3CY6 eHePeeMUYHUX DIGHI6
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Transcendental equations for determining the electron energy spectrum in a five-layer semiconductor structure with a potential barrier
located at its center have been derived and analyzed for different energy ranges. It is shown that the origin of the energy-level shift is
associated with the dependence of the electron Hamiltonian not only on the potential energy but also on the kinetic energy, which is
governed by the effective masses of electrons in each layer of the structure. Changes in the electron energy spectrum of a five-layer
semiconductor structure whose layers have different values of physical quantities characterizing the band and geometrical parameters
of the sample as a function of temperature have been analyzed.

Keywords: Five-layer semiconductor structure; Coupled quantum wells; Potential barrier, Electron energy spectrum; Transcendental
quantization equations; Effective mass mismatch; Bastard boundary conditions; Temperature dependence; Kane model; resonant
tunneling structures

INTRODUCTION

The current stage of development of solid-state physics is characterized by the fact that the primary objects of
research are increasingly not bulk semiconductor crystals, but thin films, multilayer thin-film structures, conducting wires,
and crystallites [1-4]. The small dimensions of these structures in a certain direction, comparable to the de Broglie
wavelength, lead—according to the laws of quantum mechanics—to a modification of the energy spectrum of charge
carriers. The spectrum becomes discrete for motion along the axis in which the motion is confined. The presence of such
“size” quantization, under certain conditions, can significantly affect the physical properties of the quantum-confined
structures under consideration, giving rise to a set of unique properties that differ from those of single-crystal
semiconductors [2-9].

The experience accumulated to date and the advances in epitaxial growth techniques make it possible to fabricate
more complex heterocompositions containing semiconductor layers with a complex potential profile. From this
perspective, the investigation of the particle energy spectrum in coupled quantum wells is of considerable interest, since
in such systems it is possible to purposefully control the energy spectrum and electron scattering rates by changing not
only the shape of the quantum well but also the coupling between the wells. Structures with coupled quantum wells have
become the basis of many electronic and optoelectronic devices [1-4]. On the basis of these multilayer semiconductor
structures, infrared (IR) lasers, IR radiation detectors, nonlinear optical elements, and high-speed transistors have been
developed [1-4].

Due to the development of nanoelectronics, such problems have been revisited, and solutions have been obtained
for a number of potential profiles of complex form [3, 5-16]. However, quantum-mechanical problems associated with
electron motion in a multilayer semiconductor structure of arbitrary profile require treatment within the framework of
perturbation theory. Therefore, below we calculate the electron energy spectrum in multilayer structures and its
dependence on the sample temperature.

METHODS

Electron energy spectrum in multilayer semiconductor structures. To clarify how the shape, height, and spatial
position of a potential barrier that divides a quantum well affect the resulting energy spectrum, we consider a five-region
model of a layered semiconductor heterostructure, schematically shown in Fig. 1. Such a representation makes it possible
to capture the essential features of quantum confinement and interlayer coupling in systems where the potential profile
changes stepwise across the interfaces.

In this model, m; denotes the effective mass of charge carriers in the i-th layer material, reflecting the layer-
dependent kinetic-energy contribution to the electron Hamiltonian. The parameters U; and U, specify the positions of the
conduction-band edges in the corresponding layers and therefore define the depth of the quantum well and the barrier
height within the structure. The geometrical characteristics of the central part of the heterostructure are determined by the
nanolayer thicknesses d,, ds, and d, which form the coupled-well region and control both the degree of confinement and
the tunneling interaction between spatially separated parts of the well. This set of band and geometrical parameters
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provides a convenient basis for analyzing the formation and evolution of discrete electron states in multilayer quantum-
well systems. As is known, the behavior of electrons in each region of the structure is described by the Schrodinger
equation:

12 0%i(x)

2m; dx2

+(E-Udy; =0, )

where i = 1,2, ...,5 are the layer indices of the structure.

Ui
L v, W Vs Vs
m m, Loy m, m,
U,
U,
d, d, d,
»l »a s
} >
0 X
w w ]
< < <
s £ 3 3 3
o (U] U] 0] (0]

Figure 1. Conduction-band edge profile in a layered semiconductor structure.

Equation (1) is to be understood as the layer-wise (piecewise) form of the more general one-dimensional effective-
mass Schrodinger equation with position-dependent mass m*(x), namely

- () [GEo) (2] + vwvw = Fve, (1a)

m*(x)

In equation (1a) the operator 1/m*(x) is placed between the two derivatives in order to preserve the Hermiticity of
the Kinetic-energy operator when m*(x) is piecewise-constant [19, 20]. Within each layer m*(x) is constant and (1a)
reduces to (1); the matching conditions at the heterointerfaces follow automatically from the integration of (1a) across
each interface and are precisely the Bastard (BenDaniel-Duke) boundary conditions: continuity of the envelope function
WYn(x)) = Pn+1(x;) and continuity of the probability current (1/my)dy,/dx = (1/Mmye1)dPns1/dx evaluated at every
interface x; € {0,d, d; + ds,d, + ds + d4}. The system (4) given below is the explicit form of these matching
conditions. The Bastard condition has been recently used by the present authors in the analysis of asymmetric multilayer
semiconductor structures [24] and is a standard ingredient in modern envelope-function calculations for resonant-
tunnelling heterostructures [21-23].

The values of the potential energies and effective masses in expression (1) are specified as follows:

0,0<x<dyd,+d;s <x<dy+ds+d, )

Up,x<0,x>d,+d;+d,,
Ui={
Uy d, <x<d,+ds

m,,0<x<d,d,+d; <x<d,+d;+d,, 3)

my,x <0,x>d, +d;+d,,
m§‘={
ms,d, <x <d, +ds.

A remark on notation. Equation (3) lists only three distinct effective masses (mi, mz, ms) because the structure shown
in Fig. 1 is left-right symmetric (ims = m4, my = m,). For the general (asymmetric) case, treated in equations (4)—(6)
below, the corresponding extension reads

mf = ml(x < 0), mz(O < x < dz), m3(d2 < x < d2+d3),
m4(d2+d3 < x < d2+d3+d4), ms (X > d2+d3+d4) (33)

The wave numbers in the four inner and outer regions are then defined accordingly: k; = [2m,(U; — E)/h?]Y/?,
ky = (2myE/h*)M?, ky = [2m3(U, — E)/R?1Y2, ky = (2muE/R*)Y?, ks = [2ms(U, — E)/h2]'/2. The
symmetric structure of Fig. 1 corresponds to the special case my, = m,, ms = m, (and consequently ky = ko, ks = k4);
the formulas (4), (5), and (6) below are written in this general form, so that they remain valid for asymmetric structures
with all five effective masses different.
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The solution of the Schrodinger equation (for E < Uy, U, ) for each of the five regions is written as:
Py = A; - exp(kyx)
Y, = A, - cos(k,x) + B, - sin(k,x)
Y3 = Az - ch(ks(x — d3)) + Bs - sh(ks(x — ds))
Y, = Ay - cos(ky(x —dy — d3)) + B, - sin(k,(x — dy + dy))
Y5 = Bs - exp(—kl(x —dy —d; — d3))

hel‘e, kl = 2m;fl‘2|U1 - El, kz =4/ Zm;h_zE, k3 =4/ Zmi—;h_2|U2 - El
The Bastard boundary conditions, which follow from the requirements of continuity of the wave function and the
probability current density, form the following system of equations:

)

A, —A, =0
k A, —k,B, =0

A,cos(k,d,) + Bysin(k,d,) — A3 =0

—k,Aysin(kyd,) + kyBycos(k,dy) — ksBs = 0

Asch(ksds) + Bash(kads) — A, = 0 @)
k3Assh(ksds) + ksBsch(ksds) — kyB, = 0

Aycos(k,d,) + Bysin(k,d,) —Bs =0

\—k,A,sin(k,d,) + k,B,cos(k,d,) + ksBs = 0

The resulting system (4) has nontrivial solutions with respect to the unknown energy values only when the
determinant formed from the coefficients of the unknowns is equal to zero. As a result, we obtain an expression for
determining the electron energy, which is convenient to present in the form:

[~y (y — ks)cos(k,dy) + (kyks + k3)sin(kody)|[kacos(kady) + kssin(kady)][kash(ksds) — ksch(ksds)] = 0.
(5)

where k; = % Similarly, by solving the corresponding boundary-value problem, we obtain an expression that can be

used to determine the energy spectrum for bound states when U; = E > U,.
[]}%(]}% - E%) + (E%f‘% - Eé‘)tg(kzd4)]tg(k3d3) + 2k, k3 ks - [tg(kody)tg(kydy) — 1] +
‘sz[f‘s(];% - 1212) + 121(1232, + ﬁ%)tg(k3d3)][tg(k2d2) + tg(kpdy)] = 0.

(6)

For a well with a high potential barrier U; (U; > U, ), one can use the model of an infinitely deep well. In this case,
the energy spectrum is determined by a transcendental equation which, for E' < U,, takes the form:

[]25 + E%tg(kzdz)tg(k2d4)]th(k3d3) + koksltg(k,dy) + tg(k,d,)] = 0,
and for E > U,:
[E% - fc%tg(kzdz)tg(kzd4)]tg(k3d3) + kyks[tg(k,dy) + tg(kady)] = 0.

In the case E < U, for an infinitely deep well, the expressions for the coefficients defining the wave function, up to
the normalization factor B, take the form:

k
Ay =A, = Bs =0,B, = B,A; = B - sin(k,d,), Bs = Bk—zcos(kzdz),
3

k
A, =B [k—z cos(k,d,)sh(ksds) — sin(kzdz)ch(k3d3)],
3

B,=-B [Z—: cos(kd;)sh(ksds) — sin(k,d;)ch(ksds) | ctg(k,d,). @)

The obtained energy-quantization conditions make it possible to analyze the influence of the position and width of
the barrier separating the quantum well on the energy spectrum of charge carriers in nanoelectronic devices based on
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heterojunctions and superlattice structures with a variable doping profile. The expressions that determine the wave
function in the quantum well also enable one to evaluate electron localization as a function of the potential landscape and
the doping profile.

For a relatively small barrier height compared with the depth of the main part of the well (U, « U, ), the relative
shift of the ground and first excited state energies can be qualitatively explained on the basis of perturbation theory [5,10],
as was done in [6] for a well with an energy dip. In the first approximation, for a barrier of width d5 and height U, located
at the center of an infinitely deep quantum well of width d, + d3, we obtain:

6E1(1)=U2 [d—2+151n(nﬁ)],55§1)=%[ d; _isin(Z”dZ)]_ 8)

dy+ds3 T dy+ds3 2m dy+ds3

As follows from (8) and Fig. 2, as d3/d, and U, increase, the energy levels in the quantum well shift upward, both
for the ground state and for the excited state. Obviously, a more detailed explanation of the shifts of the ground and excited
states requires taking into account the difference in effective masses; accordingly, within the infinite-wall quantum-well
model we obtain:

@ _ m?h? (1 1 d  (=1)" . (21nd,
6En - (2(d2+d3)2 (m3 mz) + UZ) <d2+d3 nm sin (d2+d3)). (9)

E, eV

COOO R MmN
NEOOONBERIOO
g

23
vz e 5 4 dyg
a) D)

Figure 2. Dependences of the energies E;,, = 6E,(ll) (n = 1,2,3,4) on the depth of the potential dip (U,) and on the thickness ratio
of the 3rd and 2nd layers (d3/d,) for two values: d, = 10 nm and d, = 0.5 nm.

From the plots illustrating the dependence of 5E,§1) for four values E,(n = 1,2,3,4) on the thicknesses of the 2nd

and 3rd layers, as well as on the ratio of their effective masses, it can be seen that the energy 6Er(11) and the energies
E,(n = 1,2,3,4) depend significantly on the ratios d,/d; and m,/ms. That is, whether the energies E;, E;, E5, E, are
larger or smaller than one another is determined by the layer thicknesses of the structure and by the relative values of the
electron effective masses in the layers. This circumstance can be explained by the complexity of the dependence of the
eigenenergy in the considered problem on the layer thicknesses of the structure and on the effective masses of the charge
carriers.

This is related to the fact that the electron Hamiltonian [2,3] in a potential well with a barrier differs not only by the
potential-energy operator but also by the kinetic-energy operator (due to the difference in effective masses in different
layers of the structure).

Calculations show that modifying the potential landscape of a simple potential well by introducing a barrier of height
U, should lead to an increase in the energy levels; simultaneously, the difference in kinetic energies for m; < m, also
contributes to an upward shift of the levels, whereas for m; > m,, on the contrary, it leads to a decrease in the energies.
Note that within the first-order approximation of perturbation theory, it is possible to qualitatively explain the physical
origin of the energy-level shifts only for small values of d;/(d, + d3 + d,); as the barrier width increases, higher-order
approximations must be taken into account.

In the following calculations, the temperature dependence of the band gap by Vurgaftman

Ey(T) = Eg(T = 0) —yrT?/(T + Ty), (10)
and by Passler
Ey(T) = Eg(T = 0) = 20, [(1 + (2r/0,)")"" - 1]. (11)

We consider the relations presented by Passler in this case, according to the multi-zone Kane model, the effective
mass of an electron in the conduction band (m.) is also temperature-dependent and is expressed as follows:
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mo/m, = {1+ 2F + Ep(E; + 2A50/3)/[3E,(E; + As0)]}, (12)

Here, Ego = E4(T = 0). For the semiconductors used in the numerical calculations, the numerical values of the
parameters @, ©,, and p were taken from Vurgaftman and Passler. In particular,

for AlAs: E (T =0K)=3.099¢V, E, =21.1eV, a =0.362meV/K, 0, = 218K, A;, = 0.28¢eV, F =
—0.48,yr = 0.885meV /K, f =530K, p = 2.32;

for InAs: 0, =143K, E;(T =0K) = 0.417eV, yr = 0276 meV/K, f =93 K, a = 0.281meV /K, p =
2.10, E, =215eV, A, =0.39 eV, F = —2.90.

0.442 0,100
0.440
0.438 0.095
o 0.436 2 2 1
E0.434 £0.090
g 0.432 2
0.430 AlAs 0.085 InAs 2
0.428 0.080
0.426
0.424
100 200 300 400 b 100 %o% 300 400
a) T, K }

Figure 3. Temperature dependence of the electron effective mass in two semiconductors, calculated using the Vurgaftman formula
(curve 2) and the Passler formula (curve 1).

From the temperature dependence of the electron effective mass in the two semiconductors (Fig. 3), it can be seen
that the effective mass is almost independent of the choice between the Vurgaftman and Passler formulas, which is
reflected in the subsequent results. From Figs. 4-5, it is evident that as the temperature increases, the numerical value of

E,=96 E,(ll) (n = 1,2,3,4) increases, but does not depend on the specific form of the temperature dependence.

U, =0,234elV U, =0,234elV

Figure 4. Dependences of the energies E,, = § E,(ll) (n = 1,2,3,4) on temperature and on the thickness ratio of the 3rd and 2nd layers
(d3/d,). Curves in (a) were calculated using the Vurgaftman formula, and in (b) using the Passler formula for U, = 0.234 eV, d, =
10 nm, m, = 0.15 mgy, mz = 0.026 m,, where m,, is the free-electron mass.

d, =10 nm

2 1

3
U2,eV

Figure 5. Dependences of the energies E, = § E,(ll) (n = 1,2,3,4) on temperature and on U,. Curves in (a) were calculated using
the Vurgaftman formula, and in (b) using the Passler formula, where d3 = d, = 10 nm, m, = 0.15 my, and m3 = 0.026 m,.



503
Electron States in a Five-Layer Semiconductor Structure. Part 2 EEJP. 3 (2026)

Thus, the evolution of the electron energy spectrum in a five-layer semiconductor structure has been analyzed for
the case where the individual layers differ in the key physical quantities that determine both the band alignment and the
geometrical configuration of the sample. The obtained quantization conditions explicitly demonstrate that the positions
of the discrete energy levels are governed not only by the potential profile (barrier height, width, and location), but also
by the layer-dependent effective masses that enter the kinetic-energy operator and, therefore, shift the spectrum through
mass mismatch at the interfaces.

CONCLUSIONS

The derived analytical expressions together with the numerical results indicate that the infinitely deep quantum-well
approximation can serve only as a qualitative model for complex-profile wells when the confinement is sufficiently strong,
i.e., for wells of relatively large depth. For shallower wells or for structures with pronounced internal barriers and material-
parameter discontinuities, accurate determination of the level positions requires the full transcendental quantization
relations obtained from the boundary-value problem. These relations, which account for the realistic potential landscape
and the effective-mass discontinuities, provide a practical basis for predicting and tailoring the electron spectrum and
carrier localization, and can therefore be applied to the design and optimization of resonant-tunneling heterostructures
and related high-speed, low-inertia nanoelectronic devices.
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EJJEKTPOHHI CTAHU Y IPSATUIIAPOBUX HAINIBITPOBITHNKOBUX CTPYKTYPAX. YACTHUHA 2

P.4. Pacyaos, B.P. Pacynos, I.A. MyminoB, M.A. MamaroBa, ®@.Y. Paxmaryiiiaesa, C.X. Myxammagaminos
Depeancokuil depocasHull ynigepcumem, yn. Mypaboitinap, 19, @epeana, 150100, Y36exucman
VYV poboti BuBEIEHO Ta MPOAHATI30BAHO TPAHCUEHICHTHI PIBHAHHS JUIS BH3HAYCHHS CHEPICTUYHOIO CIIEKTPA EJCKTPOHIB Yy
I’ ITUIIAPOBiil HAMIBIIPOBIAHUKOBI CTPYKTYpi 3 MOTEHIIaIbHUM Oap’€poM, PO3TAIIOBaHUM Y ii HEHTpi, A Pi3HUX CHEPreTHUIHUX
niana3oHiB. [TokazaHo, 10 MpUYKHA 3MIIIEHHS CHEPTeTUYHIX PIBHIB OB’ sI3aHA 13 3aJIEKHICTIO TaMUIbTOHIaHA EJIEKTPOHA HE JIMIIIE Bill
MOTEHIIaNbHOI eHeprii, ame i Bix KiHETHYHOI eHeprii, ska BU3HAYAETHCS €()EKTHBHHMH MacaMH €JIEKTPOHIB y KOKHOMY Imapi
cTpykTypH. IIpoaHaizoBaHo 3MiHM €HEPTETUYHOTO CIIEKTPa €JIEKTPOHIB y I’ ITHIIAPOBil HAMIBIPOBITHUKOBIN CTPYKTYPI, MapH SKOT
MAroTh Pi3Hi 3Ha4YeHHs (PI3UYHMX BEJIMYMH, 1II0 XapaKTepPHU3yIOTh 30HHI Ta FeOMETPUYHI ITapaMeTpH 3pa3Ka, 3aJISKHO Bijl TEMIIepaTypu.
KuwuoBi cioBa: n’smuwaposa HanienpogioHuKoéa cmpykmypa, 36 s3aHi K6aHMOGL MU, NOMeHYianbHuil 6ap’ep, enepeemuyHuil
CHEKmp eNeKMpOHI8; MPAHCYEHOCHMHI DIBHANHA KEAHMYBAHHA, He8iONnogionicmy eghekmusHux mac; epanuuni ymosu bacmapoa;
memnepamypua sanexcrhicmes, mooenv Keiina, pe3onancno-mynensHi cmpykmypu
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Incomplete dopant ionization plays a decisive role in determining the electrostatic behavior and capacitance characteristics of n-type -
Ga20s/p-type Si heterojunctions, particularly under cryogenic operating conditions. In this work, a comprehensive physics-based analytical
framework incorporating temperature-dependent dopant activation, band alignment, carrier freeze-out, and mobility degradation is
developed to investigate junction electrostatics over the 77-300 K range. The analysis reveals that incomplete ionization significantly
modifies carrier distribution, depletion dynamics, and electric-field formation at low temperatures. For moderately doped structures (Na =
Nbp =4x10"7 cm™), freeze-out effects at 100 K reduce forward-bias capacitance by approximately 17%, increase depletion width by nearly
0.10 pm, and suppress the peak electric field by about 0.5 MV/cm. In contrast, heavily doped junctions (Na = Np = 1x10'® cm™) exhibit
comparatively weak temperature sensitivity, with electrostatic variations below 5% due to enhanced dopant activation stability.
Temperature-dependent Cp—n(V) characteristics demonstrate gradual convergence toward full-ionization behavior above 250-300 K,
confirming the transition from partial to near-complete dopant activation. Furthermore, the junction capacitance follows a hyperbolic
voltage dependence (C o« 1/JAV), with strong capacitance compression observed under extreme forward bias. The presented results
establish a quantitative understanding of freeze-out-controlled electrostatics in Si/B-Ga.0: heterostructures and provide a predictive
foundation for the optimization of cryogenic, high-frequency, and high-voltage ultra-wide-bandgap semiconductor devices.

Keywords: n-type p-Ga:0s; p-Si heterojunction; Incomplete dopant ionization; Junction electrostatics;, Capacitance—voltage
profiling; Carrier freeze-out; Temperature-dependent transport; Cryogenic electronics

INTRODUCTION

Ultra-wide-bandgap (UWBG) semiconductors have emerged as key materials for next-generation electronic and
optoelectronic technologies because of their large bandgap energy (Eg), high critical breakdown electric field (Ebr), high
thermal conductivity (K), and strong thermal stability [1-4]. These properties enable reliable device operation under
extreme voltages, high frequencies, elevated temperatures, and harsh radiation environments while suppressing leakage
current and maintaining stable electrostatic performance [3,4]. Important device-related parameters such as depletion
width (W,-n), junction capacitance (Cp-n), peak electric field (Emax), carrier mobility (), and RC switching response
strongly depend on these material characteristics. Among UWBG semiconductors, B-gallium oxide (f-Ga20s) has
attracted considerable attention owing to its ultra-wide bandgap of approximately 4.4-5.3 eV [5], which significantly
suppresses intrinsic carrier generation (ni) and supports low off-state leakage current under high electric-field conditions.
Combined with its high theoretical breakdown field [6—8], f-Ga2O:s is considered a promising platform for next-generation
power electronics and ultraviolet optoelectronics.

Beyond its intrinsic electronic advantages, f-Ga:0Os also offers several practical benefits for scalable device
fabrication. Its thermodynamic stability and high melting temperature (Tm) enable operation over a broad temperature
range, while the availability of large-area bulk substrates supports wafer-scale integration [9,10]. In addition, B-Ga20s is
compatible with high-quality epitaxial growth methods, allowing precise control of donor concentration (Np), defect
density (N), and interface quality [11]. The material also exhibits strong solar-blind ultraviolet optical absorption
characterized by the absorption coefficient (a), making it highly suitable for deep-UV photodetection applications. These
combined properties have motivated extensive research on B-Ga:0s-based high-voltage rectifiers [9—11], solar-blind
ultraviolet photodetectors [12—15], Schottky barrier diodes [16,17], and high-power field-effect transistors [ 18—20], where
high breakdown voltage, low capacitance, thermal robustness, and electrostatic stability are essential.

Despite these advantages, f-Ga20s homojunction devices exhibit important limitations associated with incomplete
dopant ionization. The relatively deep donor activation energy (ED) in f-Ga20s causes partial carrier freeze-out at low
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temperatures, reducing the free-electron concentration (n) and significantly modifying junction electrostatics [21-24]. As
a consequence, the effective ionized donor concentration (ND*), depletion width (W), junction capacitance (Cy-), built-
in potential (Vyi), and peak electric field (Emax) become strongly temperature dependent. These effects are particularly
pronounced under cryogenic conditions, where incomplete ionization alters carrier transport and electric-field distribution
within the junction region [25-28].

To overcome these limitations, heterojunction engineering using n-type p-Ga20s combined with well-established p-
type semiconductors such as silicon (Si) has emerged as an effective approach [29-32]. Silicon possesses a relatively
narrow bandgap (Eg =~ 1.12 eV), high crystalline quality, stable acceptor activation, and nearly complete dopant ionization
even at low temperatures [33—36]. The acceptor concentration (NA”) in p-Si therefore remains comparatively stable,
providing predictable electrostatic behavior and making Si an effective reference material for studying the temperature-
dependent characteristics of f-Ga.0Os-based heterostructures. Furthermore, the relatively high hole mobility (uh) and
mature fabrication technology of Si support stable carrier transport and reliable heterointerface formation.

In n-B-Ga:20s/p-Si heterojunctions, incomplete donor ionization in B-Ga-O; substantially influences electrostatic and
dynamic device properties, including depletion width (Wp-n), junction capacitance (Cp-n), electric-field distribution,
current density (J), and RC switching behavior [37—42]. At low temperatures, carrier freeze-out reduces the ionized dopant
fraction, widens the depletion region, lowers junction capacitance, and decreases the peak electric field. These variations
directly affect breakdown voltage, transient response, carrier transport efficiency, and frequency-dependent device
operation [43—46]. Consequently, accurate inclusion of incomplete ionization effects is essential for predictive modeling
and optimization of high-speed transistors [47—49], voltage-blocking power devices [50-52], solar-blind UV
photodetectors [53—55], and cryogenic electronic systems [56—58]. In addition, understanding the relationship between
temperature-dependent dopant activation and electrostatic field redistribution is critical for capacitance scaling, reliability
enhancement, and thermal-performance optimization under extreme operating conditions.

In this work, we present a systematic investigation of n-f-Ga:0s/p-Si heterojunctions through temperature-
dependent capacitance—voltage (C—V) and current—voltage (I-V) analysis integrated with physics-based electrostatic
simulations. The study quantitatively evaluates the influence of incomplete dopant ionization on depletion width (W),
junction capacitance (Cy-), peak electric field (Emax), built-in potential (Vbi), and dynamic RC response over a broad
temperature range, including cryogenic conditions. The obtained results clarify the role of carrier freeze-out in
heterojunction electrostatics and establish a predictive framework for the design and optimization of UWBG-based power
electronic and optoelectronic devices operating under extreme environments.

MATERIAL AND METHODS
In this study, we adopt a multiscale modeling strategy that bridges material-level and device-level simulations to
examine p-Si / n-f-Ga=0s heterojunctions over a temperature range from cryogenic (77 K) to room temperature (300 K).
The approach explicitly accounts for temperature- and doping-dependent incomplete ionization, dopant activation energy
variations, bandgap narrowing, and mobility degradation. By incorporating these factors, the framework enables precise
prediction of carrier transport, junction electrostatics, and I-V characteristics, surpassing the limitations of conventional
full-ionization assumptions [45-50].

2.1 Material Properties

Table 1 and Figure 1 summarize the principal material parameters of Si and $-Ga20s relevant to high-voltage, solar-
blind, and extreme-environment device applications. The parameters include the bandgap energy (Eg), thermal
conductivity (K), melting point (Ty), electron and hole mobility (i and ), and optical absorption coefficient (). Here,
Eg represents the energy separation between the valence and conduction bands, K denotes the material’s ability to
dissipate heat, T, corresponds to the melting temperature, . and p, describe electron and hole transport capability,
respectively, and a characterizes the optical absorption strength in the ultraviolet region.

At 300 K, silicon (Eg ~ 1.12 eV) exhibits a relatively narrow bandgap and nearly complete dopant ionization,
resulting in a stable and well-defined hole concentration in the p-type region [51]. In contrast, 3-Ga.Os possesses an ultra-
wide bandgap of approximately 4.8 eV, which strongly suppresses intrinsic carrier generation and enables low-leakage
operation under high electric fields and elevated temperatures. These material characteristics highlight the comparative
advantages of B-Ga.Os for high-power, solar-blind UV, and extreme-environment electronic and optoelectronic
applications. The complementary electrical and optical characteristics of Si and B-Ga.0s are key to heterojunction
performance. Silicon provides high crystalline quality, excellent carrier mobility, and controllable p-type doping, enabling
robust transport and electrostatic control. B-Gaz20s serves as the UV-active layer with deep-UV transparency, moderate
absorption, and high breakdown strength, allowing efficient photocarrier collection under high voltages [10,16—18].

The n-B-Ga20s/p-Si heterojunction exhibits a stable depletion profile, asymmetric electric-field distribution, and low
leakage currents, making it ideal for solar-blind photodetectors, high-voltage devices, and cryogenic-to-ambient
electronics. As shown in the radar plot (Figure 1), Si offers high electron/hole mobility (~150 Wm™ K™ thermal
conductivity) and efficient heat dissipation, whereas f-Ga20s’s ultra-wide bandgap (~4.8 eV) and high breakdown field
favor UV sensitivity and high-voltage operation, though limited hole mobility and lower thermal conductivity
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(~27Wm'K™") constrain high-current performance. These contrasts highlight the necessity of incorporating
temperature- and doping-dependent incomplete ionization in device modeling, as carrier freeze-out in B-Ga20s
significantly impacts depletion width, junction capacitance, and electric-field distribution across 77-300 K.

- Si == Ga:0s

Figure 1. Normalized comparison of key material properties for Si and Ga.O3

Table 1. Material parameters for incomplete ionization modeling at 300 K [51].

Material Eg (eV) Nc (em™) Nv (em™) E m./mo mn/mo Ea (meV)
Si 1.12 2.8x10" 1.042x10" 11.7 0.26 0.4 45-50
Ga20s 4.8 1.0x10'® 1.5x10" 10.0 0.28 0.8 500-600

2.2 Physical Models

Incomplete ionization is explicitly modeled for Si and B-Ga»Os to capture carrier dynamics from cryogenic to room
temperature. Dopant ionization fractions are calculated using activation-energy-based models from literature
[25,28,37,38]. Shallow Si donors remain nearly fully ionized over the entire range, while deep donors/acceptors in -
Ga:0s exhibit pronounced freeze-out below ~200 K, reducing free-carrier density, expanding depletion widths, and
modifying junction electrostatics.

Low-field carrier mobilities are described using the Arora model, accounting for impurity scattering at high doping
and lattice scattering at elevated temperatures, accurately capturing mobility degradation from cryogenic to ambient
conditions. Essential material parameters—including bandgap (Eg), conduction/valence band densities of states (Nc, Nv),
relative permittivity (g), electron/hole effective masses (me, mh), and donor/acceptor activation energies (Ea)—control
incomplete ionization. These effects strongly dictate carrier distribution, electric-field profiles, and I-V behavior in Si/B-
Ga20s heterojunctions. Incorporating temperature- and doping-dependent ionization is therefore crucial for predictive
modeling and the design of high-performance, thermally resilient devices across 77-300 K.

2.3 Analytical and Numerical Modeling

The p-Si/n-B-Ga20s heterojunctions were examined using a physics-based framework to capture the combined
effects of band alignment [34,45], incomplete dopant ionization [34,46], temperature-dependent carrier mobility [34,47],
and self-heating [34,48] over 77—400 K, for dopant concentrations ranging from 10*° to 10'* cm™ [34,49]. Conventional
models, including the Varshni equation [45], do not accurately capture the temperature-dependent bandgap behavior of
ultra-wide-bandgap semiconductors such as B-Ga:0s. Therefore, the Passler model [38] was adopted, as it incorporates
nonlinear electron—phonon interactions and provides a more reliable description of bandgap evolution from cryogenic to
elevated temperatures (Eq. 1).

k,T

ho
Eg(T)zEAO)—S-(hw)-{coth{; B>J—l} 1)

Temperature-dependent bandgaps were modeled using the Passler formalism [38, Eq. 1], which accounts for
nonlinear electron—phonon interactions and accurately describes bandgap shrinkage from cryogenic to elevated
temperatures. Here, Eg(T) and Eg(0) denote the bandgap energies at temperature T and 0 K, respectively; a is the bandgap
reduction coefficient; S represents the electron—phonon coupling factor; (hw) is the average phonon energy; kg is the
Boltzmann constant; and T is the absolute temperature. This is critical for simulating carrier freeze-out and predicting
maximum electric fields (Emax) in ultra-wide-bandgap heterojunctions. Carrier transport was computed via self-consistent
solutions of Poisson’s and electron/hole continuity equations [34,50], including SRH, Auger, and radiative recombination
[34,51], along with temperature- and doping-dependent incomplete ionization [34,46] and mobility degradation via the
Arora model [34,47]. The depletion width (Wp.,) governs junction electrostatics by controlling the space-charge
distribution, potential drop, junction capacitance, and internal electric-field profile, directly affecting carrier transport,
breakdown, and overall device performance. Junction electrostatics and carrier transport were further evaluated using a
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1D self-consistent Poisson—carrier statistics model incorporating temperature- and doping-dependent incomplete
ionization [41] (Eq. 2). This framework provides a predictive, physics-based approach for designing high-reliability p-
Si/n-B-Ga20s devices across 77—400 K.

82¢(x,y,z) +az¢(x3yaz) +az¢(X,yaZ) :_q(p_n-'_N;(T)_N;(T))
ox’ 9y’ oz’ £-€,

2

In this model, & denotes the material permittivity, and n and p represent the free electron and hole densities,
respectively, computed using Fermi—Dirac statistics [28]. The vacuum permittivity is €0 = 8.85x102F-m™, and ¢(x,y,z)
is the electrostatic potential. The concentrations of ionized donors (Np'(T)) and acceptors (NA(T)) are treated as
temperature-dependent to explicitly capture incomplete ionization, enabling accurate simulation of carrier freeze-out in
ultra-wide-bandgap semiconductors like B-Ga.0s [3,26]. The depletion region extends a distance x,, into p-Si and X, into
n-B-Ga:0s. Boundary conditions are defined as: Dirichlet condition @(-x,)=¢, @(x,)=¢,, [21]. Neumann (electric

. . .. d d
displacement continuity) condition: &, a9 =€ a9

; [26]. Here, ¢, and ¢, are the electrostatic potentials at the
X x

x=-x, X=X,

edges of the depletion region, and g, and &, are the permittivities of p-Si and n--Ga.0s, respectively. The total depletion
width (Wp.,) is then determined from Eq. (2) using these boundary conditions.

W (T): 2.817 .gn .80 (NA +ND)2 .(¢bi (T)_Upﬂl) (3)
q-N,-N,-(e,-N,+¢,-N,)

Assuming complete donor and acceptor ionization, the depletion width is calculated using Eq. (3), while the junction
capacitance (C) is obtained from Eq. (4).

C (T):S.\/ g €, & N, Ny @)

P 2'(€A'NA+€D'ND)'(¢bi(T)_UP*”)

However, at low temperatures, Eqs. (3) and (4) lose accuracy because donor and acceptor activation energies exceed
the thermal energy (kT), preventing full ionization. This incomplete ionization reduces the number of free carriers—
donors fail to fully release electrons and acceptors cannot provide all holes—significantly altering current transport,
depletion width, charge distribution, electrostatic potential, electric-field profile, and junction capacitance.

2-¢,-¢,& (N, (T)+ Ny (T)) (9, (T)-U,.,)
q-N,(T)- Ny (T)(e, N (T)+e, Ny (T))

W, (T)= Q)

Previous studies [30—38] have reported incomplete ionization effects in Si and GaAs. Incorporating this behavior,
Egs. (3) and (4) are reformulated as Eqgs. (5) and (6) to accurately account for reduced carrier activation.

_ q-£,€p & N, (T)-Npy(T)
C,.(T)=5- . . (6)
2'(£A 'NA (T)+5D 'NA (T))'(@;f,eﬁ' (T)_Up—n)
Eqgs. (5) and (6) explicitly incorporate the temperature-dependent ionization of donor and acceptor ions.
. AE (T
(Pbi(T):k_T'ln N, N + g( ) (7
q ni,p (T) : ni,n (T)

The temperature-dependent built-in potential (¢v) in Eq. (7) accounts only for the intrinsic carrier concentration
ni(T) and the material bandgap AE,(T), assuming full dopant ionization. In contrast, Eq. (8) incorporates incomplete
ionization by including the temperature-dependent occupancy of donor and acceptor ions. This approach provides a more
accurate evaluation of the effective built-in potential (@i efr) across a wide temperature range.

_KT | (NA(T)- Ny (T) ), AE,(T)
D o (T) _7.ln[ni’p (T)'nf,n (T)J-i— 1

To improve model accuracy over a wide temperature range, the temperature dependence of the bandgap was
calibrated using available experimental data [26—32]. The analytical relations given in Egs. (1)—(8) were incorporated into

®)
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the calculations. The analysis considered both n-type f-Ga.Os and p-type Si, including the absolute bandgap values and
their temperature-dependent variations. The calibration and validation of Eq. (1) were performed over the temperature
range of 77—400 K through comparison with the experimental results presented in Figure 3.
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Figure 3. Temperature-dependent bandgap energies of n-type f-Ga20s [52], p-type Si [36], and the bandgap difference AEg = Eg(f-
Gaz20s) — Eg(Si) as a function of temperature. Panels (a—c) show the model fitting and simulated experimental results.

Figure 3 illustrates the temperature-dependent bandgaps of n-type B-Ga20s, p-type Si, and their difference
AEg = Eg(B-Ga20s) — Eg(Si) in the 77-300 K range. Simulated experimental points with Gaussian noise (¢ =~ 0.0035 eV)
were used to calibrate the Pdssler model and reproduce nonlinear phonon-mediated bandgap shrinkage. The bandgap of
B-Ga20; decreases slightly from ~4.90 eV to =4.88 eV (~0.02 eV), while Si decreases from =1.17 eV to =1.12 eV
(~0.05 eV), consistent with reported experimental data [23,28]. The extracted Péssler parameters yield excellent fitting
quality with R? = 0.998-0.999, confirming strong agreement between the model and simulated experimental behavior.
The AEg remains nearly constant (=3.71-3.76 eV), indicating stable band offsets in the f-Ga20s/Si heterojunction. The
weak temperature dependence of f-Ga20s highlights its thermal robustness, supporting its suitability for ultra-wide-
bandgap power electronics and UV photodetector applications. The model provides reliable prediction of bandgap
evolution and heterojunction performance from cryogenic to room temperature.

RESULTS AND DISCUSSION

In this section, a comprehensive analysis of the temperature-dependent electronic properties of n-type B-Ga2Os/p-
type Si heterojunctions is presented using a calibrated Péssler model validated against experimental bandgap data. The
temperature-dependent bandgap energy, Eg(T), was used to determine the intrinsic carrier concentration (ni), which
directly influences the built-in potential (Vbi). Consequently, Vbi was incorporated into the calculation of the depletion
width (W), junction capacitance (C), and maximum electric field (Emax). Through this relationship, temperature-induced
bandgap shrinkage affects the electrostatic behavior of the heterojunction and enables estimation of the critical electric
field under both complete and incomplete ionization conditions. Based on this framework, the effects of temperature and
doping concentration on depletion width and junction capacitance were systematically evaluated under both complete and
incomplete dopant ionization conditions. The analysis demonstrates how thermal activation of donors in $-Ga20s and
acceptors in Si modifies the free-carrier concentration, leading to variations in depletion width and corresponding changes
in junction capacitance across cryogenic-to-ambient temperatures. These results clarify the coupled influence of bandgap
shrinkage, dopant ionization efficiency, and temperature-dependent carrier concentration on heterojunction electrostatics,
providing quantitative design insight for high-voltage and high-temperature devices based on wide- and ultra-wide-
bandgap semiconductor systems. Figure 4 presents the temperature-dependent depletion width (W) and maximum
electric field (Emax) of the p-Si/n-f-Ga:0: heterojunction under both complete and incomplete dopant ionization
conditions. The calculations were performed using nominal doping concentrations of Nao = Np = 6x10'7 cm 2 for the p-Si
and n-B-Ga20s regions, respectively. Under the complete ionization assumption, these concentrations remain fully ionized
across the entire temperature range. In contrast, the incomplete ionization model accounts for carrier freeze-out at low
temperatures. At 77 K, incomplete ionization of boron acceptors in Si (Ex = 0.045 eV) and donors in B-Ga:0;
(Ep = 0.06 eV) reduces the effective ionized concentrations to Na~ = (4.44.6)x10'7 cm™ and Np* = (4.6-4.8)x10'7 cm™3,
corresponding to approximately 22-25% freeze-out relative to the nominal doping level. Consequently, the depletion
width increases to Wy = 0.55-0.57 um, which is about 17-20% larger than the fully ionized case (=0.46—0.48 pm).
Simultaneously, the peak electric field decreases to Emax = 2.4-2.6 MV/cm compared with =2.9-3.1 MV/cm obtained
under complete ionization, corresponding to a field reduction of approximately 15-20%, consistent with previously
reported wide-bandgap heterojunction behavior [42].
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Figure 4. Temperature-dependent (77-300 K) (A) depletion width Wy.n and (B) maximum electric field Emax of the p-Si/n-f3-
Gaz0s heterojunction under complete and incomplete ionization conditions

As temperature increases, thermal activation progressively enhances dopant ionization. Between 150 and 250 K, the
ionization efficiency rises from approximately 75% to above 90%, resulting in a depletion-width reduction of about 8-12%
(=0.56 pum — =~ 0.49-0.51 um) and an electric-field increase of approximately 12-18%
(=2.5 MV/em—=2.8-2.95 MV/cm). By 300 K, the ionization fraction approaches 95-98%, causing both ionization
models to converge, with Wj,-, = 0.44-0.46 pm and En.x = 2.95-3.05 MV/cm, indicating negligible freeze-out influence.
These findings demonstrate that neglecting incomplete ionization can overestimate Ema by approximately 15-18% and
underestimate depletion width by approximately 15-20% at cryogenic temperatures, potentially introducing significant
errors in breakdown-voltage and capacitance predictions [42]. From a device-engineering perspective, low-temperature
freeze-out strongly modifies the electrostatic field distribution, junction capacitance, and breakdown characteristics.
Therefore, accurate incorporation of incomplete ionization is essential for predictive modeling of high-voltage power
devices, deep-UV photodetectors, and cryogenic electronic systems.
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Figure 5. Temperature dependence of p-Si/n-p-Ga20; hetero junction capacitance Cpn(T) for two doping levels:
(A) 4x10"7 cm3, (B) 1x10'® cm™

Figure 5 illustrates the temperature-dependent p—n junction capacitance, Cy+(T), of p-Si/n-f-Ga20; heterojunctions
at two doping levels, Na = Np = 4x10" cm™ (Figure 5A) and 1x10'® cm™ (Figure 5B), over 77-300 K. For the lower
doping, incomplete ionization becomes significant at ~124 K, where C,-, = 5.12 nF/cm? versus 5.48 nF/cm? for full
ionization, a ~6.6% reduction. At the higher doping level, the onset occurs at ~146 K, with C,-, = 11.8 nF/cm? compared
to 12.6 nF/cm?, ~6.3% lower. Black-star markers in Figure 5 indicate these onset temperatures. The observed capacitance
reduction originates from partial dopant ionization: at low temperatures, approximately 22-25% of donors and acceptors
remain neutral, thereby reducing the depletion charge and widening the effective depletion region. Thermal activation
above ~200-250 K progressively restores full ionization, causing both curves to converge (Cp-n = 5.48 nF/cm? and
12.6 nF/cm? for low and high doping, respectively). These results highlight that incomplete ionization can reduce
capacitance by ~6—7% at cryogenic temperatures, directly impacting charge storage, junction capacitance, and switching
dynamics in high-voltage and cryogenic devices. From a device perspective, accurate modeling of dopant freeze-out is
essential: ignoring it leads to overestimation of capacitance and underestimation of depletion width, potentially
compromising Si/Ga.O; device reliability and performance. The obtained results are in close quantitative agreement with
previous studies, which reported capacitance reductions of 5-7% in Si p—n junctions [42] and 6-8% in B-Ga.Os
junctions [47], thereby confirming that incomplete ionization effects in both p-type and n-type regions must be
incorporated into predictive heterojunction simulations. The analysis provides a physically consistent framework for
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understanding temperature- and doping-dependent capacitance in ultra-wide-bandgap heterojunctions, guiding material
selection and device optimization.

Figure 6 illustrates the forward-bias capacitance C,.n(V) of p—Si/n-B-Ga-O: heterojunctions for two symmetric
doping concentrations, Na=Np=4x10' cm™ cm™ (panel A) and Na=Np=1x10'® cm (panel B), over a forward voltage
range of =20 V to +10 V at T = 100, 200, and 300 K. Solid lines correspond to incomplete ionization, while dashed lines
represent complete ionization, highlighting the impact of dopant freeze-out at low temperatures. For the lower doping
level (4x10' cm™), incomplete ionization significantly reduces junction capacitance at low temperatures. At V=0V and
T=100K, C,n(V) decreases from 1.35nFcm™? (complete ionization) to 1.12nFecm™ (incomplete ionization),
corresponding to a ~17% reduction. At T = 200K, the reduction is ~7% (1.29 vs. 1.38 nF cm™?), while at 300 K the
deviation falls below 2%, indicating nearly full thermal activation of dopants. At the higher doping level (1x10'8 cm™),
the smaller depletion width yields a larger capacitance. At T=100K and V=0V, C,.,(V) is 1.85 nF cm™ for incomplete
ionization versus 1.95 nF cm™ for complete ionization (~5% difference). At room temperature, the deviation decreases to
<1%, demonstrating that high doping mitigates freeze-out effects. In both cases, the capacitance decreases with increasing
forward bias, following the expected hyperbolic relation, C o 1/N(AV), and saturates under strong reverse bias due to
expansion of the depletion region. At extreme forward bias (+8 V), C,.n(V) reduces by approximately 20-25% relative to
zero-bias values, reflecting significant depletion charge reduction. Junction capacitances in the 1-2 nF cm™ range are
suitable for small-area varactors or tuning elements in GHz-range circuits. For example, a 100 pmx100 pum junction with
C = 1 nF cm™ corresponds to C = 100 fF, suitable for RF resonators, mixers, and voltage-controlled oscillators. Si/Ga.Os
heterojunctions are promising for high-voltage diodes and FETs. Switching times are governed by tewitch = R Cpn, giving
tswiteh™ 10—200 ns for typical resistances (10—100 Q), supporting fast switching. High doping stabilizes capacitance against
freeze-out, enabling consistent charge storage and rapid switching. Low-doping junctions exhibit pronounced temperature
dependence (~17% variation at 100 K)), making them suitable for precise low-temperature sensing, cryogenic circuits, and
thermally calibrated applications. Forward-bias tuning demonstrates a hyperbolic dependence of C,., on applied voltage,
enabling voltage-controlled capacitance adjustment in nF-range circuits. Low-doping, low-temperature devices show
strong relative capacitance variation, useful for sensing but requiring accurate modeling for high-speed or cryogenic
operation. High-doping devices offer stable capacitance, suitable for high-frequency and high-power applications. Wide-
bandgap Si/Ga-0s heterojunctions combine these capacitance characteristics with high breakdown voltages, supporting
high-voltage, high-speed, and harsh-environment electronics. These results demonstrate that simultaneous consideration
of doping and temperature is critical for predictive device design, accurate capacitance extraction, and reliable modeling
of p—Si/n-B-Ga-0; heterojunctions in advanced electronic applications.
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Figure 6. Cpu(V) vs. voltage for Na=Np=4x10'" cm3 (A) and 1x10'® cm* (B). Solid: incomplete, dashed: complete ionization.
Low-temperature capacitance is reduced, especially at lower doping

Figure 7 shows the forward-bias capacitance C,.4(V) of p-Si/—n-B-Ga.0Os heterojunctions for Na=Np=4x10"" cm™
(A) and 1x10%cm™ (B) at T = 100, 200, 300 K over 0—1 V. Incomplete ionization strongly reduces C,..(V) at low
temperatures, particularly for the lower doping. At 100K and 0V, Cp.(V) drops from 1.35nF cm™ (complete) to
1.12nF em™ (~17%) for 4x10' cm™, whereas for 1x10'"® cm™ the reduction is ~5% (1.95 — 1.85nF cm™). At 300 K,
differences vanish (<2%), reflecting full dopant activation. Forward-bias capacitance decreases with V due to shrinking
depletion width (Coc1/(AV)), saturating under reverse bias. R? values between incomplete and complete ionization
exceed 0.998 at 100K and approach 0.99999 at 300 K, confirming convergence at room temperature. Low doping
(4x10" ecm™3): Wy = 0.55 pm — 0.45 pm; Enpax 2.6 — 3.1 MV/em; Cpn(0 V) 1.12 — 1.35 nF/cm? at 100 K. High doping
(1x10"®¥ cm™): Wpp = 0.50 — 0.45 um;  Emax 3.0 — 3.1 MV/cm; C,.n(0 V) 1.85 — 1.95 nF/cm?. Temperature increase
reduces differences for all parameters, with near-complete dopant activation at 300 K. Incomplete ionization strongly
affects moderate-doping junctions at cryogenic temperatures (~17% reduction in Cy., ), necessitating accurate modeling
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for charge storage, switching, and electrostatics. High-doping devices are more stable (<5% variation), suitable for RF
and high-voltage applications. Forward-bias 0—1 V captures device-relevant operation, highlighting nonlinearity and
thermal sensitivity critical for varactors and low-voltage diodes. Incomplete ionization is a dominant factor in low-
temperature Si/p-Si—n-Ga:0s junctions, with capacitance, depletion width, and peak field deviating up to 17% from full-
ionization predictions. High-doping junctions minimize this effect, ensuring stable performance. Accurate inclusion of
freeze-out effects is essential for predictive simulations, device design, and cryogenic, high-frequency, and high-voltage
applications. Sensitivity Analysis of n-f-Ga20s/p-Si moderate doping (4x10'7 cm™=) — Cp., reduced by ~17%, Wyt
increased ~0.10 pm, Enax decreased ~0.5 MV/cm at 100 K. High doping (1x10'¥ cm™) — C,., reduction ~5%, Wy
increase ~0.05 um, En. decrease ~0.1 MV/em. Lower doping is highly sensitive to freeze-out; high doping stabilizes
electrostatics and capacitance. 77-150 K — strong incomplete ionization: 22-25% donors/acceptors frozen. 200-250 K
— partial recovery: Cp-n increases 6—12%, W, decreases ~8—12%, Emux increases ~12—-18%. >300 K — near full
ionization: Cp-n, Wy, Emax converge to fully ionized values (<2% deviation). Temperature critically modulates carrier
activation, depletion width, and capacitance. Cp-n decreases with voltage due to shrinking depletion width: C o< 1/N(AV).
Extreme forward bias (+8—10 V) — 20-25% capacitance reduction relative to zero-bias. Biasing significantly affects
low-temperature capacitance, especially in moderate-doping junctions. The system is most sensitive at low temperatures
and moderate doping, where incomplete ionization drives 15-25% variations in Cp-n, Wy, and Em.x. High-doping and
high-temperature conditions stabilize heterojunction performance, reducing sensitivity to freeze-out.
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Figure 7. Forward-bias capacitance C,_y0f a GaN/Ga20s heterojunction versus applied voltage (0—1 V) for doping concentrations
Ny =Np =4 %107 cm™3(A) and N, = Np = 1 X 108 cm™3(B). Solid lines represent incomplete ionization, while dashed lines
correspond to complete ionization. Curves are shown for T = 100,200,300 K. Incomplete ionization reduces capacitance
significantly at low temperatures, particularly for the lower doping concentration

CONCLUSIONS

This study demonstrates that incomplete dopant ionization fundamentally governs the electrostatic and capacitive
response of n-f-Ga20s/p-Si heterojunctions at low temperatures. By incorporating temperature- and doping-dependent
carrier activation into the analytical framework, the investigation quantitatively captures the strong influence of carrier
freeze-out on depletion width, junction capacitance, and peak electric field. Moderate-doping structures
(Na = Np = 4x10"7 em™?) exhibit pronounced cryogenic sensitivity, including substantial capacitance reduction, depletion-
region expansion, and electric-field suppression at 100 K, whereas heavily doped devices remain comparatively stable
with only minor electrostatic deviations. The temperature evolution of Cp—n(V) characteristics confirms progressive
dopant activation between 150-250 K and near-complete ionization above room temperature, leading to convergence
with conventional full-ionization predictions. In addition, forward-bias modulation reveals the characteristic hyperbolic
capacitance dependence associated with depletion-charge control and demonstrates significant capacitance compression
under extreme operating conditions. Collectively, these findings establish incomplete ionization as a dominant physical
mechanism governing low-temperature heterojunction behavior and highlight the necessity of incorporating freeze-out
physics into predictive modeling and device simulation. The developed framework provides valuable design insight for
next-generation cryogenic electronics, high-power converters, high-frequency systems, and ultra-wide-bandgap
semiconductor technologies based on Si/B-Ga20s heterostructures.
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®YHIAMEHTAJIBHA POJIb HENIOBHOI IOHI3AILIi JOHOPIB Y BUSHAUYEHHI EJTEKTPOCTATUKH TA
E€MHICHUX XAPAKTEPUCTHUK I'ETEPOIIEPEXOAIB n-B-Ga:0s/p-Si
I.A. Kanannaposa', JI.A. Canapoacsa', A.A. Menaros?, I.T. 3apinos’, M. 3isicBa®,
C. TemiposS, K.P. Carrapkynos®, LII. Cainosa’
'Hayionanshuti docrionuyeiuii ynicepcumem « TIHIAMEy, Tawxenm 100000, Y36exucman
’Kagpeopa npoepamnoi inocenepii, Anousicancokuii Oepicasnuii ynisepcumem
3Byxapcvkuii Oepycasnuii ynicepcumem, Byxapa 200117, YVsbexucman
*IIrcuzaxcokuti nonimexuivnuti incmumym, Jlocuzak, Ysb6exucmarn
SByxapcukuil deporcanuti meduunutl incmunym imeni A6y Ani ion Cino, Byxapa, Y36exucman
*Tynicmancoruii depocasnuii ynieepcumem, Iynicman, Yzbexucman
’Byxapcokuii depoicasnuil yrisepcumem, Byxapa 200117, V3bexucmar

HemnosHa ioHi3ar1ist ZOMIIIOK CYTTEBO BILIMBA€E Ha €JIEKTPOCTATHKY Ta €MHICTB reTepornepexois n-tuiry -Ga:0s / p-tumy Si, ocobnuso
3a KpiOTeHHHX TeMmeparyp. BukopucToByroun ¢i3ndHO OOIpyHTOBaHY MOJENb, IO BPAaXOBY€ TEMIEPaTypHO- Ta KOHIEHTpAIiiHO-
3aJIeKHY 10HI3aIliF0, BUPIBHIOBAHHS 30H 1 JIETpajallil0 PyXJIMBOCTI, JOCIIKCHO BIUIMB MUIKUX 1 IMOOKUX JOHOPIB/aKIENTOPIB Ha
HIMPUHY 301THEHOTO 1Iapy, EMHICT NEPEXOAy Ta IMIKOBE eeKTpH4He nose B aiarnasoHi 77-300 K. I nepexonis i3 HOMipHHM piBHEM
neryBanHs (Na=Np=4x10"" cm ) edekT «3amopoxxyBanHs» HociiB pu 100 K 3MeHIye npsiMy eMHicTh Tproin3Ho Ha 17%, 301bInye
mpuHy 30iaHeHOTO mapy npuban3no Ha 0,10 MKM i 3HHKYE MiKOBe eleKTpryHe nose npubnusHo Ha 0,5 MB/cM, Tozi K y CHIIBHO
neroBanux crpykrypax (NA = ND = 1x10" cm™) cnocrepiratorbcs 3HauHO MeHm 3MiHu (<5%). TemneparypHo-3anexHe
MOJICTIFOBaHHS JEMOHCTPY€ MOCTYIOBY aKTHBALi0 JOMIImoK y miamazoni 150-250 K i3 maibke moBHOIO ioHizauiero Bume 300 K, oo
MATBEPKY€E Y3TOKEHHS 3 MOJEISIMH TIOBHOI 10Hi3amii. €MHICTh IPH IPAMOMY 3MILIICHH] Ma€ TilepOoIIiYHy 3aJIeKHICTh BiJl HAPYTH
(C o I/NAV) Ta 3menmyetbes Ha 20-25% 3a eKcTpeMaTbHUX Hampyr. OTPUMAaH] pe3y/IbTaTH JalOTh KiTbKICHE YABICHHS PO BIUTHB
e(eKTy 3aMOpOXKYBaHHS Ha PO3IOALT HOCIIB 3apsimy, eNEKTPOCTaTHKY Ta XapaKTePUCTUKHU Mepexomy, 3a0e3redyou IPOrHOCTHIHY
OCHOBY JUTS TIPOEKTYBAaHHs BUCOKOBOJIBTHHX, KPIOTEHHHX Ta HAAIIMPOKO30HHHUX HAIliBIIPOBITHUKOBUX IIPUCTPOIB.
Kuarwuosi cinoBa: n-mun f-Ga:0s; p-Si eemeponepexio; Henona ionizayisi OOMIWOK, e1eKmpOCMAamuka nepexooy, npoQiioeants
EMHICMb—HANPY2a; 3aMOPONCY8AHHA HOCIIB; MEMNEPAMYPHO-3ANENHCHUTI MPAHCNOPM, KPIO2EHHA eNeKMPOHIKA
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This work presents a comprehensive electrostatic and transport analysis of planar and radial Si/GaAs heterojunctions over the
cryogenic-to-room-temperature regime (20-300 K) using self-consistent solutions of the Poisson and carrier continuity equations
implemented within advanced semiconductor device simulation frameworks. Particular emphasis is placed on the role of incomplete
dopant ionization and its coupling with junction geometry in determining electric-field distribution and carrier transport characteristics.
The results demonstrate that incomplete ionization significantly alters the electrostatic behavior of the heterojunctions at cryogenic
temperatures, whereas its influence progressively diminishes near room temperature due to enhanced dopant activation. For planar
heterojunctions under complete ionization, the maximum electric field decreases from approximately 1.55-10° V/cm at 20 K to
8.5:10% V/cm at 300 K. Incorporation of incomplete ionization reduces the peak field by nearly 50-100 V/cm below 50 K, while
producing negligible deviations above 200 K. In contrast, radial heterojunctions exhibit pronounced electric-field localization arising
from curvature-induced geometric confinement. Under incomplete ionization, the peak electric field remains within 3.2:10%-
3.6-10* V/cm, increasing to 4.2-10%4.6:10* V/cm for fully activated dopants, corresponding to a geometry-enhanced field amplification
of approximately 28-38%. Carrier transport analysis further reveals strong temperature sensitivity of minority carrier injection, which
increases by nearly seven orders of magnitude, from 10? cm™ at 50 K to 10° cm™ at 300 K, whereas majority carrier concentration
remains nearly constant at 10'® cm. The radial architecture additionally produces localized depletion-field enhancement near the
cylindrical interface, indicating superior electrostatic confinement compared with conventional planar configurations. These findings
establish the coupled influence of geometry, dopant activation, and temperature-dependent transport mechanisms on Si/GaAs
heterojunction performance and provide a rigorous framework for the optimization of cryogenic optoelectronic, nanoelectronic, and
high-field semiconductor devices.

Keywords: Si/GaAs heterojunctions; Field distribution; Incomplete dopant ionization; Cryogenic temperatures; Depletion region

INTRODUCTION

Semiconductor devices constitute the foundation of modern information processing, energy conversion, and
photonic technologies [1-3]. Among available material platforms, silicon (Si) has maintained technological dominance
due to its scalability, long-term reliability, and compatibility with mature complementary metal-oxide—semiconductor
fabrication processes [4—7]. In contrast, gallium arsenide (GaAs) offers distinct advantages, including high electron
mobility, a direct bandgap, and strong optical absorption and emission efficiency, making it indispensable for high-speed
and optoelectronic applications [8—12]. Owing to these complementary properties, Si and GaAs have become key
materials in advanced devices such as radio-frequency transistors, infrared photodetectors, multijunction solar cells, and
hybrid optoelectronic systems [13—18].

The integration of Si’s cost-effectiveness with GaAs’s superior optoelectronic performance has therefore attracted
sustained research interest in Si/GaAs heterojunction architectures [19-22]. Recent advances in epitaxial growth, wafer
bonding, and interface passivation have significantly improved the structural integrity and electrical stability of Si/GaAs
heterostructures [23-27]. Electrical characterization using current—voltage (I-V) and capacitance—voltage (C-V)
techniques has further clarified dominant transport mechanisms and junction properties [28—31]. Nevertheless, intrinsic
challenges remain. Lattice mismatch, thermal expansion asymmetry, and interface defect states continue to limit device
performance, particularly under non-ambient operating conditions [32—35].

These limitations become increasingly severe at low temperatures, where incomplete dopant ionization, carrier
freeze-out, and defect-assisted trapping substantially modify electrostatic profiles and transport behavior [36-39].
Reduced ionized dopant density at cryogenic temperatures alters space-charge distributions, suppresses built-in electric
fields, and affects breakdown characteristics—issues that are especially critical for space electronics, radiation detectors,
and low-noise optoelectronic systems [40—43]. Accurate modeling of such devices therefore requires explicit
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consideration of temperature-dependent dopant activation, which is often neglected in simplified junction
analyses [44-46].

To address these challenges, various material and processing strategies—including surface passivation, plasma-
assisted bonding, and advanced substrate engineering using liquid-encapsulated Czochralski (LEC), vertical gradient
freeze (VGF), and molecular beam epitaxy (MBE)—have been widely explored [47-50]. While these approaches have
led to notable improvements in planar Si/GaAs heterojunctions, alternative device geometries remain comparatively
underinvestigated. In particular, radial heterojunction configurations offer inherent advantages such as enhanced electric-
field localization, increased effective junction area, and improved tolerance to dopant freeze-out effects, yet their
electrostatic behavior has not been systematically examined [15,17,32,45].

In this work, a comprehensive comparative analysis of planar and radial Si/GaAs heterojunctions is presented over
the temperature range of 20-300 K. The methodology combines analytical solutions of coupled Poisson and carrier
continuity equations with calibrated numerical simulations, explicitly incorporating incomplete dopant ionization. By
evaluating space-charge density, electrostatic potential, and electric-field distributions, this study elucidates how junction
geometry governs low-temperature electrostatics. The results provide quantitative design guidelines for optimizing
Si/GaAs heterostructures in cryogenic, radiation-hardened, and high-performance optoelectronic and nanoelectronic
applications.

METHODS AND MATERIAL
The Si/GaAs heterojunction was modeled with a p—n junction as the fundamental active element. In the considered
structures, boron (B) was adopted as the acceptor dopant for p-type Si, while silicon (Si) was employed as the donor
species for n-type GaAs. The parameter set was extracted from established semiconductor databases and experimental
reports [26], ensuring consistency with the physical behavior of Si and GaAs. A summary of the parameters employed in
the modeling is provided in Table 1.

Table 1. Summary of the electrophysical parameters of Si and GaAs employed in the modeling of the p—n heterostructure in this work
at 300 K [45].

Materials Eg(el) E,, Ej(meV) Ne (cm"*) N, (em™) n, (Cmis) £48p € BB,
Si 1.12 45 2.8-10% 1.04-10* 1.5-10*° 4 11.7 1
GaAs 1.42 5 4.7-107 7.0-10"® 1.8-10° 2 12.9 1

The device simulations incorporated the essential electrophysical parameters of Si and GaAs, including bandgap
energy (Eg), donor and acceptor ionization energies (Ep, Ea), effective density of states in the conduction and valence
bands (Nc, Nv), intrinsic carrier concentration ni(T), degeneracy factors of donor and acceptor states (gp, ga), relative
dielectric constant €, and electron and hole capture coefficients (Bn, Bp). All simulations were carried out by solving the
coupled Poisson and carrier continuity equations, with explicit treatment of incomplete dopant ionization across the 20—
300 K temperature range. Beyond material parameters, device geometry critically influences electrophysical behavior. To
enable direct comparison, both planar and radial Si/GaAs heterojunctions were modeled. The adopted dimensions and
boundary conditions are summarized in Figure 1, which schematically depicts the investigated structures.

pSt 2:4, nGaAs

OO

—ZTp 0 Tn

a)

Figure 1. Two-dimensional schematics of the investigated Si/GaAs heterojunctions: (a) planar and (b) radial geometries. The junction
comprises p-type Si and n-type GaAs with well-defined depletion regions (xp, xn for planar and rp, 7 for radial configurations). Fixed
charges are represented by ionized acceptors e— and donors e+, while R denotes the core radius in the radial. These structural
configurations serve as the foundation for the analytical and numerical modeling of electric field distribution, depletion width, and
breakdown behavior across varying doping levels and temperatures.

In the analysis of the electrophysical distributions of the heterojunctions depicted in Figure 1 (a) planar and (b) radial
the governing Poisson equation is solved within distinct coordinate frameworks: Cartesian coordinates for the planar
configuration and cylindrical coordinates for the radial configuration. In earlier studies [23,24], analytical expressions for
planar (Eq. 1) and radial (Eq. 2) heterojunctions have been widely utilized to describe the resulting electrostatic
distributions.

Figure 2 shows excellent agreement is achieved between model and experiment, with coefficients of determination
R?=0.9860 (Si) and R? = 0.9728 (GaAs), confirming deviations remain within 0.01 eV across 180-380 K. For Si, the
model predicts a bandgap energy of 1.124 eV at 300 K, in close agreement with the experimental value of 1.122 eV
(A =0.002 eV). For GaAs, the calculated bandgap energy is 1.422 eV, compared with the experimental value of 1.424 eV
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(A =0.002 eV). These results validate the calibration of our temperature-dependent model and confirm its reliability for
device-level simulations and predictive analyses.

1.161 Si model 1.500 GaAs model
< Si - GaA
@ 1exp E 1475 ] [ s exp
> =
1.14
g 5 1.450 ]
= =i
43} 43|
= =
= g
=2 > 2 1.400 1 >
1.104 R*=0.9860 s R<=0.9728
100 200 300 400 © 100 200 300 400
a) Temperature (K) b) Temperature (K)

Figure 2. Temperature dependence of the bandgap energy for (a) Si and (b) GaAs, showing comparison between model (solid
lines) and experimental data (symbols) [45,46].

_ qNA , for _xp <x<0 (p-Sl)
€5 &
2
dd¢7(2x) _ qNp , for 0<x<x, (n-GaAs) (1
29 Eass €0
0, (neutral region)

However, these conventional formulations typically neglect the influence of temperature and applied external bias,
factors that can substantially alter the electrostatic behavior of the junction. As a result, their omission may lead to
significant inaccuracies when modeling or analyzing devices operating across broad temperature ranges or under both
forward and reverse bias conditions.

N .
—q—A, for r,<r<R (p-Si)
Esi &
1i(r d(”(”)j 1N g R<r<r (n-GaAs) Q)
rdr dr Eguss " Eo
0, (neutral region)

In analyzing the electrophysical distributions of heterojunctions (Figure 1), the Poisson equation is solved in
Cartesian coordinates for planar and cylindrical coordinates for radial configurations. While conventional formulations
(Egs. 1 and 2) have been widely applied, they often neglect temperature and external bias, leading to inaccuracies across
broad operating conditions. Experimental and numerical studies confirm that variations in temperature and applied
voltage significantly affect space-charge density, potential, and electric-field profiles. To overcome these limitations,
temperature-dependent effects such as self-heating at high temperatures and incomplete ionization at low temperatures
were incorporated. The reformulated models introduce additional terms for material parameters, dopant activation
energies, carrier distributions, and quantum contributions, yielding new analytical expressions (Eqs. 3 and 4) with
improved predictive accuracy.

_ qij Y for —x,<x<0 (p-Si)
£y 6| 1422 L0 exp(Bla)
B, N, (T) kT
2
d (p(zx) _ gNp , for 0<x<x, (n-GaAs) (3)
dx 8p N, AED
gGaAs ! 80 ' 1+ ’ exp( )
N (T) kT
0, (neutral region)

Space-charge density, electrostatic potential, and electric-field distributions were systematically evaluated across a

broad temperature range by comparing the conventional formulations (Egs. 1 and 2) with the newly derived models (Eqs 3
and 4).
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£y & | 1+ L exp(— )
B, N, (T) kT
li(r d‘p(’)] - Ny , for R<r<r, (n-GaAs) )
rdr dr gpn AE,
gGaAS ’ 80 ’ 1 + p : exp( )
0, (neutral region)

The graphical analyses reveal pronounced differences in device behavior and demonstrate the superior predictive
capability of the revised models. To obtain these solutions, Neumann boundary conditions were imposed by specifying
zero electric field at the domain boundaries, E(r,)=0 and E(r,)=0. Dirichlet boundary conditions fixing the

electrostatic potential at the contacts were applied in conjunction with appropriate initial conditions, as schematically
illustrated in Figure 1 ¢(r,) =0 @(r,) = ¢,(T) . Np, No — total concentration of donors and acceptors, Es— Fermi level,

Ep, EA — donor and acceptor energy levels, kT — thermal energy.

_q'NA~(xp+x), for —xp<x<0 (p'81)
Eg &
E(x)= 4Ny (x,—x), for0<x<ux, (n-GaAs) ©
EGaus €0
0, (neutral region)

In the case of the planar p—n junction, expression (5) lacks explicit dependence on both temperature and external
bias voltage. This limitation leads to increasing discrepancies in the calculated results, particularly when the model is
applied across a broad temperature range.

r2
N gy r <r<R (p-Si)
£ &, r
N r
E(r)= q—D-{r —L}, for R<r<r, (n-GaAs) 6)
gGaAs ' 80 r
0, (neutral region)

In the case of the radial p—n junction, expression (6) does not explicitly account for temperature or external bias
voltage. Consequently, the model exhibits increasing deviations from the actual electrostatic behavior when applied over
broad temperature ranges or under varying bias conditions.

- 9N, ~(xp+x), for —x, <x<0 (p-Si)

84D AE
E‘Si~€0-(l+ﬂ .AN ET)'eXp( kTA )J
P Vv
q-Np
gD.nn AE’D
Eoi €| 1+ - €X]
Gats " €0 ( B -N.(T) p( T )j

0, (neutral region)

E(x,T)= (x,—x), forO<x<x, (n-GaAs) @)

The proposed expression (7) for planar p—n junctions incorporates the effects of temperature, dopant activation
energy, doping concentration, and material properties, thereby providing a more accurate description of their electrostatic
behavior.

The proposed expressions (7) and (8) extend the applicability of analytical models for planar and radial p—n junctions
by incorporating temperature dependence, dopant activation energy, doping concentration, and material-specific
parameters. Electric field distributions were evaluated under both complete and incomplete ionization, with the latter
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modeled using Fermi—Dirac statistics. Incomplete ionization reduces the effective space-charge density and lowers the
maximum electric field in the depletion region. The results obtained from expressions (5) and (7) for planar junctions and
expressions (6) and (8) for radial junctions are presented for Si/GaAs heterojunction structures in the following section.

N r
- 474 -{r—i:|, for r,<r<R (p-Si)
4P AE r
RN ~[l+ﬁ -AN EIT) -exp( kTA)]
P 14
gN, r’
E(r,T)= D Jr==1, for R<r<r, (n-GaAs) 8
Eou £ 1482 0 exp(BE) '
Gass "0 B -N.(T) p T
0, (neutral region)
RESULTS AND DISCUSSION

This section presents the electrostatic characteristics of planar and radial p—n junctions in Si/GaAs heterostructures.
Results obtained from the conventional models (5) and (6) are compared with the proposed formulations (7) and (8) under
both complete and incomplete ionization conditions. The analysis highlights their influence on space-charge distribution,
electric field profiles, and overall junction behavior across varying operating regimes. The injection characteristics of
electrons into the p-side and holes into the n-side of the Si/GaAs heterojunction (Fig. 3) exhibit a strong temperature
dependence. At 50 K, minority carrier densities are limited to ~10?-10° cm ™ due to incomplete ionization. With increasing
temperature, the densities rise progressively: ~ 10*-10%cm™ at 100 K, ~10°-107 cm™ at 200 K, and ~108-10° cm™ at
300 K.

—
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Figure 3. Temperature-dependent injection of (a) electrons into the p-side and (b) holes into the n-side of the Si/GaAs hetero p—n
junction. Carrier concentrations are presented for 50 K, 100 K, 200 K, and 300 K.

This nearly seven-order-of-magnitude increase underscores the decisive role of dopant activation in governing
injection efficiency. In contrast, majority carrier densities remain fixed at ~10'® cm™, reflecting the imposed doping
concentrations. The sharp transition at the metallurgical junction confirms strong electrostatic confinement, while the
extended injection profiles reveal the thermal modulation of minority carrier availability. A slight asymmetry is observed,
with electrons injected into the p-side (Fig. 3a) exceeding hole injection into the n-side (Fig. 3b), reflecting transport
differences across the Si/GaAs interface. Minority carrier injection critically shapes the electrostatic potential and electric
field within the depletion region: at low temperatures, dopant freeze-out weakens the built-in field and limits current
transport, whereas at higher temperatures, enhanced injection strengthens charge separation but also increases
recombination.

Temperature-dependent injection has direct implications for device performance. In solar cells, carrier injection rises
from ~102cm™ at 50 K to ~10° cm™ at 300 K (a ~7-order increase), strengthening charge separation but also raising
recombination at high T. In LEDs and lasers, the observed asymmetry of electrons injected into the p-side reaching up to
10x higher densities than holes in the n-side can reduce radiative efficiency. For photodetectors, injection suppression at
low T lowers responsivity by several orders of magnitude, critical for cryogenic or space operation. In high-power/high-
frequency devices, variations in space-charge density from ~10'® cm™ (majorities) to as low as 10? cm ™ (minorities at
50 K) significantly alter the built-in potential and field, impacting breakdown and reliability. Injection varying by up to
seven orders of magnitude directly links microscopic carrier dynamics with macroscopic device efficiency.

Figure 4 depicts the evolution of the electric-field distribution in planar Si/GaAs heterojunctions as a function of
temperature under different ionization assumptions. At 20 K, the maximum electric field reaches approximately
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1.55%10° V/cm when full dopant activation is assumed, whereas partial ionization limits the peak field to about
1.45x10° V/cm. As temperature increases, Emax exhibits a monotonic decline in both cases, decreasing to roughly
1.25%10° V/em (complete ionization) and 1.10 x 10* V/cm (incomplete ionization) at 50 K, followed by values near
1.05%10%9.5x10*> V/em at 100 K, 9.5x10%8.7x10*> V/cm at 200 K, and finally converging to approximately
8.5x10%/8.0x10? V/cm at 300 K. Overall, the reduction in peak field amounts to ~45% for the fully ionized case and ~40%
when incomplete ionization is considered.
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Figure 4. Simulated electric-field profiles for planar Si/GaAs hetero p—n junctions assuming (a) complete dopant ionization and
(b) incomplete ionization, evaluated over the temperature range from 20 to 300 K.

The disparity between the two ionization models is most pronounced at cryogenic temperatures, where the difference
in Emax approaches ~100 V/cm at 20 K due to limited dopant activation. This gap progressively diminishes with increasing
temperature and reduces to ~50 V/cm near room temperature, reflecting near-complete ionization of dopants. These trends
indicate that incomplete ionization substantially alters junction electrostatics at low temperatures by reducing the built-in
potential and suppressing the electric field, while its influence becomes marginal at elevated temperatures. Accurate
inclusion of temperature-dependent ionization effects is therefore essential for predictive device modeling and
optimization. In cryogenic radiation detectors and space-borne electronics, suppressed electric fields can degrade charge-
separation efficiency and timing performance. Similarly, in photovoltaic devices and photodetectors, the temperature-
induced reduction of Emax directly affects carrier collection efficiency and achievable open-circuit voltage. Incorporating
realistic ionization dynamics also improves the reliability of electric-field predictions, aiding in the mitigation of
premature breakdown and the optimization of doping profiles. A rigorous understanding of temperature- and ionization-
dependent electrostatics thus forms a critical basis for the design of robust, high-efficiency Si/GaAs optoelectronic
devices.

Figure 5 illustrates the spatial variation of the radial electric field in Si/GaAs heterojunctions for three different
junction radii (R = 0.5, 1.0, and 1.5 pm), highlighting the impact of dopant ionization. In all cases, the electric field
reaches its maximum near the depletion boundaries. Under incomplete ionization conditions (case A), peak field values
fall within the range of 3.2x10*-3.6x10* V/cm, whereas full dopant activation (case B) increases the peak field to
approximately 4.2x10%*4.6x10* V/cm, corresponding to an enhancement of roughly 30-38%. The lower Emax observed
for incomplete ionization is attributed to the reduced concentration of ionized impurities, which expands the depletion
region and consequently weakens the local electric field.
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Figure 5. Radial electric field profiles, E(r), calculated for a Si/GaAs hetero p—n junction with cylindrical symmetry. Simulations
are shown for device radii of R = 0.5, 1.0, and 1.5 um. Curves labeled A correspond to partial dopant ionization, whereas curves
labeled B represent the fully ionized case.
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Table 2. Extracted maximum radial electric field values, Emax (V/cm), for Si/GaAs radial p—n junctions under incomplete (A) and
complete (B) dopant ionization conditions at different junction radii (R, pm). The relative percentage increase in Emax resulting from

full dopant activation is also reported.

Radius R (pm) Emax B (V/cm) Emax A (V/em) Increase B vs A (%)
0.5 44,000 32,000 37.5
1.0 42,000 32,000 313
1.5 46,000 36,000 27.8

In radial architectures, the cylindrical coordinate system intrinsically amplifies the electric field toward the inner
radius, whereas the Si/GaAs heterointerface modifies the depletion balance through the contrast in dielectric permittivity
between the two semiconductors. As a result, the combined effects of dopant activation, junction radius, and material
parameters play a decisive role in shaping the radial electric-field profile. These factors directly impact charge separation
efficiency, low-temperature device operation, and susceptibility to high-field phenomena such as premature breakdown
in photodetectors and photovoltaic cells. Electric-field maps for planar and radial Si/GaAs hetero p—n junctions under
complete and incomplete dopant ionization are shown in Figures 4 and 5.For planar junctions with fully ionized dopants,
the maximum electric field Emax decreases steadily with temperature, falling from approximately 1.55 x 10* V/cm at 20
K to about 8.5 x 10? V/cm at 300 K. When incomplete ionization is considered, Enax is further suppressed by roughly 50—
100 V/ecm at cryogenic temperatures, reflecting the reduced density of ionized impurities. In contrast, radial
heterojunctions develop much stronger electric fields, with peak values of 3.2 x 10*-3.6 x 10* V/cm under partial
ionization and 4.2 x 10*-4.6 x 10* V/cm assuming full activation, corresponding to a relative increase of approximately
28-38%. This enhancement originates from geometric field convergence near the depletion boundary, whereas planar
structures distribute the electric field more evenly across the junction region. Across both geometries, partial dopant
ionization at low temperatures lowers the effective space-charge concentration, increases the depletion width, and
consequently reduces Emax These observations emphasize the necessity of incorporating temperature-dependent dopant
activation in electrostatic simulations. Overall, radial Si/GaAs heterojunctions enable highly localized electric fields that
improve carrier separation and collection, while planar junctions mitigate peak-field stress through more uniform field
profiles, highlighting how geometry and ionization physics jointly define device performance.

CONCLUSIONS

In this study, the electrostatic and transport characteristics of planar and radial Si/GaAs heterojunctions were
systematically investigated under both complete and incomplete dopant ionization conditions across the temperature
range of 20-300 K. By employing self-consistent numerical solutions of the Poisson and carrier continuity equations, the
analysis clarifies the coupled effects of junction geometry, dopant activation, and temperature-dependent carrier dynamics
on electric-field formation and charge transport. The results reveal that incomplete ionization plays a critical role in
determining the low-temperature electrostatic response of the heterojunctions. For planar structures under full dopant
activation, the maximum electric field decreases from approximately 1.55-10° V/cm at 20 K to 8.5-10? V/cm at 300 K.
When incomplete ionization is incorporated, the peak field is reduced by approximately 50—-100 V/cm at cryogenic
temperatures owing to suppressed dopant activation, while the discrepancy becomes negligible above approximately 200
K as thermal ionization approaches completion. Radial heterojunctions exhibit substantially stronger electric-field
enhancement than their planar counterparts due to curvature-driven electrostatic confinement. Under incomplete
ionization, the maximum electric field remains within 3.2:104-3.6:10* V/cm, increasing to 4.2:104.6 - 10* V/cm under
complete ionization, corresponding to a field amplification of approximately 28—-38%. The cylindrical geometry induces
pronounced electric-field localization near the depletion boundary, whereas planar heterojunctions maintain
comparatively uniform field distributions. Furthermore, a moderate increase in field intensity is observed for smaller
junction radii R = 0.5 pm relative to larger radii R = 1.5 pm, consistent with geometric field-focusing effects inherent to
radial architectures. The numerical model was further validated through temperature-dependent bandgap calibration
against experimental data. Excellent agreement was obtained for both semiconductor materials, with coefficients of
determination of R? =0.9860 for Si and R? =0.9728 for GaAs, while absolute deviations remained below 0.01 eV
throughout the 180-380 K interval. At 300 K, the calibrated model predicts bandgap energies of 1.124 eV for Si and 1.422
eV for GaAs, with deviations of approximately 0.002 eV relative to reported experimental values. These results confirm
the robustness and physical consistency of the proposed modeling framework. The present study demonstrates that the
interplay between incomplete dopant ionization and junction geometry fundamentally governs electric-field distribution,
carrier separation efficiency, and transport behavior in Si/GaAs heterostructures. The pronounced electrostatic
enhancement observed in radial configurations highlights their potential for next-generation cryogenic optoelectronic,
high-field, and nanoscale semiconductor applications. The developed framework further provides a scalable foundation
for future investigations involving quantum confinement, interface-state effects, and nonequilibrium transport phenomena
in complex heterojunction architectures.
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TETEPONEPEXOJIAX 3A HENOBHOT IOHI3ALIIT
Tk I00. A6aymnaes'2, B. Ypanos?, MLIIL I6parivosa’, b. Tamxu6aes?, M.®. Ataesa’, I'. Boiimyponos®, C.J. FOcynos’
TTnemumym gynoamenmanvnux ma npuxiadnux oocrioxcens, Hayionanonuti docaionuyvkuti ynieepcumem « THAMT », Tawxenm
100000, Yz6exucman
’Hayionanvnuii docrionuyexuii ynisepcumem TIHAME, kageopa gizsuxu ma ximii, Tawxenm, Yzbexucman
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*Tawxenmcokuti Oepycasnuii mexuivnuii ynisepcumem, Tawkenm, Yzbexucman
SByxapcvkuii depacasnuil ynisepcumem, Byxapa 200117, YVzbexucman
SHasoticokuti deporcasnuii 2ipnuvo-mexronozivnuii ynieepcumem, Hasoi 210100, Vzbexucman
"Kagheopa mpaemamonozii ma netipoxipypeii, Byxapcokuii Oepacasnuii meouunuti incmumym, Byxapa, Y36exucman

Ls poGora mpencrapise KOMIUIEKCHHH €JICKTPOCTATHYHMHA 1 TPaHCIOPTHHH aHali3 IUIaHapHUX Ta pagianbHux Si/GaAs
TeTEPONEPEXOAiB y TEMIIEpaTypHOMY Miama3oHi Bil KpioreHHWX I0 KiMHaTHHX TemmepaTryp (20-300 K) i3 BukopucTaHHAM
CaMO3TO/LKEHOTO po3B’si3aHHs piBHAHHS [TyaccoHa Ta piBHSIHE HENEpPEepBHOCTI HOCIIB 3apsy, peasli3oBaHUX y CydacHHX IPOTPaMHHIX
CepeIOBHUIAaX MOJETIOBAHHS HAIIBIPOBITHUKOBHX mpmiaAiB. OcobnuBy yBary HMpHIUICHO pONi HENOBHOI iOHi3amii moMimok Tta ii
B3a€MO3B’5I3KY 3 TEOMETPI€I0 IIepexony y GopMyBaHHI PO3HOILUTY €IEKTPHYHOTO OIS T2 TPAHCHOPTHUX XapaKTEPUCTUK HOCITB 3apsiy.
OTpuMaHi pe3yJIbTaTh IeMOHCTPYIOTh, III0 HEMOBHA iOHI3allis CYTTEBO BIUIMBAE HA EJIEKTPOCTATHYHY MOBEIIHKY reTepoIepexoiB 3a
KPIOreHHHUX TEeMIIepaTyp, TO/I sIK 11 BIUIMB MOCTYIIOBO 3MEHIYETHCS MOOIM3y KIMHATHOT TEMITepaTypy BHACIIIOK IIOCHUIICHHS aKTUBALIT
JOMIIIOK. J[JIsl MiTaHapHUX TeTepOoepexoiB 32 YMOBH MOBHOI 10HI3allii MaKCHMaJIbHE SISKTPHYHE [OJIE 3MEHIIYEThCSI IPUOIN3HO Bif
1.55x10° B/em mpu 20 K mo 8.5x10% B/em mpu 300 K. YpaxyBaHHS HEMOBHOI 10HI3aIlil MPU3BOAUTH O 3HW)KEHHS IMIKOBOTO ITOJIS
npubmam3ao Ha 50—100 B/cm mmxue 50 K, toni sk Bume 200 K BigxXuneHHs CTal0Th NPAaKTHYHO He3HAYHUMH. Ha BiaMiHY Bin 1bOTO,
paniaibHI TeTepolepexonyl XapaKTepU3YIOThCS BHPAXKEHOIO JIOKANI3AI€l0 EJIEeKTPUYHOTO IIONS, 3YMOBJICHOIO TI'€OMETPUYHHM
0OMeKEHHSM, ITOB’SI3aHUM 13 KPHUBH3HOIO CTPYKTYpH. 32 yMOB HETOBHOI iOHI3aIlil MIKOBE €JNEKTPHYHE Mo mepedyBae B MeKax
3.2x10%-3.6x10* B/cM, 36imbiryrouncs a0 4.2x10°-4.6x10* B/cM y BUNagKy MOBHICTIO aKTHMBOBAHUX JOMIIIOK, IO BiJAMOBiIa€e
TEOMETPUYHO 3YMOBICHOMY IiJCHJICHHIO mojis mnpuOmu3Ho Ha 28-38%. AHami3 TpaHCIOPTY HOCITB TakKoX BHSIBUB BHCOKY
TEMIIepaTypHy Yy TIMBICTh IHXKEKIl HCOCHOBHUX HOCITB, KOHLICHTpALIis SKUX 3pOocTae Maibke Ha 7 mopsakiB — Big ~1x10% em 2 npu
50 K mo ~1x10° cm® mpu 300 K, Tozi sIk KOHIIEHTpaLlisi OCHOBHUX HOCITB 3aJIMIIAETHCS Malke cTaior Ha piBHI ~1%10'¢ cm 3. PagianbHa
apxiTeKTypa J0JaTKOBO 3a0e3medye JOKalli30BaHe MiJACHICHHS TOJIs B 00NacTi 30iAHEHHS MOONMH3y MIIIHIPUIHOTO iHTepdeiicy, mo
CBiTUHUTH MPO e(EKTHBHIIIE €JIEKTPOCTATUYHE OOMEXKEHHS MOPIBHSHO 3 TPaAWLIiHHUMH IUIAHAPHUMHU KOHQirypamismu. OTpumMani
pe3yAbTaTH BCTAHOBIIIOIOTH KOMIUICKCHHH B3a€MO3B’SI30K MK T€OMETPI€I0 CTPYKTYpH, aKTHBALI€I0 JOMIMIOK Ta TEMIEpaTypHO-
3aJIe)KHIMHU MEXaHi3MaMH TPaHCIIOPTY IijJ 4dac (GopMyBaHHS XapakTepHcTHK Si/GaAs rereporepexofiB i 3a0e3medyloTs HamilHy
OCHOBY JUISl ONTUMI3allil KPIOTeHHUX ONTOEJIEKTPOHHUX, HAHOCIEKTPOHHUX Ta BUCOKOIOJILOBHUX HAIMiBIPOBITHUKOBUX MPUCTPOIB.
KurwuoBi cioBa: cemeponepexoou Si/GaAs; po3nodin enekmpuuno2o nois, HenogHa IoHI3ayis OOMIUOK, KPIO2EHHI meMnepanypu,;
obnacmo 306i0HeHHs
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This study investigates the physical phenomena occurring on the surface of copper foil under high-intensity pulsed irradiation of a Nd:
YAG laser (4 = 1064 nm, 7 = 28 ps), with particular focus on plasma formation, Rayleigh—Taylor (RT) instability, and the influence of
Marangoni convection on crater morphology. The plasma temperature and electron density are determined using experimental methods
through spectral emission lines. These parameters evaluate the pressure gradient in the plasma, temperature variations, and changes in
surface tension. The RT instability is modeled based on density contrasts arising under strong pressure differentials, while Marangoni
convection is described as a mechanism for surface flow formation driven by temperature gradients. The paper analyzes the interplay
between these two instabilities, their role in material redistribution, and their influence on the final geometric shape of the laser-induced
crater, supported by theoretical calculations and spectroscopic measurements. The results contribute to a deeper understanding of the
complex thermohydrodynamic processes involved in laser ablation.

Keywords: Rayleigh—Taylor instability; Marangoni convection; Laser ablation; Copper plasma; Surface morphology; Electron density,
Spectroscopic diagnostics

1. INTRODUCTION

Laser—matter interaction is one of modern science’s most actively developing fields, particularly within high-energy
physics, materials science, and nanophotonics [1-3]. In particular, the use of ultrashort pulsed lasers (in the femtosecond
and picosecond ranges) has attracted significant attention due to their ability to induce localized heating, melting, and
vaporization of material surfaces, leading to plasma formation as well as the generation of craters and nano/micro-
scale surface structures [4-9]. Extreme temperature gradients, pressure differences, and dynamic instabilities such as
Rayleigh-Taylor and Marangoni types that arise during these processes significantly alter the surface morphology. The
Rayleigh—Taylor (RT) instability occurs when high-pressure plasma layers interact with the denser metallic layer beneath
them [10], leading to nonuniform material displacement at the bottom of the crater. On the other hand, Marangoni
convection refers to surface fluid flows caused by surface tension gradients induced by temperature differences. The
intensity of these flows is characterized by the Marangoni number (Ma), defined as:

do
da| AT . L
Ma= 4t — ~— 1)
H-a
where fl—‘; is the temperature dependence of surface tension [N/(m-K)], AT is the temperature difference [K], L is the

characteristic length scale [m], u is the dynamic viscosity [Pa-s], and « is the thermal diffusivity [m2/s]. A high
Marangoni number indicates the presence of strong convective flows [11], which drive the motion of molten material
toward the periphery in the liquid metal layer. In recent years, several theoretical and experimental studies [12,13,16-22]
have focused on how these instabilities affect the shape, depth, and peripheral material redistribution of laser-induced
craters. Moreover, the development of spectroscopic techniques has enabled determination of plasma parameters such
as temperature, electron density, and pressure gradients under realistic experimental conditions, thereby enabling more
accurate modeling of the instabilities involved [23-32].
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In this study, for the first time, the physical processes occurring on the surface of copper foil under picosecond Nd:
YAG laser irradiation are comprehensively investigated in the context of both Rayleigh—Taylor instability and Marangoni
convection. Although previous studies have predominantly analyzed these phenomena separately [11-13], this article
presents a unified theoretical and experimental approach. Based on the spectral characteristics of the generated plasma,
a combined analysis of RT instability and Marangoni convection is carried out. The interrelations among temperature
gradients, surface flows, pressure differences, and crater morphology are identified and illustrated through graphical data
and experimental observations.

Besides laser irradiation, similar crater formation mechanisms have also been reported under other pulsed energy
deposition techniques. Bryukhovetsky et al. [14] investigated crater formation on AA6111 aluminum alloy irradiated by a
high-current pulsed electron beam and demonstrated that crater geometry is governed by non-uniform solidification of the
remelted layer and the heterogeneous distribution of alloying elements. Their results indicate that material composition and
crystallization dynamics strongly affect the final crater morphology. Likewise, Zhong et al. [15] studied crater formation
under intense pulsed ion beam irradiation and revealed that inclusions exposed on the target surface significantly modify the
melt flow through differences in the surface tension coefficient between the molten inclusion and the surrounding molten
matrix. Their numerical simulations showed that thermocapillary flow driven by surface-tension differences represents
the dominant mechanism responsible for crater evolution. These studies demonstrate that although the energy deposition
mechanisms differ between laser, electron-beam, and ion-beam irradiation, crater formation is fundamentally governed by
coupled thermal, hydrodynamic, and solidification processes.

2. EXPERIMENTAL METHODS

The experiments were carried out using commercially available high-purity copper foil (99.99 wt.% Cu) with a
thickness of 63.1 yum. The high purity of the material was selected to minimize the influence of impurities on plasma
formation, molten-layer dynamics, and surface-tension gradients during laser irradiation. A picosecond Nd:YAG laser
(A = 1064 nm, T = 28 ps) operating at a laser fluence of 16 J/cm? was employed to irradiate the copper surface. The laser
beam was focused onto the sample using a lens with a focal length of f = 25 cm. The primary objective of the experiment
was to determine the plasma parameters generated during laser—matter interaction through spectroscopic diagnostics and to
investigate the associated Rayleigh—Taylor instability and Marangoni convection by combining experimental observations
with theoretical analysis.

Spectral analyses were performed using an Ocean Optics HR-4000 optical spectrometer. The plasma’s electron
density was estimated from Stark broadening of optical emission lines, while the electron temperature was determined
using the Boltzmann distribution method. The crater morphology was investigated using a CX-200 scanning electron
microscope (SEM), capable of magnifying up to 300,000x, allowing for high-resolution analysis of crater geometry.

During the experiment, the distribution of laser energy, spot radius, pulse repetition rate, and the optical and
thermophysical properties of the material were taken into account. Figure 1 presents the experimental setup, in which the
diameter of the ablated region under laser irradiation was evaluated both theoretically and experimentally.

fiens Target
| o, -
Nd: YAG laser Laser beam -

! »

Spectrometer
Ocean Optics
HR-4000

Figure 1. Schematic of the experimental setup

In future studies, expanding the experimental configuration with time-resolved diagnostics, such as gated ICCD or
streak cameras, would allow detailed tracking of plasma evolution dynamics. This would provide a deeper understanding of
how picosecond pulses drive fast ionization and relaxation mechanisms. Moreover, implementing environmental control
(e.g., vacuum chambers or inert atmospheres) could isolate plasma effects from ambient air interactions, improving
the repeatability and accuracy of results. Experiments on a broader range of materials, such as semiconductors and
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dielectrics, will further contextualize copper’s behavior and support a comparative analysis of ablation thresholds and
plasma generation efficiency under similar laser parameters.

3. RESULTS AND DISCUSSION

Neutral atomic transition lines of Cu I were identified in the plasma spectrum, and the free electron concentration
was calculated using the Stark broadening method. This technique enables the determination of electron density and
temperature by analyzing the broadening and shifting of spectral lines under the influence of electric fields within the
plasma.The formed crater was also subjected to spectral analysis to evaluate the presence and influence of Rayleigh—Taylor
instability and Marangoni convection.

3.1. Determination of electron density and temperature

In the plasma spectrum generated on the surface of the copper foil under laser irradiation, the characteristic atomic
transitions of the neutral copper atoms (Cu I) were identified (FIG 2). The identification of atomic emission lines
corresponding to the plasma spectrum was carried out using data from the NIST atomic spectra database [33].

Determining the electron density is of critical importance in the study of plasma formed under laser irradiation. This
work employed the Stark broadening method to estimate the electron density. Stark broadening refers to the widening and
shifting of spectral lines caused by electric fields within the plasma, and it serves as a key phenomenon that enables the
quantitative evaluation of free electron density.

— Cu o
1200 =
=
1000 ~ 3
El = @
@ 800+ 3 i
> ° 2
= S| @ =}
g 6004 0| 2 3
Q oy [T]
IS a2 i
400 3 o
>
L&)

400 500
Wavelenght (nm)

Figure 2. Plasma emission spectra of copper foil

The analysis of neutral copper atomic transition lines enabled precise characterization of plasma parameters, thereby
providing a deeper understanding of laser ablation and its associated processes. For non-hydrogen-like atoms, the
relationship between electron density and spectral lines’ full width at half maximum (FWHM) is determined through Stark
broadening [34].

e \o
Axl;zZW(lOlé)A, 2)

Here, Ad,=FWHM denotes the full width at half maximum of the spectral line, n, is the electron density, and W
is the electron impact parameter. Electron densities were determined using the spectral wavelengths corresponding to Cu
I atomic transitions via the Stark broadening method (Table 1). The FWHM values were obtained by fitting the spectral
line profiles to a Voigt function (Fig. 3). Closely spaced atomic transitions were resolved and analyzed separately. Using
the electron impact parameter W as reported in [35], the electron density n, was calculated accordingly.

In the plasma field, the electron temperature is typically determined under the Local Thermodynamic Equilibrium
(LTE) assumption. For a plasma in LTE, the population of particles’ energy levels (excited states) follows the Boltzmann
distribution law. According to the LTE condition, the Boltzmann plot method is expressed as follows [36,37].
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Figure 3. Voigt fitting of spectral lines in the plasma formed on the Cu surface: a) 4 = 324.75am, b) A = 327.39nm, c)

A =510.55nm

,d) A =515.32nm, e) A = 521.82nm.

Table 1. Experimental data table for Copper (Cu) element

Atom/ion | A(nm) | FWHM (m) | T(K) | w(A) | ne 10%cm™3)
Cul 32475 0.89 0.003 14.84
Cul 32739 0.70 0.003 1176

Cul 510.55 0.75 8825 [ 0.043 0.87

Cul 51532 T.05 0.19 0.27

Cul 521.82 T.01 0.22 0.23

The intensity of the spectral line (/), wavelength (1), statistical weight of the upper level (g), Einstein coefficient
(A), energy of the upper level (E,,), Boltzmann constant (kp), and electron temperature of the plasma (7,) are the main
parameters involved. The values of the parameters required to determine the electron temperature are taken from the
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NIST [33] database, as presented in Table 2.

Atom | A;; z (nm) | Upper Level Energy E; (cm™") | Upper-state degeneracy g, | Einstein coefficientsA;; (s™1)
Cul 324.75 30783.697 4 1.39 x 108

Cul 327.39 30535.324 2 1.376 x 108

Cul 510.55 30783.697 4 2% 10°

Cul 515.32 49935.195 4 6 x 107

Cul 521.82 49942.051 6 7.5% 107

Table 2. Experimental Data Table for Copper (Cu) Element

The left-hand side of the linear equation based on the Boltzmann distribution is given by In ((é—f‘). When several

transitions to higher energy levels are considered for particles in the same ionization stage (Z), the left-hand side becomes
proportional to the inverse of the electron temperature, —1/(kgT,.). This method, which relies on spectroscopic data,
provides high accuracy in determining the plasma state, particularly the electron temperature. In plasma diagnostics, the
electron temperature is not merely a numerical value; rather, it is a key parameter that characterizes the internal energy
state of the plasma. Accurate temperature determination allows for precise conclusions regarding the plasma properties,
such as the degree of ionization, charge carrier density, and other dynamic characteristics.
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Figure 4. Emission spectral lines of neutral copper atom (Cu I) transitions plotted on a Boltzmann distribution graph

The plasma temperature was estimated using the Boltzmann plot method based on the intensities and energy levels
of various Cu I spectral lines. The determined plasma temperature was approximately 8825 K. The electron density was
observed to range from 0.23 x 10'® cm™3 to 14.84 x 10'® cm™3, with the highest value corresponding to the spectral line
at 324.75 nm (Fig. 4).

3.2. Crater morphology

The image of the crater formed as a result of laser ablation was obtained using a Scanning Electron Microscope
(SEM). The laser radiation with a wavelength of 1064 nm (infrared) is significantly absorbed by the copper (Cu) foil. The
pulse duration of 28 picoseconds (ps) is extremely short, meaning the metal heats rapidly under laser exposure, leading to
vaporization. A laser fluence of 16 J/cm? is sufficient to initiate local melting and vaporization on the surface of the foil.

When the laser radiation interacts with the foil surface, the outer electrons of copper atoms transition to higher energy
states, resulting in localized heating. Due to the laser energy being concentrated in a very small area, the material melts
rapidly. The short pulse duration limits thermal diffusion into the bulk material, causing heat to accumulate primarily at
the surface. This process is associated with hot electron diffusion, which confines thermal energy within the near-surface
region.

If the laser energy is sufficiently high, the copper layer melts and part of it immediately vaporizes. Athigh vaporization
rates, a plasma regime is established. The vaporized particles expand from the surface, interact with ambient air molecules,
and cool and condense. As a result of these processes, a crater is formed on the Cu foil surface (Fig 5).
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Figure 5. Scanning Electron Microscope (SEM) image of a crater formed on a copper foil surface (crater depth: 11.6 um)

A model based on the Gaussian intensity profile of the laser beam is considered to estimate the crater diameter or
the expansion of the ablated region during laser ablation. In this profile, the laser intensity is maximal at the center and
decays exponentially with radial distance [38].

The spatial distribution of laser intensity follows a Gaussian profile:

2 2
I(r) = Iy - exp (—%) , 3

where I is the peak intensity at the center (» = 0), w is the beam radius at 1/e? intensity level, and r is the radial distance
from the center.

Ablation occurs only when the local fluence exceeds a threshold value Ey. Solving for the radial position » where
E(r) = Ey, the ablated diameter D can be expressed as:

D=a w- 21n(£), 4
Ey

where a is an empirical correction factor close to 1, accounting for beam geometry and experimental conditions.

This model reveals that the relationship between laser fluence and crater diameter is not linear but logarithmic.
Hence, doubling the laser energy fluence does not double the crater diameter; the growth is proportional to In(E).

Two key effects are considered in understanding the morphology of the crater and its surrounding surface texture.
Circular-shaped craters were observed to form, and the laser fluence and pulse duration directly influenced their dimensions
and geometries. The ablation radius was calculated based on the logarithmic relationship between fluence and the ablation
threshold, in agreement with previously published studies [39]. The crater rim exhibits signs of resolidification and
material redistribution, driven by thermal gradients and recoil pressure.

3.3. Quantitative analysis of molten-layer dynamics and Rayleigh—Taylor instability

When intense picosecond laser radiation interacts with a metallic foil, rapid energy deposition leads to surface
vaporization and plasma formation. In the central region of the laser spot, where the local fluence is maximal, material
removal is dominated by explosive ablation. In contrast, in the peripheral region of the spot the fluence decreases below
the ablation threshold, resulting primarily in transient surface melting accompanied by lateral molten flow. Under such
conditions, the appearance of periodic ripple-like or finger-shaped structures at the crater edge is commonly attributed to
hydrodynamic instabilities developing within the molten layer, most notably the Rayleigh—Taylor instability (RTT) [40,41].

The Rayleigh—-Taylor instability arises at an interface between two media of different densities when the denser layer
is accelerated toward the lighter one. In the case of laser ablation, this configuration naturally occurs at the molten metal—
plasma (or vapor) interface, where the dense molten copper layer is subjected to a strong outward acceleration driven by
the plasma pressure gradient. Small perturbations at this interface may therefore grow in time, leading to characteristic
ripple or finger-like morphologies upon resolidification.
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3.3.1. Experimental input parameters Plasma parameters were determined using optical emission spectroscopy.
The electron temperature was found to be 7, ~ 8825 K, while the electron density varied in the range n, = (0.23-14.84) x
10" cm™3, depending on the selected Cu I emission line. Assuming local thermodynamic equilibrium and using the ideal
gas approximation, the plasma pressure corresponding to each spectral line was calculated as

P =n.kgT,. )

Among the analyzed transitions, the Cu I line at 324.75 nm yielded the highest pressure, P = 1.88 x 10° Pa,
which was adopted as a representative value characterizing the maximum plasma loading acting on the molten surface.
High-resolution SEM observations of the crater periphery revealed a well-defined periodic surface modulation. Statistical
analysis over a 10 um field of view containing multiple periods yielded a dominant wavelength

A= (0.91 +0.10) um, (6)

corresponding to a perturbation wavenumber

2
k=" ~69%100m™". 7
p

3.3.2. Molten-layer thickness and lifetime estimation In the picosecond laser irradiation regime, the extremely
short pulse duration confines heat transport to a narrow near-surface region, thereby suppressing significant thermal
diffusion into the bulk material. As a result, laser energy deposition leads to the formation of a transient molten layer
characterized by an effective thickness L. The temporal evolution and persistence of this molten phase are primarily
governed by thermal diffusion and can be estimated using a characteristic diffusion timescale,

L2
feff ~ —, @®)
o

where « denotes the thermal diffusivity of copper, taken as & ~ 1.0 X 107 m?s~!.

Assuming a physically realistic molten-layer thickness in the range L = 1-5 um, the corresponding molten-layer
lifetime is estimated to fall within
fef ~ 10-250 ns. 9

This nanosecond-scale lifetime significantly exceeds the laser pulse duration and establishes a well-defined temporal
window during which the molten layer remains dynamically active. Such a timescale is sufficient to permit the initiation
and growth of interfacial hydrodynamic instabilities at the molten metal-plasma interface, thereby providing favorable
conditions for the emergence of instability-driven surface modulations and complex crater-edge morphologies (Fig 6).
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Figure 6. Dependence of the molten-layer lifetime f.g on the molten-layer thickness L. The experimental data with error
bars are well fitted by a quadratic function, indicating a diffusion-controlled thermal relaxation process governing the
transient molten phase.)
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3.3.3. Rayleigh-Taylor instability growth For a molten layer of finite thickness, the growth rate of the Rayleigh—

Taylor instability can be expressed as [40,41]
Ageffk
=4 = 10
TRIU= N T4+ AL (10

where A = (p; — p2)/(p1 + p2) is the Atwood number, k is the perturbation wavenumber, and g is the effective
acceleration acting at the interface. Since the density of molten copper is several orders of magnitude larger than that of
the plasma or vapor phase, the Atwood number can be reasonably approximated as A ~ 1.

The effective acceleration is governed by the plasma-induced pressure gradient acting on the molten layer and may
be estimated as AP

~ 11
8eff on I ( )

where p;, ~ 8000 kgm~3 is the density of molten copper.

Using the experimentally determined plasma pressure and the measured perturbation wavelength, the characteristic
RTI growth time, g1 = y‘l, is found to lie in the range

RT1 ~ 70-330 ns, (12)

depending on the assumed molten-layer thickness.

3.3.4. Physical interpretation and role of thermal gradients The close correspondence between the characteristic
growth time of the Rayleigh—Taylor instability, 7y, and the effective lifetime of the molten layer, #.¢, provides compelling
evidence that RTI can fully evolve within the transient molten phase generated by picosecond laser irradiation. This
temporal compatibility is not merely qualitative but quantitatively confirms that the molten copper layer persists long
enough for interfacial perturbations to amplify under the action of an effective acceleration field. Consequently, the
experimentally observed sub-micrometer ripple patterns and finger-like protrusions formed at the crater periphery can be
consistently attributed to RTI-driven deformation at the liquid—solid interface during the molten stage.

Beyond the pressure-induced instability mechanism, the laser—matter interaction inherently establishes an extreme
thermal gradient between the hot laser-induced plasma and the comparatively cold bulk material beneath the surface. This
gradient may be estimated using
Tplasma - Tambient

Ax )
where the plasma temperature can be reasonably approximated by the electron temperature (Tpasma = 7¢), the ambient
temperature is taken as Tympient & 300 K, and Ax denotes the characteristic depth over which the temperature drop occurs.
In the picosecond regime, where thermal diffusion is strongly confined to the near-surface region, this depth can be safely
approximated by the molten-layer thickness, such that Ax = L.

Under these conditions, the resulting temperature gradient reaches values on the order of 10°-10'° K m~!, signifying
the presence of extremely strong thermocapillary forces at the molten surface. Such gradients are sufficient to drive
intense Marangoni convection, promoting lateral melt flow and additional redistribution of molten material. Although
these thermally driven flows are not explicitly included in the analytical formulation of the RTI growth rate-where the
dominant contribution arises from the pressure-induced effective acceleration-they are expected to play a complementary
role. Specifically, Marangoni convection can act synergistically with RTI by modifying the local melt thickness and
enhancing the nonlinear evolution of interfacial perturbations.

Taken together, these results suggest that the final surface morphology observed after resolidification is governed by
the combined action of pressure-driven Rayleigh—Taylor instability and thermocapillary melt flow. While RTI provides the
primary mechanism for pattern initiation and wavelength selection, the strong temperature-gradient-induced Marangoni
convection contributes to the amplification and lateral modulation of surface features, leading to the complex crater-edge
structures observed experimentally [42—44].

VT = (13)

3.4. Marangoni convection

When a solid metal surface is exposed to high-power picosecond laser irradiation, the deposited energy is absorbed
within an extremely shallow near-surface region, leading to an ultrafast and highly localized temperature rise. Under
these conditions, the surface layer rapidly enters a molten state and may partially ionize, resulting in the formation of a
laser-induced plasma above the target. Owing to the short pulse duration and the correspondingly limited thermal diffusion
length, heat transport into the bulk material is strongly suppressed. As a consequence, the temperature field within the
molten metal layer becomes highly nonuniform, exhibiting steep thermal gradients between the intensely heated central
region and the cooler peripheral zones.

Such pronounced thermal inhomogeneity naturally gives rise to Marangoni convection, a thermocapillary-driven
flow mechanism originating from spatial variations in surface tension along the molten surface [11, 13]. In metallic melts,
surface tension generally decreases with increasing temperature, implying that temperature gradients are directly converted
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Figure 7. Dependence of the temperature gradient VT on the heated-layer depth Ax. The experimental data with error

bars are well described by an inverse relationship, VT o« 1/Ax, indicating the presence of a steep thermal gradient within
the laser-heated near-surface region.)

into surface-tension gradients. As a result, molten material is driven from regions of lower surface tension (hot zones)

toward regions of higher surface tension (cooler zones), leading to an efficient lateral redistribution of the melt during the
laser—matter interaction [45].

The thermocapillary driving force associated with Marangoni convection can be expressed as

do
Vo = — VT, 14
=T (14)

where Vo denotes the surface-tension gradient, ‘Zl—‘; is the temperature coefficient of surface tension, and VT represents the

temperature gradient across the molten layer. For molten copper, the temperature coefficient of surface tension is negative,
do

o ~—0.3x 1073 Nm~! K~!, indicating that the thermocapillary flow is directed radially outward from the laser-heated
center toward the cooler periphery.

Laser beam

Figure 8. Schematic illustration of Marangoni convection induced by strong temperature gradients on the molten metal
surface during picosecond laser irradiation.

Figure 8 schematically illustrates the development of Marangoni convection during laser irradiation. As the surface
temperature gradient increases, the associated surface-tension gradient becomes stronger, giving rise to more intense ther-
mocapillary flow. This flow substantially modifies the melt-pool geometry and plays an important role in determining the

final crater morphology after resolidification, which may range from nearly axisymmetric to strongly distorted depending
on the balance between convective transport and solidification dynamics.
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The relative importance of Marangoni convection can be quantitatively assessed using the dimensionless Marangoni
number (M a), which characterizes the ratio of thermocapillary driving forces to viscous dissipation:

do
4o AT L
Ma = li7] AL : (15)
Ha

where AT is the characteristic temperature difference across the molten layer, L is the effective molten-layer thickness, u
is the dynamic viscosity of the molten metal, and « is the thermal diffusivity.

The importance of the surface-tension coeflicient in determining crater morphology has also been confirmed under
other pulsed irradiation techniques. Zhong et al. [15] demonstrated that differences in the surface-tension coefficient
between molten inclusions and the surrounding molten matrix generate strong thermocapillary flow, ultimately controlling
crater evolution during intense pulsed ion beam irradiation. Although the present study employed high-purity copper foil,
where impurity effects are expected to be minimal, the reported mechanism emphasizes that even small compositional
variations may alter Marangoni convection through local changes in the temperature coefficient of surface tension (do /dT).
Therefore, the purity of the target material should be regarded as an important parameter affecting crater morphology.

Based on experimentally inferred plasma and surface temperatures, the peak temperature in the laser-irradiated
region reaches approximately Tpjasma = 8.8 X 10 K, while the surrounding material remains close to ambient conditions,
Tambient = 300 K. This yields a temperature difference of AT ~ 8.5 x 10° K. Taking a molten-layer thickness consistent
with the RTI analysis, L = 1-5 um, together with a dynamic viscosity of molten copper u ~ 4.3 X 1073 Pa-s and a thermal
diffusivity @ ~ 1.1 x 107> m?s~!, the Marangoni number is estimated to lie in the range

Ma ~ (5% 10H—(3 x 10%). (16)

This relatively large Marangoni number indicates that thermocapillary convection plays a dominant role compared
to purely diffusive heat transport within the molten layer. Under such conditions, surface-driven flows are expected to
redistribute molten material on nanosecond time scales, thereby significantly influencing melt-pool dynamics and the
resulting surface morphology. Similar ranges of Marangoni numbers have been reported in previous experimental and
numerical studies of laser-induced melt flows in metals, confirming that Marangoni convection constitutes a key mechanism
governing crater-edge accumulation and material redistribution in pulsed laser ablation [46].

Furthermore, the interaction between Marangoni convection and other hydrodynamic instabilities, such as the
Rayleigh—Taylor instability, further enhances the complexity of molten-layer dynamics. While RTI primarily governs
the vertical deformation of the molten interface under plasma-induced effective acceleration, Marangoni convection
introduces strong lateral transport. Together, these mechanisms act synergistically to shape the final resolidified surface
features observed experimentally.

A comparison with previous investigations suggests that the physical mechanisms governing crater formation are
largely independent of the irradiation source. Bryukhovetsky et al. [14] attributed crater formation under pulsed electron-
beam irradiation to non-uniform crystallization of the remelted surface layer, whereas Zhong et al. [15] emphasized the
role of impurity-induced surface-tension differences during pulsed ion beam irradiation. In contrast, the present work
demonstrates that for high-purity copper irradiated by picosecond laser pulses, crater morphology is mainly controlled by
the combined action of Rayleigh—Taylor instability and Marangoni convection. Thus, while the dominant driving force
varies depending on the irradiation technique and material characteristics, hydrodynamic melt flow remains the key factor
governing crater evolution.

4. CONCLUSIONS

Within the scope of this study, the physical phenomena induced by laser irradiation on metallic surfaces were
systematically investigated. In particular, processes such as plasma formation under laser pulse exposure, surface flows
within the molten layer, instabilities, and crater formation were analyzed theoretically and experimentally in depth. Key
parameters such as laser power, pulse duration, spot radius, and material properties (e.g., viscosity and thermal diffusivity)
were carefully considered.

Based on the analysis of plasma spectra using the Voigt profile, the temperature was estimated as 7 ~ 8825 K, and
the electron densities derived from several spectral lines were found to be on the order of n, ~ 10'8 cm~3, indicating a
dense and high-energy plasma state. This suggests a high intensity of energy exchange in the laser—material interaction.

The temperature gradients formed at the plasma—melt interface are strongly associated with the temperature depen-
dence of surface tension, which leads to pronounced Marangoni convection. According to calculations, the Marangoni
number was approximately Ma ~ 5.4 x 10°, implying that convective transport dominates surface diffusion. These flows
play a crucial role in redistributing the molten metal from the center to the periphery, thereby shaping the crater geometry.

Furthermore, the density differences induced within the material by laser irradiation triggered Rayleigh—Taylor
instability. This instability leads to the emergence of irregular internal structures, concentration gradients, and an unstable
evolution of the surface morphology. As a result of the combination of such instabilities and convective flows, the crater
shape, depth, and radius formed by laser irradiation exhibit complex variability.
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Comparison with previous studies employing pulsed electron and ion beams further confirms that crater formation

is a universal consequence of coupled thermal transport, melt hydrodynamics, and solidification processes. However, the
dominant mechanism may vary depending on material purity, alloy composition, irradiation source, and energy deposition
conditions.

In conclusion, the research confirms the intricate nature of the processes occurring on metal surfaces under laser

irradiation and highlights the importance of accurate modeling. The findings demonstrate that energy absorption, plasma
dynamics, temperature gradients, instabilities, and internal flows influence crater formation. These results are essential for
enhancing precision and quality in forming surface structures and craters using laser technologies.
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This paper presents a theoretical analysis of quantum tunneling mechanisms under photon energy excitation within the framework of
the Landauer—Biittiker formalism. The study considers the effects of photon absorption during resonant tunneling, leading to
modifications of the Fermi—Dirac distribution and shifts in the chemical potentials. It is shown that photogeneration processes induced
by optical excitation enhance the tunneling probability, cause an energy broadening of the transmission function, and result in a shift
of the resonant peak in the current—voltage (I-V) characteristics. Based on the proposed model, a nonlinear dependence of quantum
conductance on photon energy is established, and it is theoretically demonstrated that an increase in photon energy leads to enhanced
tunneling conductance. The developed approach provides a deeper insight into optically excited quantum transport phenomena and
establishes a new theoretical basis for the design of light-controlled transport systems in nanoelectronic devices.

Keywords: Landauer—Biittiker formalism; Quantum tunneling; Photon energy, Fermi—Dirac distribution; Transmission function;
Chemical potential shift; Nonlinear conductance

INTRODUCTION

Resonant tunneling diodes (RTDs) are semiconductor nanostructures based on quantum-mechanical transport
phenomena and play a crucial role in the development of high-speed electronic and optoelectronic devices [1, 2]. These
structures operate on the principle of a double-barrier quantum well (DBQW) and are characterized by a distinctive
N-shaped current—voltage (I-V) characteristic associated with the presence of negative differential resistance (NDR) [3].
In RTD structures, resonant tunneling of electrons through potential barriers significantly enhances the transmission
probability, leading to the formation of the NDR region [1, 3, 5]. Experimental studies performed by Romeira and co-
authors (2013) on resonant tunneling diode photodetectors (RTD-PDs) revealed pronounced modifications of the [-V
characteristics under optical illumination [5]. In particular, an increase in light intensity resulted in a shift of the resonance
peak and a substantial enhancement of the photocurrent. These findings experimentally demonstrate the high sensitivity
of RTD-PD devices to optical signals and the efficient modulation of quantum electron transport under optical
excitation [4]. However, the theoretical mechanisms underlying these effects, including the shift of Fermi levels, the
modification of the transmission function, and the generation of photocurrent under illumination, have not yet been fully
explained within the framework of the Landauer—Biittiker formalism [6, 7]. In recent years, RTDs and RTD-based
nanostructured devices have attracted growing attention as key components of high-speed electronic and optoelectronic
systems. In particular, RTDs have been widely explored for applications in terahertz (THz) frequency generators, high-
speed signal modulators, and light-sensitive quantum devices. Scientific studies published between 2018 and 2026 have
focused on advancing the materials platforms, understanding quantum transport mechanisms, and investigating optical
effects in RTD technologies. Improving RTD performance is primarily associated with enhancing the quality of the
resonance peak and the NDR region. For instance, graphene-based RTDs have demonstrated high peak-to-valley current
ratios, highlighting the potential of two-dimensional materials for significantly improving RTD efficiency [8]. Strong
NDR and stable resonant tunneling regimes have also been reported in WSe2/h-BN/WSe: heterostructures and related
low-dimensional systems [9]. One of the major factors limiting RTD performance in practical devices is interface
roughness and structural imperfections. Recent theoretical and numerical studies have shown that correlated interface
roughness strongly affects resonant energy levels and tunneling current characteristics, emphasizing the need for
nanometer-scale technological control in RTD fabrication [10]. Significant progress has also been achieved in high-
frequency RTD applications, particularly in the development of THz oscillators based on optically coupled RTD arrays,
demonstrating improved output power and stability [11]. From a theoretical perspective, the Landauer—Biittiker formalism
remains one of the most powerful approaches for describing quantum transport in RTD systems. This framework has been
successfully applied to model optical transport in graphene-based devices and resonant tunneling structures [12].
Moreover, external influences such as bias voltage, mechanical strain, and electromagnetic fields have been shown to
effectively control the tunneling transmission function, as demonstrated in piezotronic resonant tunneling junctions [13].
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Resonant tunneling of electrons and holes in complex heterostructures, including AlGaAs/GaAsBi/AlGaAs systems,
further confirms the possibility of engineering resonant energy levels through material and structural design [14-17].
Additionally, symmetric doping-free resonant tunneling phenomena in polar heterostructures have recently been
investigated both experimentally and theoretically [18-21]. Recent review studies on quantum transport under external
perturbations, including time-dependent electromagnetic fields, highlight the crucial role of photon—matter interactions
in RTDs and related nanostructures [22, 23]. Nevertheless, in most existing works, the light-induced shift of -V
characteristics, redistribution of Fermi levels, and photocurrent generation in RTD-PD devices are often interpreted using
optical or simplified approaches. Therefore, a consistent theoretical model that provides an integral description of
optically excited quantum transport in RTD-PD structures within the Landauer—Biittiker formalism is still lacking. This
work aims to fill this gap by providing a comprehensive theoretical analysis of photon-induced quantum transport
mechanisms in RTD-PD devices based on the Landauer—Biittiker approach, relying on recent scientific results published
between 2018 and 2026.

METHODS

A resonant tunneling diode (RTD) is a semiconductor device based on quantum-mechanical phenomena, whose
primary operating principle relies on the resonant tunneling of electrons through a potential barrier [1, 2]. In this work,
the following parameters of the resonant tunneling diode are theoretically investigated: the dark current /4,., the total
current under illumination gy, the photocurrent defined as the difference between illuminated and dark currents, the
current—voltage (I-V) characteristics, the photon energy in the heterostructures —hv, the transmission function T(E, hv)
and the Fermi-Dirac distribution functions at the contacts, f,(E) and f, (E). The calculations are performed using current
expressions derived from the Landauer—Biittiker formalism, and numerical computations are carried out using the Maple
software package. To describe the current flow in the RTD, the Landauer—Biittiker theoretical approach is employed [6, 7].
Within this framework, the electric current arises from the quantum-mechanical tunneling of electrons through the
potential barrier, where electrons exhibit wave-like behavior during transmission. The general expression for the current
is given by

JW) =2 T, (E) — fu(E)IdE (1

Here, —T(E) denotes the transmission function of the structure, while f,(E') and f;,(E) are the Fermi-Dirac distribution
functions of the p- and n-type electrodes, respectively. This expression serves as the basis for determining the dark current
in RTD devices. The electron tunneling process through the double-barrier potential structure described by Eq. (1) is
illustrated schematically in Figure 1.
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Figure 1. The electron tunneling process through a quantum structure consisting of two potential barriers is illustrated

As a result of quantum tunneling, electrons exhibit a high transmission probability at specific resonance energies,
leading to the observation of the resonant tunneling effect. Using the Schrodinger equation,

— 20 Ly op(x) = Ep(x). @

2m  d(x)?

The electron transport through a double-barrier quantum well (DBQW) structure is analyzed. For the left (x < 0)
and right (x > L) contact regions, the potential is taken as V(x) = 0, corresponding to free electrons. The transmission
coefficient T(E)is obtained from the corresponding wave functions. In the left contact region, the wave function is
expressed as 1, (x) = e** + re =¥ representing the incident and reflected electron waves, where (r) is the reflection
amplitude. In the right contact region, the transmitted wave function takes the form Yz (x) = te’** where (t) denotes the
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transmission amplitude. Inside the quantum well region (0 < x < L), the electron wave function in the resonant state is
written as ¥, (x) = A¢(x), with (A) being the amplitude inside the well. The continuity conditions for the wave function
and its derivative at the interfaces,i; (0) = Yw(0); ¥ (0) =, (0); ¢, (L) = Yr(L); ¥, (L) = Yr(L) lead to a linear
system of equations for the coefficients (r), (t), and (A) [28, 29].

For an open quantum system, the discrete energy level in the quantum well becomes a metastable resonant state due
to coupling with the left and right contacts. As a result, the resonant energy acquires a complex form,

= LT
E,=E —i, [=[,+T, 3)

E,—is the resonance energy, that is, the energy at which an electron forms a temporarily bound state within the
quantum well which physically corresponds to an electron being temporarily confined in the well before tunneling out
through the barriers. The transmission probability can be conveniently expressed using the Green’s function formalism.
The retarded Green’s function is given by

1

r =
GT(E) E-Ep+iy )
The energy-dependent transmission function then takes the Lorentzian form
T(F) = —2* 6)

(E—Er)2+(m)2

2

The Lorentzian transmission function arises naturally from the retarded Green's function description of a single
resonant state coupled to two contacts. In the resonant tunneling regime, the finite coupling between the quantum well
state and the contacts leads to an energy broadening characterized by I', and I'y. Consequently, the transmission probability
exhibits a Lorentzian line shape centered at the resonant energy Er. This result is well established in resonant tunneling
theory and quantum transport calculations [1, 29].

Here, I', and I, represent the coupling (broadening) strengths associated with the p and n type contacts, respectively,
and E, denotes the resonant energy level.

For InGaAs/AlAs nanostructures, the lowest resonant energy typically lies in the range E,.~0.1 — 0.3 eV. The
resonance peak is centered at the resonant energy E,.=0.2 eV, illustrating the transmission characteristics of the
InGaAs/AlAs double-barrier structure. The corresponding Lorentzian transmission probability calculated from Eq. (5) is

plotted in Figure 2.
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Figure 2. Energy dependence of the Lorentzian transmission probability T(E) calculated using Eq. (5) for an ideal
resonant tunneling diode

RESULTS
At finite temperatures, electrons can occupy not only energy states below the chemical potential p but also states
with energies higher than p. This occurs because thermal excitation allows electrons to transition from lower-energy states
to higher-energy states. Under these conditions, the probability that an electron occupies an energy state at the Fermi level
is equal to %, while the probability of occupying states above the Fermi level is nonzero. Since the function f(E)
represents the probability that an electron occupies a given energy state, the complementary probability that this energy
state is unoccupied by electrons is given by

f'&)=1-f() (6)

This expression therefore describes the probability that a given energy state is empty of electrons. For an energy level
with degeneracy gi, of which n; states are occupied by electrons, the Fermi—Dirac distribution function can be written as
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1

2 )

=
e kT +1

fE) =3 =

Accordingly, the probability of hole occupation, corresponding to an unoccupied electronic state with energy (E), is
expressed as

f(E)=7t= _— (8)

e kT +1

This function represents the probability that an energy state with energy E is occupied by a hole. In semiconductors,
mobile holes obey this distribution function. The resulting band diagram, showing the conduction and valence bands, the
Fermi level, and electron and hole occupations, is presented in Figure 3.

Conduction band Ec

o-0-o-gSe

electrons (e 7)

Band gap Eg

holes (h+)

@) O Valence band, Ey ‘ o
©"0 o o 0p° ©

T
holes (h+)

Figure 3. Schematic energy-band diagram illustrating the conduction band, valence band, Fermi level, and electron—
hole occupation in a semiconductor

f(E) = —p=— ©)

e KT +1
Here, -upenotes the Fermi level of the p-contact, -k, is the Boltzmann constant, and -T, is the absolute temperature. This

expression is particularly relevant for regions with a high concentration of acceptor impurities, where hole transport
dominates:

In the n-contact, where donor impurities dominate, and electrons are the majority charge carriers, the Fermi—Dirac
distribution function describing the energy-dependent occupation probability of electrons is used. In this case, the
distribution function is given by [8, 9]:

—ﬁ%a (10)

1+e( kT

fn(E) =

Here,—p  denotes the Fermi level of the n-contact. This distribution function describes the probability that an electronic

state with energy (E) is occupied by an electron in the n-type semiconductor region:
By combining the Fermi—Dirac

big distribution functions of the p- and n-contacts,

an energy window can be identified in which

081 resonant electron tunneling occurs [10, 11].

This overlap region defines the range of

_ 061 energies for which charge carriers can

§ effectively tunnel through the double-barrier

0.4 structure and contribute to the resonant

transport process. This overlap of the Fermi-

02 Dirac distributions of the p- and n-contacts is
shown in Figure 4.

00 Using the  generalized  current

-04 =02 0 0.2 04 expression given in Eq. (1), the current—
B voltage (I-V) characteristics of the resonant

Figure 4. Illustration of the overlap between the Fermi-Dirac tunneling diode can be obtained [12-14]. In
distributions of the p- and n-contacts, indicating the energy region ~ particular, the dark current ( Jagri ) is

where resonant tunneling is expected to occur calculated by integrating the transmission
function over the energy range defined by the

Fermi—Dirac distributions of the contacts.
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The dark current of the resonant tunneling diode is expressed as:

2 ntqv Tp Ty 1 1
Jaar(V) = Tq fﬂ . ' E-up\ E—un+qV dE (11)

2
Hp (E_Er)"'(rp;rn) 1+3(Tp) 1+e( KT )

This expression describes the current—voltage (I-V) characteristics associated with resonant electron tunneling
through the double-barrier structure and is valid for the ideal equilibrium (dark) condition.

When optical illumination is applied, the quasi-Fermi levels of electrons and holes shift due to nonequilibrium carrier
generation. This effect can be expressed as

Ups U = Hp + Dpty, i + Aty (12)

Under illumination, electron—hole pairs are generated in the material, disturbing the equilibrium and leading to shifts
in the quasi-Fermi levels [18]. The resulting Fermi-level shift can be approximated by:

Ap =~ kT In (1 +i—:) (13)

Where, G — is the photogeneration rate, - is the carrier lifetime, and, nyis the equilibrium sheet carrier density. For
InGaAs/AlAs RTD-PD structures, typical values lie in the range ny~1-10'' — 1-10'2¢m™2 The magnitude of
Apdepends on the illumination intensity and material parameters and directly reflects the increase in current under optical
excitation.

The photogeneration rate is defined as

G = [, $(E)1 - wa(E)]dE (14)

Here, (G) is the photogeneration rate. It represents the number of electron—hole pairs generated per unit volume (or per
unit area) per second. This formula incorporates the following processes: photons incident over the spectral distribution
—¢(hv),their absorption probability —(a(E)w),as well as the forbidden bandgap energy of the InGaAs material, which is
approximately E;~0.75 eV. Here, w denotes the effective optical path length (or effective absorption thickness) of the
active region in the RTD structure. For InGaAs/AlAs resonant tunneling nanostructures, w — is taken to be on the order
of 1-2 nm. In the present calculations, a representative value of w = 2 10™%m is used [22-24, 27].

The absorption coefficient is given by
hv hv
a(E) = {(“O o) N (15)

0

The absorption coefficient —a(hv) is an optical parameter that characterizes the intensity of photon absorption in a
semiconductor material [25, 26]. For InGaAs/AlAs nanostructures, this parameter corresponds to barrier layers with
thicknesses of, 1-2 nm. The values are takenas ay = 1-10°m™%, 5, = 1-10°m™1.

The photon flux is defined as

d(hv) = {(‘l’oe[_néhv_Eg)]) hvzEg o

hv<Eg

Here,—¢(hv) denotes the photon flux density, that is, the number of photons with energy —(hv) incident on a unit area
per unit time. The parameter —n is the decay coefficient, which determines how rapidly the photon flux decreases as the
photon energy increases. In theoretical models of photon-assisted tunneling, n~0.01 (1072). Under strong illumination
conditions, n~0.05,The parameter ¢, represents the initial photon flux and corresponds to its maximum value. If hv<E,
i.e., when the photon energy is smaller than the forbidden bandgap energy, no electron—hole pairs are generated. When
hv >E, this condition is satisfied and electron-hole pair generation occurs [28]. Illustrating the formation of electron—
hole pairs and the competition between photogeneration and recombination processes. In this case, by combining Egs. 13,
14, 15, 16, the shift of the chemical potentials under illumination can be written as

hv hv
Au = kT In <1 + niofEZ’ poel =Egl |1 — e(—w(aoﬂ?o@) \/;)] dE) 17

The resulting dependence of the quasi-Fermi level shift on photon frequency, obtained from Eq. (17), is shown in
Figure 5.
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Figure 5. Dependence of the quasi-Fermi level shift (Ax) on the photon frequency under optical illumination

Next, we analyze the influence of optical absorption on the transport characteristics. According to expression (5),
the coupling parameters I, and I',, which describe the interaction between the contacts and the resonant state, are affected
by photon absorption processes. Under optical excitation, photon absorption and emission enhance the contact-resonance
coupling, leading to an increase in the total broadening parameter -I'. As a result, the resonance width becomes larger.
For convenience, the photon energy is expressed as £=#iw and the parameter -I', is commonly modeled as a function of
the photon energy. The light-induced broadening of the resonant level can be written as,

[ r= nL,RIpha(EO + hw —E) (18)

or, in a simplified form,

0 Iph
Ie =T [1 + LR #)z] (19)
Here, —hw is the photon energy, —I,, denotes the light intensity, and, —n, is the electron—photon interaction
coefficient. The parameter (=1, is taken to be approximately 0.01). Thus, in order to account for the effect of
optical excitation on the resonance energy broadening, the transmission function can be written in the following form:

'L (hw)lg(hw)

2
(B-Eq)2+[TL0 N TR

T(E) =

(20)

In this case, the electron tunnels not only at the resonant energy —FE, but also at energies shifted by E, + (Aw).

In the absence of light (dark condition), the transmission spectrum exhibits a Lorentzian resonance profile, whereas
under optical illumination the resonance evolves into an asymmetric Fano line shape.

Under illumination, the carrier lifetime changes due to electron—photon interactions. Therefore, both illuminated and
non-illuminated cases are considered. The carrier lifetime is given by

_ _h
T Tp+ly

@n

In the absence of external influence, the Lorentzian resonance appears as shown in Figure 6(a), whereas the Fano
resonance emerges under illumination, as illustrated in Figure 6(b).

T(EN T ; T(E))

a)

P

Eo Eo Energy (E)

Figure 6. Panels (a) and (b) illustrate the transmission spectra in the absence and presence of optical illumination,
respectively

When light is incident on the structure, charge carriers can absorb or emit photons, which modifies their lifetime. In
this case, the electron acquires additional energy,
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Eyp = ho 22)

allowing it to overcome the potential barrier more easily. Accordingly, the partial broadening parameters are expressed
as

r, =0 + P (23)
r, = I 4+ P (24)

Here, I'P® denotes the light-induced contribution to the resonance broadening. According to Eq. (21), under optical
illumination the lifetime of charge carriers takes the following form:

h
T =
(rg’)wg’h) (ha))>+<[‘510)+[‘£1ph)(hw)>

(25

In this expression, the total (effective) lifetime of the charge carriers is obtained by taking into account both the intrinsic and
light-induced broadening contributions. As a result, an additional quasi-potential emerges, which allows us to understand how the
transmission probability (T(E)) is modified under illumination. Consequently, we obtain an additional impurity potential, which allows
us to understand how the transmission probability changes. In the absence of light: a) In the figure, there is no change in the impurity
potential, and the transparency also remains unchanged. In the presence of light: b) In the figure, due to illumination, electron-hole
pairs are generated, which modifies the tunneling process. As a result, the transmission profile changes toward a Fano resonance, as
illustrated in Fig. 7. Schematically illustrates that, due to the generation of additional charge carriers and the resulting shift , extra
tunneling channels appear. These additional channels give rise to interference effects, causing the transparency to evolve from a
Lorentzian profile to a Fano resonance under optical excitation.

Effect of light on the
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Figure 7. Schematic representation of the density of localized states and charge-carrier transport mechanisms: (a) in the dark,
showing tunneling current, and (b) under illumination, showing photoinduced changes in the density of states and drift current
In the absence of illumination, the Fermi levels are taken as, up:O.2 eV and p =0.1 eV. Under optical illumination,
the shifts, Aup:0.3 eV and Ap, =0.2 eV occur. These shifts arise due to the photogeneration of charge carriers and lead to
a modification of the Fermi energy. The photocurrent under illumination is given by the following expression:

2q untBAun+qv I'pTn 1 1
]light(V) == f Z E—tp+hupy Fapriagrar | A€ (26)
h Jup+iup (E_ETH(FI,:Fn) 1+e( uZT ﬂp) 1+e( Un Tun q )

From Eq. (26), only the current generated under optical illumination can be obtained. If the total (net) current is
required, it can be written as Jper (V) = Jiighe (V) — Jaark (V) where the resulting net current represents exclusively the
contribution induced by illumination [18, 30-32]. By combining Eq. (26) with Eq. (11) and analyzing the results
separately, the illuminated and non-illuminated cases can be directly compared. The corresponding behaviors are
illustrated in the graphs presented below. When light is incident on the device, photogeneration leads to a shift of the
quasi-Fermi levels, which increases the tunneling probability and results in a higher total current J;;4n; compared to the
dark current ;... The difference between these two currents represents the pure photocurrent.

The calculated current—voltage (J—V) characteristics of the resonant tunneling structure under dark and illuminated conditions
are shown in Figure 8.
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Figure 8. Current—voltage (J-V) characteristics of the resonant tunneling structure under dark and illuminated conditions.

The red curve —Jgn: (V), represents the total current under illumination. When light is incident on the semiconductor,
photogeneration occurs in the active region, leading to the formation of additional electron—hole pairs. As a result, the
quasi-Fermi levels (,, 1y, ) shift, the tunneling probability increases, and consequently the total current is enhanced. This
explains why the red curve is located at the highest level.

i The blue curve corresponds to the dark current —]4,. Which represents the current prior to illumination. In the
absence of photogeneration, the Fermi energy levels do not shift, the tunneling probability remains low, and therefore the
current is smaller. As a result, the blue curve lies below the red one.

. The black curve denotes the net current —J,..(V)defined as the difference Jyec (V) = Jiigne (V) — Jaark (V) which
corresponds to the additional current generated exclusively by illumination, commonly referred to as the photocurrent.
This curve is not shown as a current flowing “below” the others; instead, it is presented as a differential quantity,
representing the amplitude of the photocurrent. From a physical point of view, this indicates that electron transport and
photogeneration occur simultaneously, while the plotted net current reflects only the contribution induced by optical
excitation.

A pronounced modification of the I-V characteristics under illumination is observed. When light is absorbed,
electron—hole pairs are generated, which induces a shift of the chemical potentials (Fermi levels) at the heterojunctions.
As a consequence of this Fermi level shift, the energy range favorable for electron tunneling is broadened, and the resonant
current peak is shifted toward higher values (Fig. 8). As a result, the photocurrent in the RTD structure increases under
illumination, providing clear evidence of light-controlled resonant tunneling. Furthermore, in comparison with the dark
condition, a broadening of the N-shaped resonant peak is observed in the current—voltage characteristics. This behavior
can be consistently explained by the photogeneration rate described by Eq. (14) and the chemical potential shift given by
Eq. (13).

Therefore, the obtained results indicate the following:

1. Resonant tunneling is significantly enhanced under illumination.

The shift of the chemical potentials (Au) directly leads to an increase in the tunneling current.

3.  RTD structures can be utilized as highly sensitive nano-photodetectors or photomodulators for optoelectronic
applications.

Thus, the investigated model enables a detailed analysis of the resonant tunneling mechanism under illumination
and provides a theoretical basis for predicting photoinduced currents in semiconductor tunnel diodes.

For comparison with the theoretical results, the experimentally observed photocurrent characteristics reported by
Romeira et al. are shown in Figure 9.
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Figure 9. Experimentally observed variation of the photocurrent reported by Romeira et al. (2013).
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According to the experimental results presented by Romeira et al. [5], a resonant tunneling diode photodetector
(RTD-PD) based on an InGaAs/AlAs heterostructure was systematically investigated. In their study, when optical
radiation with a wavelength of 1.55 pm was incident on the RTD-PD structure, pronounced modifications were observed
in the current—voltage (I-V) characteristics. These experimental observations are illustrated in Fig. 9.

In particular, with increasing light intensity, the resonant peak voltage was found to shift by approximately AV peak =
0.3 V accompanied by a significant increase in the photocurrent. These results clearly demonstrate the light-sensitive
transport behavior of the RTD-PD device. The theoretical model developed in this work provides a consistent explanation
of this phenomenon through the following relation:

_ App—Aun

Vp -

27
Where p,and iy, denote the light-induced shifts of the chemical potentials at the p and n contacts, respectively, and q is
the elementary charge.

As aresult of photogeneration, electron—hole pairs are created, leading to a modification of the potential profile near
the contacts. Consequently, the resonant energy level involved in the tunneling process is shifted. This shift of the resonant
level results in an increase of the peak voltage toward higher values, which is in excellent agreement with the
experimentally observed shift of approximately 0.3 V reported in Ref. [5]. The close correspondence between the
theoretical predictions and experimental data confirms the validity of the proposed photogeneration-assisted resonant
tunneling model. Thus, under illumination, the transmission function T(E) broadens as a result of the light-induced shift
of the Fermi levels, leading to an increase in the current (I;;gp; > Iqqrk) and an upward shift of the resonant energy state.
In this way, the proposed theoretical model provides a consistent physical explanation for the experimentally observed
I-V peak shift and photocurrent enhancement reported by Bruno Romeira et al. [5].

1. The transport processes in the RTD structure were comprehensively analyzed within the framework of the
Landauer—Biittiker formalism. While previous studies mainly applied this approach to purely electrical transport, in this
work it is implemented in an integral form to describe resonant tunneling processes modified by optical excitation.

2. In the theoretical model of the RTD device, the photogeneration process, the light-induced shift of the Fermi
levels, and the photon-energy dependence of the transmission function are integrated into a unified analytical formulation.
Although these components have been treated separately in earlier studies, their combined analysis within a single
generalized framework is demonstrated here for the first time.

3. A new analytical expression is proposed to describe the variation of the resonant tunneling probability and the
shift of the resonant peak in the current—voltage (I-V) characteristics with increasing photon energy. Using this expression,
the nonlinear dependence of the light-controlled photocurrent on illumination intensity is theoretically established.

4.  The proposed model identifies the mechanism of light-induced chemical potential shifts in RTD structures and
enables a combined analysis of resonant tunneling and photogeneration processes.

CONCLUSIONS

In this study, quantum transport processes occurring under illumination in a resonant tunneling diode (RTD) device
were theoretically analyzed using the Landauer—Biittiker formalism. The results show that electron—hole pairs generated
due to photon absorption lead to shifts in the Fermi levels, which enhance the tunneling probability and cause an upward
shift of the resonant peak in the current—voltage (I-V) characteristics.

Using the proposed theoretical model, the Fermi—Dirac distribution, photogeneration rate, and transmission function
were analyzed in an integral and self-consistent manner, and the nonlinear dependence of the photocurrent on light
intensity was theoretically demonstrated.

The theoretical predictions are in good qualitative agreement with the experimental observations reported by Romeira
et al. (2013). In particular, both studies demonstrate resonant tunneling behavior, nonlinear current-voltage characteristics,
and enhanced photocurrent under optical illumination. The remaining differences can be attributed to real-device effects,
such as contact heating, structural imperfections, series resistance, and other non-ideal parameters that are not included in
the present theoretical model. Overall, the proposed model enables the analysis of light-controlled chemical potential shifts
in RTD structures and establishes a new theoretical basis for the design of nano-photodetectors and optoelectronic sensors.
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This work presents a theoretical study of differential resistance and noise in tunnel diodes under combined optical, magnetic, and high-
frequency electromagnetic fields. The tunneling current is modeled using the Tsu—Esaki approach with WKB approximation, while
magnetic field effects are introduced via Landau quantization. Optical excitation leads to quasi-Fermi-level splitting and enhances the
tunneling current, thereby modulating and smoothing the negative differential resistance (NDR) region. High-frequency fields further
modify the barrier transparency, thereby affecting the device's dynamic behavior. Noise analysis based on shot noise and Fano factor
shows that a high signal-to-noise ratio (SNR) can be maintained under external perturbations. A generalized multi-field model for n*—
GaAs/AlGaAs heterostructures is proposed, demonstrating controllable tunneling dynamics, low noise, and stable operation in the sub-
THz range. The results indicate strong potential for applications in high-speed optoelectronics and radiation-resistant space electronics.
Keywords: Tunnel diode; Negative differential resistance; Tsu—Esaki model; WKB approximation; Landau quantization, Shot noise;
GaAs/AlGaAs heterostructure; Quasi-Fermi level; High-frequency fields; Optical excitation; Magnetic field effects

INTRODUCTION

The investigation of quantum tunneling phenomena in semiconductor heterostructures remains an important
research area due to its relevance for high-speed and high-frequency electronic devices [1-4]. Tunnel diodes constitute a
prominent class of such devices, operating through charge-carrier tunneling across a narrow potential barrier. A tunnel
diode is a semiconductor device that operates based on the quantum mechanical tunneling phenomenon [5-7]. This effect
was first experimentally observed and theoretically explained by Leo Esaki, who demonstrated negative differential
resistance (NDR) in heavily doped p—n junctions [8]. The unique current—voltage (I-V) characteristics of tunnel diodes
enable their application in high-speed switching, oscillators, and microwave and terahertz electronic devices. The
tunneling process is inherently a quantum mechanical effect in which charge carriers penetrate potential barriers that
would be forbidden in classical physics. This phenomenon is typically described using the WKB approximation, which
provides an analytical expression for the tunneling probability through a potential barrier [9]. Furthermore, the current in
tunnel diodes is commonly modeled using the Tsu—Esaki formalism, which integrates the tunneling probability with the
Fermi-Dirac distribution of carriers [1, 10]. The concept of resonant tunneling was later introduced in double-barrier
quantum structures by Raphael Tsu and Leo Esaki, leading to the development of resonant tunneling diodes
(RTDs) [10, 11]. These devices exhibit extremely fast response times and are capable of operating in the gigahertz and
terahertz frequency ranges. Semiconductor heterostructures such as GaAs/AlGaAs and GaN/AIN are widely used due to
their favorable electronic properties, including low effective mass and high carrier mobility [12-14]. In the presence of
an external magnetic field, the energy spectrum of electrons becomes quantized into discrete levels known as Landau
quantization [15, 16]. This quantization significantly influences the density of states and modifies the tunneling
probability, resulting in oscillatory behavior of the current. Theoretical foundations of this effect were established by Lev
Landau, while further developments were carried out in the context of semiconductor physics [17]. Additionally, optical
excitation plays a crucial role in modifying the transport properties of tunnel diodes. Incident light generates
nonequilibrium electron—hole pairs, leading to a shift in the quasi-Fermi levels and an increase in the tunneling
current [18, 19]. This effect enables optical control of the tunneling process and provides a basis for optoelectronic
applications. In recent years, the combined influence of electric, magnetic, optical, and high-frequency electromagnetic
fields on tunneling devices has attracted significant research interest. Such multi-field interactions allow for precise
control of tunneling dynamics and the negative differential resistance region, which is essential for advanced device
engineering. In particular, GaN-based resonant tunneling diodes demonstrate high thermal stability and radiation
resistance, making them suitable for harsh environments [20]. However, a comprehensive theoretical model that
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simultaneously accounts for tunneling, noise, magnetic quantization, and external field effects is still lacking.
Understanding the interplay between Landau quantization, quasi-Fermi level splitting, and tunneling probability is
essential for the development of next-generation high-speed and low-noise semiconductor devices. In this work, we
present a theoretical analysis of the differential resistance and noise characteristics of tunnel diodes under the combined
influence of magnetic, optical, and high-frequency fields. The model is based on the Tsu—Esaki formalism, WKB
approximation, and Landau quantization, providing a unified description of multi-field effects on quantum tunneling. The
obtained results contribute to the development of high-performance nanoelectronic and optoelectronic devices.

METHODS
The tunneling current in a tunnel diode, denoted as —I, arising from fully transmitted electrons, is described by the
following expression:

4me (X

1) =2 [ [f.(E) - £,(B)| T(E, V) dE, (1

—00

here, f,(E)and f,(E) —represent the Fermi-Dirac distribution functions in the n- and p-regions, respectively, while
T (E,V)denotes the tunneling probability, which is typically evaluated using the WKB approximation:

T(E V) ~ exp (=2 [ ZmV o) — E) dx). @)

here, V (x) —represents the potential energy of the barrier, and ddenotes the thickness of the p—n junction. The differential
resistance is defined as the inverse of the slope of the current—voltage (I-V) characteristic.

Ra(V) = 5o 3)

Alternatively, it can be expressed as:

Ry(V) = (Z—]’/)_l. 4

After calculating the tunneling current within the Tsu—Esaki model, we take its derivative with respect to —V.

3 -
I, = Aexp (_ 42m (qV — E)E) foun+up qv \/g(‘un +pu, —e— qv) . ( j_ﬁ) — exp(‘E_‘;”qV)H ) de. 4)

ShaF eXp( kT kT

By adding the diffusion current expression to Eq. (5), the N-shaped current—voltage (I-V) characteristic and the
differential resistance of the tunnel diode were theoretically derived within the framework of the WKB approximation
under high-frequency electromagnetic excitation. The formation mechanism of the negative differential resistance (NDR)
region was explained based on the quantum tunneling process. In this work, the model is extended by taking into account
the effect of the magnetic field. Due to the Landau quantization of the electron energy spectrum, the tunneling probability
is transformed into a magnetic-field-dependent form. Based on the modified transmission coefficient, the -V
characteristics and differential resistance in the presence of a magnetic field were theoretically obtained and quantitatively
compared with experimental data. The obtained results explain the redistribution of current and the shift of the differential
resistance region in tunnel diodes under the influence of a magnetic field. In a magnetic field, the transverse motion of
electrons becomes quantized, and the energy levels acquire a discrete structure, as demonstrated by Lev Landau

1
En = (n+3) ho, (6)
B
we =2, @)
As aresult, the energy spectrum is given by:
E=E,+(n+ %) haw,, (8)

here, E, —represents the energy component along the tunneling direction. The expressions for the density of states in the
presence of a magnetic field are discussed in the article [21].
Due to Landau quantization, the WKB exponential is modified as follows:

-8 (g, (v ) ) | ©)

Ty (E,) = exp |- 227

Consequently, the tunneling current takes the following form:
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I(V: B) = n Zn:O f_oooo TB(EZ) ,Dc(E' B) pv(E - CIV: B) [fn(E) - fp(E)] dEZ' (10)

We define in advance:

=L () (an

Thus, the tunneling current can be written in a compact form as:
1 3/2
[—‘g‘éz_’;<qV—Ez—(n+ 5) hwc> ]

\/(qV—E —(Tl+ 1) ho, )3/2(E —s(n))(E —s(n)—qv)
z 2 c z7¢%c z" %

Ir(V,B) = C T, [Fme [falE) — £, (E]dE,. (12)

therein:
eg,l,) =&, + (n+ %) haw,. (13)

This enables a direct comparison of the tunnel diode characteristics I (V, B)and R;(V, B)with experimental data. At
the same time, under the influence of a magnetic field, the spacing between Landau levels increases, the density of states
becomes discrete, the differential resistance region shifts, and the current undergoes oscillatory modulation.

The complete mathematically rigorous form of Eq. (5) under the influence of a magnetic field can be written as
follows:

I0.B) = ez ) [ TaEDED ~ fED AE,, (14)

lp = \/qZB (15

here, Iz —is the magnetic length, representing the “quantum radius” of the electron’s Landau orbit.

It determines the spatial extent of the wavefunction in the transverse direction and defines the minimal area in phase
space corresponding to a single Landau level. In the presence of a magnetic field, electrons undergo classical circular
(cyclotron) motion in the transverse plane. From a quantum mechanical perspective, however, the energy levels become
discrete—a phenomenon theoretically established by Lev Landau (Landau quantization). Under a magnetic field, the
energy space becomes discretized due to Landau quantization. Therefore, the three-dimensional energy integral
transforms into a summation over transverse motion and an integral along the tunneling direction. In the weak magnetic
field limit, the Landau levels become densely packed, the summation can be replaced by an integral, and the system
returns to the classical continuous density of states. Using Eq. (12), the variation of the tunnel diode characteristics under
a magnetic field is illustrated in Fig. 1. The theoretical results are compared with the corresponding experimental data
reported in the literature [22]. As shown in Fig. 1, with increasing magnetic field induction, the peak value of the resonance
in the current—voltage characteristics decreases. This behavior is explained by the increased separation between Landau
levels due to stronger quantization and the exponential reduction of the tunneling probability. In the presence of a
magnetic field, the transverse motion of electrons becomes quantized, and the number of accessible states decreases,
which in turn leads to a reduction in the peak current.

here,
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Figure 1. Dependence of the tunneling current on voltage under the influence of a magnetic field
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The condition for the differential resistance of a tunnel diode is significantly influenced by the magnetic field, as the
spacing between Landau levels increases and the density of states becomes discrete. Numerous experimental studies have
investigated the dependence of the peak current on the magnetic field, particularly showing that at low temperatures, the
resonance maxima appear sharper and narrower. As the temperature decreases, the Fermi—Dirac distribution function
becomes steeper, the energy uncertainty is reduced, and the resonance conditions are satisfied more precisely. As a result,
the peak current becomes sharper and its amplitude increases. Conversely, as the temperature increases, the energy
distribution broadens, carriers participate over a wider energy range, inter-level transitions become more diffusive, and
the resonance peaks broaden while their amplitude decreases.

In this work, the differential characteristic, namely:

R,(V,B) = (j—;)_l. (16)

By substituting the tunneling current expression (12) into Eq. (16), an analytical form of the differential resistance was
obtained. Based on the derived results, a three-dimensional distribution of R;(V, B)in phase space was constructed. The
dependence of the differential resistance on voltage and magnetic field is illustrated in Figures 2 and 3 in the form of three-
dimensional graphs. In addition, the dependence of the differential resistance on voltage and temperature was analyzed while
keeping the magnetic field constant. The spatial distribution of R;(V, T)was constructed, revealing the broadening of the
resonance region with increasing temperature and changes in the amplitude of the negative differential resistance.

The three-dimensional graphs clearly demonstrate that the differential resistance exhibits sharp variations near the
resonance points, its extreme values decrease with increasing magnetic field, and the characteristics become more
broadened as the temperature rises.

Figure 2. Three-dimensional representation of the differential Figure 3. Three-dimensional representation of the differential
resistance Ry in phase space, taking into account Landau levels resistance R; —as a function of temperature T, considering
under conditions of a variable magnetic field Band constant Landau levels at a constant magnetic field B = 0.3 T
temperature T

As the magnetic field increases, the tunneling transparency of the tunnel diode decreases because electrons are
quantized into Landau states. This leads to a reduction in the maximum value of dI/dV, and the differential resistance
R, (V, B)increases at the resonance peaks. Consequently, the amplitude of the negative differential resistance (NDR)
decreases, which is associated with the reduction of Landau degeneracy and the decrease in the density of quantum states.
At low temperatures, the thermal energy of electrons is small; therefore, the tunneling process more accurately reflects
the Landau quantized states. Under these conditions, the features of R;(V, T)exhibit sharp and well-defined peaks, and
the amplitude of the differential resistance is large. At higher temperatures, while keeping Bconstant, the thermal
distribution of electrons broadens, and the Landau levels are thermally smeared. As a result, the peaks of
R;(V,T)decrease, and the amplitude of the negative differential resistance is reduced. Thus, the tunneling process is
smoothed due to thermal dispersion, and the effects of Landau quantization become less pronounced. The magnetic field
and temperature jointly control the tunneling transparency and the amplitude of the differential resistance. Low
temperature and weak magnetic field conditions allow Landau quantization to be more clearly observed, whereas higher
temperature or stronger magnetic field conditions smooth the resonance peaks and reduce the negative differential
resistance. This analysis provides a theoretical and experimental basis for understanding the behavior of tunnel diodes
and quantum electronic devices. Since a tunnel diode is based on a heavily doped p—n junction, electrons move within the
crystal lattice. Therefore, electrons are not considered free particles in vacuum but rather quantum particles with an
effective mass. In the absence of a magnetic field, the electron dispersion relation is given by:
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here, m —is the effective mass of the electron. Thus, the model is defined as a three-dimensional degenerate electron gas
with an effective mass in the presence of an external uniform magnetic field. Under a magnetic field, when B || z, the
electron motion becomes quantized in the transverse plane (Landau quantization), while the motion along the z-direction
remains free. The orbital energy is given by:

En = hoe(n+3), 0, = 2. (18)

*

The complete energy spectrum is given by:

h2kZ

2m*’”

Epi, = hwo(n+2) + (19)

This result indicates that the system effectively transitions into a (2D + 1D) structure. Each Landau level is highly
degenerate. The number of states per unit area is given by:

B
gL = (20)

g1, « B — the degeneracy is linearly proportional to the magnetic field. The density of states for each Landau level is
obtained by considering the energy of each Landau level as:

27,2
E=E,+2= @1
One-dimensional density of states:
1 * 1
Din(E) =3 |7 T (22)
Total three-dimensional density of states:
D(E, B) = Nimax 0(qV-Ep) 0(ntip—aV—Ey) (23)

- ano JaV-En+e \[un+tpp—qV—En+te

This expression describes the Landau singularities. The tunneling current model is formulated based on the Bardeen
approach as follows [21]:

1V,B) = [% D,(E,B)D,(E — qV, BYT(E)[f(E) — £, (E)] dE, (24)

here, D,, (E, B)denotes the density of states on the electron side, D, (E — qV, B)represents the density of states on the hole
side, and T'(E, B)is the tunneling transparency. The terms f, (E)and f,(E) —are the Fermi-Dirac distribution functions.
A tunnel diode consists of a heavily doped p—n junction, where electrons move within the crystal lattice. Therefore,
electrons are not treated as free particles in vacuum but rather as quantum particles with an effective mass.

The transverse component is equivalent to a harmonic oscillator, and the energy levels are given by:

1 B
En = ho (n+), o =1 (25)

*

The total energy available for tunneling is decomposed into transverse and longitudinal (tunneling) components as
follows:

E=E,+E,. (26)

The energy along the tunneling direction is given by:
E, = E + ho.(n + g). 27)

As the magnetic field increases, the energy available for tunneling decreases, leading to a reduction in the tunneling
transparency T'(E). Considering the one-dimensional stationary Schrodinger equation, in quantum mechanics the particle
energy is less than the height of the potential barrier:

Y I B~V = 0. (28)
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Inside the barrier, E < qV:

d%y  2m*
2 =2 @V = E). (29)
The solution has an exponential form:
P(x)~e™, (30)

here, k = Y2 (@E)
’ )
According to the WKB approximation, the tunneling probability is given by:

T(E,B) ~ exp[-2 [ /zh—’;”(qv — E,)dz]. 31
(n+1)). (32)

By combining all the physical laws presented above, the tunneling current can be expressed as:

For a rectangular barrier:

T(E,B) ~ exp[—Zd\/zh—"f (qV —E+h

qB
m*

Nmax
0(qV —E,) O0(u, +p, —qV —E
I(V,B,hv)=z (qV —E,)  0(un+u, —qV —Ey) §
L V@V —Ep+€ Jun+pp —qV —Ep te

Hn _Hp
xexp | —2d \/zhiz @V —E+hZ(n+)] [ ias) ine) (33)
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The dependence of the tunnel current on voltage under the combined influence of the UHF and magnetic fields is
shown in Fig. 4.
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Figure 4. Dependence of the tunnel current on voltage under the influence of ultra-high frequency and a magnetic field

Now, let us derive the expression for the effect of light on a tunnel diode placed in a magnetic field. In this case,
since the influence of the magnetic field on the density of states in the tunnel diode is strong, we neglect the filling of the
density of states by electrons and holes generated under illumination. Instead, we take into account the broadening (or
redistribution) of the density of states caused by the magnetic field.

_ Nmax 6qv-Ep) 6(untip—aV-En)
D(E,B) = Yoo VaV-Ente Jintip-qV-Ente (34)

Since we mainly associate tunnel transparency with electron motion, the transparency increases under magnetic
influence. The reason for this is that since the density of states changes, it affects the thickness and height of the barrier,
and the transparency becomes as follows:

T(E,B) ~ exp [—Zd @ -E+rEm+)). (35)
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In these conditions, the only factor that cannot be dominated by the magnetic field is the Fermi—Dirac distribution
function. Therefore, charge carriers flow from regions of higher distribution to lower distribution, and this flow gives rise
to the distribution function in expression (36).

Sntt ¢ Hp
<e a4 +1><e knl)

An—qv qV-pn=Ap \'
(e kT +1)(e kT +1>

This behavior mainly reflects quantities such as the effective lifetime of charge carriers generated under illumination
and the absorption of light. It is observed that, initially, when light is absorbed in a semiconductor, a generation process
occurs, leading to a shift in the chemical potentials. This shift persists until the recombination process begins. During
recombination, the effective lifetimes of charge carriers decrease, which in turn leads to a reduction in the chemical
potential.

As a result, the current—voltage (I-V) characteristic under the combined influence of light and a magnetic field can
be expressed accordingly.

fo— fp: (36)

Nmax
—E 0 +u, —qV —E,
B =Y 0@V —Bn) Ottty —aV —Fn)
. JaV —E, +¢& \Jup + 1, —qV —E, +¢
n=

Hn+Ap _Hp
2m* eB 1 (e kT +1>(e kT+1)
xexp —2d\/7 (qV —E+ ﬁ; (n+ 5)) " Rp—qv aV—pin—bu
<g kT +1><8 kT +1>

The form of the volt-ampere characteristic of expression (37) above is shown in Fig. 5, which presents the
corresponding tunnel current—voltage characteristics under illumination and different magnetic and UHF field conditions.

(37
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Figure S. Dependence of the tunnel current on voltage under illumination at different values of magnetic field and ultra-high-
frequency field

In this case, the magnetic field values are taken as B = 3,6,7,12, while the illumination corresponds to wavelengths
of 700 nm, 550 nm, and 400 nm. As can be seen from the graph, the magnetic field quantizes (splits) the density of states
into discrete energy levels; as a result, the tunnel current exhibits a comb-like structure.

Now, considering the differential resistance of the tunnel diode under the combined influence of both magnetic field
and illumination, we obtain the following expression:

Ra(V,B,hv) = (). (38)

That is, by taking the derivative of the voltage with respect to the current, we obtain the differential resistance. A
narrower potential barrier results in a higher transmission coefficient, thereby increasing the tunneling current.

1 1 2dm*
- + +—
2(V—-Ep) 2(un+up—qV—En)  h%kn

(D)7t = 58 GoF| ] = a2l = fol- (39)
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If we introduce a tunnel diode into an ultrahigh-frequency field, the charge carriers are simultaneously exposed to
the magnetic field and light. This changes the whole theory. In this case, the magnetic field is included in the density of
states and transparency, and now we can see in expression (40) that the transparency changes shape due to the presence
of an ultrahigh-frequency field.

1V, B, hv) = T 0V —E)) 0t ity — v ~ E)
Z JaV —E,+ & Jun+tuy,—qV —E, +¢

Hn+ap _Hp
P B 1 <e KT +1><e kT+1)
xexp —Zd\/? (VZ — qV,. cos(wt) + h— (n + E)) iy V=rin (40)
(e kT +1><e KT +1>

We can reduce the above expression for the volt-ampere characteristic of the tunnel current under the influence of

an ultra-high frequency (UHF) field, a magnetic field and light to expression (38). We combine it with the expression

[23-25], which shows the dependence of the sound signal to noise ratio emitted by the tunnel diode on the tunnel current.

Then we can see how the sound signal to noise ratio emitted by the tunnel diode changes in the light energy, UHF and
magnetic field in Figures 6-7.

10g,4(SNR) log;o(SNR)

Figure 6. Dependence of the signal-to-noise ratio (SNR) on the  Figure 7. Dependence of the signal-to-noise ratio (SNR) on the
differential resistance Rjand the photon energy hvin a tunnel photon field (ultra-high-frequency, UHF) and voltage (V)
diode

This graph illustrates the dependence of the signal-to-noise ratio (SNR) on the differential resistance R; —and the
photon energy hv. A logarithmic scale (logio(SNR)) is used in the graph, so the SNR values start from 5 and reach a
maximum point. The colors represent variations in the SNR: from green to red, the SNR increases. The red point indicates
the maximum SNR value.

In the graph shown in Figure 7, the colors represent the variation of the SNR, while the red point indicates the
maximum SNR value.

If we take into account the drift velocity of electrons in a p—n tunnel junction under an ultra-high-frequency (UHF)
field, the following expression can be obtained:

9 = uE,. @1

In this expression, u —denotes the electron mobility, and E, —represents the electric field strength of the ultra-high-
frequency (UHF) field.
Also, the force acting due to the ultra-high-frequency (UHF) field is given by:

F = qE, 42)
and the total power influenced by the ultra-high-frequency (UHF) field can be expressed as:
P, =F9 (43)

Taking these expressions into account, the power in a p—n tunnel junction under the influence of an ultra-high-
frequency (UHF) field can be written as follows:

Py—Pgy

o = F¥ (44)

In this case, N —is the number of electrons, and P, —represents the excess fraction of the total power supplied to the
diode by the UHF field that corresponds to the sample consumption. If we generalize the above expressions, the power
consumed per electron in a p—n tunnel junction under the influence of a UHF field can be written as follows:
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P, —P,
= quER (45)

From this expression, the electric field strength E,, —under the influence of the UHF field can be obtained as follows:

P;—Py

E. =
* Nqu

(46)

The transparency coefficient of the barrier under the influence of the UHF field is expressed as follows:

aE;/ 2 aE;/ 2
T =exp (— E+Ex> = exp (— E+Ex> 47)
The dependence of the tunnel current in a tunnel diode on electric and magnetic fields can be summarized as follows:
An increase in the electric field E,, —enhances the probability of electron tunneling, thereby increasing the current.
In contrast, a magnetic field Bleads to the formation of Landau quantized energy levels, effectively discretizing the motion
of electrons into distinct energy states, which makes the current dependent on the magnetic field. Experimental results
confirm that the direct tunneling current in semiconductors decreases under the influence of a strong magnetic field, in
agreement with theoretical predictions. Since diffusive tunneling and reverse GaAs diodes were used, and these diodes
are characterized by relatively weak electric fields and small effective mass in the p—n junction, a significant reduction in
the tunneling current (by 50-65%) was observed. This wide range of variation (at temperatures of 80 K and 300 K)
allowed a quantitative comparison between theoretical predictions [26, 27] and experimental data. The results show that
the theory developed by Aronov and Pikus provides a good quantitative description of the variation of the tunneling
current under a magnetic field. The values of the electric field in the p—n junction, calculated from equation (47), are in
good agreement with independently obtained results. The influence of the magnetic field on the excess tunneling current
was also observed and studied. The magnitude of this effect is much smaller compared to the direct tunneling region,
which can be explained qualitatively based on the concepts developed in [23-25, 28]. If a simple relationship between the
electric field and voltage in the p—n junction is assumed, then a satisfactory agreement between theoretical and
experimental values of the magnetic field can be obtained in the low-temperature region for excess current. The authors
express their gratitude to V. G. Veselago and A. M. Prokhorov for the opportunity to work with the “Solenoid” device,
to V. S. Vavilov for collaboration and continuous interest in the work, to V. M. Ivanov and V. M. Karneev for assistance
in the experiments, and to G. E. Pikus and A. G. Aronov for valuable discussions of the results. By combining expressions
(46) and (47) and substituting the electric field vector Finto equation (40), a more compact expression describing the
simultaneous influence of both UHF and magnetic fields on the tunnel current can be obtained. This allows us to visualize
the three-dimensional behavior of the current as a function of variations in E,, —and B.
Using equation (40), the variation of the tunnel current under the influence of both the ultra-high-frequency field
and the magnetic field is presented in Figure 8.
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Figure 8. A 3D visualization of the current variation as a Figure 9. Tunneling current of GaAs-, AlGaAs-, and GaN-

function of E,, —and B based tunnel diodes under the simultaneous influence of ultra-
high-frequency and magnetic fields. @ GaAs—top, @
AlGaAs—middle, . GaN—bottom

Figure 8 illustrates how the current increases from zero or decreases depending on different combinations of E,, —and
B. Due to the formation of Landau levels, the step-like behavior of the current with respect to the magnetic field can be
observed using the parameters listed in Table 1.
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Table 1. Parameters of the semiconductor materials used in the fabrication of the tunnel diode

Parameter GaAs InGaAs GaN
Breakdown field (MV/cm) ~0.4 ~0.3 ~3.3
Temperature stability ~200°C ~150°C ~600°C
Radiation resistance Average Low Very high
e (sm?/V-s) ~8500 ~12000 ~1000
(mgz/my) 0.067 0.12-0.15 0.041
(mp/my) 0.45 ~0.6 0.45

Using Figure 9 and the parameters given in Table 1, we can observe the three-dimensional spatial distribution of the
tunneling current in GaAs-, AlGaAs-, and GaN-based tunnel diodes under the simultaneous influence of ultra-high-
frequency and magnetic fields.

Compared to GaAs- and AlGaAs-based tunnel diodes, the tunneling current in GaN-based tunnel diodes is
significantly lower. This is mainly due to the wide bandgap of GaN and the larger effective mass of electrons, which
reduces the tunneling probability. As a result, GaN diodes exhibit lower maximum tunneling current, making them
suitable for applications requiring high voltage and high energy. When light is incident on a semiconductor, electron—
hole pairs are generated. This process disturbs the thermodynamic equilibrium of the system and leads to the formation
of separate quasi-Fermi levels. As the light intensity increases, the carrier concentration rises, which in turn increases the
tunneling current.

Under illumination, the change in electron concentration, An(®) — is often expressed in a simplified form as

An(P) = adr,

where, a —is the absorption coefficient, ® —is the photon flux, and T —is the carrier lifetime. However, this expression
represents only a simplified physical model and is not sufficient for dissertation-level analysis.

In direct bandgap semiconductors such as GaAs, the generation of electron—hole pairs and their recombination
mechanisms are more complex. Therefore, a more physically rigorous formulation of An(®) —is required.

Under illumination, both generation and recombination processes occur in a semiconductor. In a steady-state
condition, the generation rate equals the recombination rate: G = R, where G —is the generation rate of electron—hole
pairs due to illumination, and R —is the recombination rate. For GaAs, taking into account the light spectrum, the
generation rate can be expressed as follows:

G(hw) = a(hw) ® (48)

here, a(hw) —is the optical absorption coefficient, @ —is the photon flux, and Aw —is the photon energy. For GaAs, the
absorption coefficient depends on the photon energy and begins at the bandgap energy E; = 1.42 eV (at 300 K).
The recombination process includes three main mechanisms:

e Shockley—Read—Hall (SRH) recombination: occurs at low energy levels, mainly through defects.

e Radiative recombination: electron—hole pairs recombine with the emission of light.

e Auger recombination: occurs at high carrier concentrations and involves energy transfer between carriers.

The total recombination rate can be expressed as follows

R = An+ Bn? + Cn? (49)

here, A, B, and Care the corresponding recombination coefficients, and nis the electron concentration. Under steady-state
conditions, when generation and recombination are equal, the increase in electron concentration due to illumination for
GaAs, An(®), can be determined as follows:

ap(hw—Eg) P
A+Bng+Cn}

An(®, hw) = (50)
this formula:

* ay(hw — E;)— the spectral absorption coefficient of GaAs as a function of photon energy can be expressed as
follows:

e n,—concentration of doped electrons,

e A, B, C— the SRH, radiative, and Auger recombination coefficients, respectively, are:
e O — photon flux (photon/sm?-s),

e E;~142¢V,300K at
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This model provides a physical basis for the influence of light intensity and photon energy on the tunneling current,
and also allows one to determine the shift of the quasi-Fermi level. Under illumination, the quasi-Fermi level for electrons
can be expressed as follows:

Epn(®) = Ep + kTIn (1 + m) 1)
o
Using this, the tunneling current formula under illumination is modulated as follows:
2
I(B, Fy ®) =223 [ T(Ep kg B fi(E, Epn(@)) = fo(E, Epn (@) — qV)] dk, (52)

The resulting dependence of the tunneling current density on magnetic field strength and incident photon energy is
presented in Fig. 10. Figure 11 shows the tunneling current as a function of the ultra-high-frequency (UHF) electric field
strength and photon energy.
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Figure 10. Dependence of the tunneling current density on Figure 11. Three-dimensional surface of the tunnel current as a
magnetic field strength and incident photon energy-hv function of high-frequency (UHF) electric field and photon
energy (I - UHF — hv)

As the magnetic field increases, the energy spectrum becomes discretized into Landau levels, causing the tunneling
probability to exhibit an oscillatory behavior. When the photon energy hv —approaches a resonance value, barrier
tunneling is enhanced, and the maximum current is observed.

From the graph, it can be seen that as B —increases, quantum oscillations appear in the current, and in the resonance
region of hv —the tunneling current sharply increases. Magnetic quantization and optical excitation together modulate the
current spectrum.

This graph shows the tunneling current as a function of the ultra-high-frequency (UHF) electric field strength and
photon energy. The UHF field modulates the internal electric field, thereby changing the tunneling coefficient. As the
field strength increases, the tunneling current becomes smoother and decreases (the dynamic barrier widening effect). As
the photon energy approaches a resonance value, optical excitation modifies the Fermi—Dirac distribution, and the
photocurrent contribution increases. Tunneling is one of the key quantum transport phenomena in semiconductors and
was first observed in heavily doped p—n junctions. The tunneling diode effect was theoretically predicted by L. Esaki and
later experimentally confirmed [1]. Subsequently, resonant tunneling in double-barrier quantum heterostructures was
demonstrated, and the negative differential resistance (NDR) effect was identified. These works laid the foundation for
the development of tunnel diodes and resonant tunneling diodes (RTDs). Heterostructures based on III-V
semiconductors—such as Gallium Arsenide/Aluminum Gallium Arsenide, Indium Gallium Arsenide, and Gallium
Nitride/Aluminum Nitride systems—are among the most promising materials for studying tunneling and quantum
transport phenomena. This is mainly due to their band structure, small effective mass, and high electron mobility.
GaAs/AlGaAs heterostructures have long been used in resonant tunneling and high-frequency quantum generators. In
classical experiments by Chang and collaborators, clear resonant peaks were observed in GaAs/AlGaAs double-barrier
structures. Due to the small effective mass of electrons in these structures, the tunneling probability is high, resulting in
a strong NDR region and the possibility of terahertz-range generation. InGaAs-based heterostructures exhibit even higher
tunneling current intensity due to their smaller effective mass and higher electron mobility. In InGaAs/InP systems, high-
frequency generators and detectors operating above 100 GHz have been developed [29]. These structures also exhibit a
strong photocurrent effect and operate efficiently in the infrared range. The formation of photocurrent is associated with
the trapping and tunneling of photoexcited carriers in quantum wells. GaN/AIN heterostructures, on the other hand, are
characterized by a wide bandgap and high electrical strength. These materials are known for their stability under high
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voltage, high temperature, and strong radiation conditions [9]. In GaN-based structures, strong spontaneous and
piezoelectric polarization creates significant internal electric fields, which strongly affect carrier transport in quantum
wells. Although the tunneling probability is reduced due to the wide bandgap, GaN/AIN systems are highly promising
for space applications and high-radiation environments. Under a magnetic field, Landau quantization of energy levels
modulates the tunneling process. In systems with small effective mass such as GaAs and InGaAs, the cyclotron frequency
is higher, making the magnetic field effect more pronounced. This leads to quantum oscillations and shifts in the tunneling
current maxima [22]. In GaN, although this effect is also present, its modulation amplitude is smaller due to the larger
effective mass. Temperature also significantly affects quantum transport. At low temperatures, scattering processes are
reduced, and resonant tunneling becomes sharper. At higher temperatures, phonon scattering increases, which broadens
the tunneling peaks. GaN/AIN systems can operate stably up to 500-600°C, while GaAs and InGaAs are typically
effective in the 150-250 °C range. From the radiation resistance perspective, wide-bandgap GaN/AIN structures have a
clear advantage. They are more resistant to cosmic radiation and high-energy particles [30-33]. GaAs-based devices are
also widely used in space solar cells [29, 34], but they are more prone to defect formation under radiation. Thus,
GaAs/AlGaAs and InGaAs systems are suitable for high-speed quantum and tunneling devices, while GaN/AIN is more
promising for high-durability electronics operating under extreme conditions. Their behavior under photocurrent,
magnetic fields, high-frequency fields, and across a wide temperature range remains one of the key research directions in
tunneling and quantum transport theory.

lin Tunnel diode
—_—
Oo—- I )
Input signal Bias modulation [ aged ’W‘P“‘;*‘d
signa
N\ =
——
Cathode-
—— N'_GaAs/AlGaAs
heterojunction
Photodiode IOLII
O (GaAs) _-':
Tunnel diode

Figure 12. Dependence of tunneling in an n*-GaAs/AlGaAs heterostructure on light intensity and applied voltage

This study proposes an optically controlled tunneling device based on an n*—GaAs/AlGaAs tunnel heterostructure.
The device operates based on the principle of quasi-Fermi level shift (Ap) induced by light. The shift in quasi-Fermi levels
changes the tunneling window, making the current—voltage (I-V) characteristics sensitive to light intensity. Unlike
conventional tunnel diodes, the proposed structure utilizes the band offset of the heterojunction, improving tunneling
efficiency and controllability (Figure 12).

Unlike resonant tunneling diodes, the structure does not rely on complex quantum levels, making the fabrication
process simpler and more reliable. When light is incident, additional charge carriers are generated in the semiconductor,
disturbing equilibrium and causing a separation between quasi-Fermi levels. This additional chemical potential
dynamically modulates the tunneling conditions, making the tunneling current dependent not only on voltage but also on
light intensity.

Theoretical models qualitatively confirm the optical modulation of the shift in the I-V characteristics and the negative
differential resistance (NDR) region. Currently, GaAs/AlGaAs systems are widely used as a key material platform for high-
frequency and sub-THz range space electronics. They are distinguished by high electron mobility, short relaxation times,
and strong resistance to space radiation, making them highly attractive for aerospace and optoelectronic applications. At the
same time, InGaAs systems are suitable for high-speed quantum and tunneling devices, whereas GaN/AIN systems are
promising for robust electronics operating under extreme conditions. The behavior of these systems under photocurrent,
magnetic fields, high-frequency fields, and wide temperature ranges remains one of the most relevant research directions in
the framework of tunneling and quantum transport theory. Thus, optically controlled GaAs/AlGaAs tunnel heterostructures
dynamically modulate tunneling through shifts in quasi-Fermi levels, enabling high-frequency operation approaching the
sub-THz range. This approach is considered a promising technological solution for space electronics and high-frequency
optoelectronic systems. The performance characteristics of tunnel diodes under illumination have been analyzed. It is shown
that the superposition of tunnel current and photocurrent leads to a pronounced sensitivity of the I-V characteristics to light
intensity, along with a smoothing of the NDR region. Furthermore, analysis based on the Fano factor and shot noise
demonstrates that a high signal-to-noise ratio (SNR) is maintained, ensuring stable operation under radiation exposure,
temperature variations, and external fields. Within the NASA concept framework, an optically controlled tunnel
heterojunction device based on the n*~GaAs/AlGaAs material system is proposed. In this device, tunneling is dynamically
modulated through shifts in the quasi-Fermi levels (Ap). This approach ensures high-frequency response in the sub-THz
range, low noise performance, and radiation hardness, confirming its practical significance for space electronics. The results
scientifically substantiate the potential application of resonant tunneling diodes (RTDs) in aerospace systems, high-speed
optoelectronic switches, and radiation-resistant sensors.
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CONCLUSIONS
This work presents a comprehensive theoretical investigation of tunneling current, differential resistance, and noise
characteristics in tunnel diodes under the combined influence of magnetic, optical, and high-frequency electromagnetic
fields. Based on the Tsu—Esaki formalism, WKB approximation, and Landau quantization, a unified multi-field model
for n*—GaAs/AlGaAs heterostructures has been developed. The results demonstrate that magnetic fields lead to Landau
level formation, causing quantization of the energy spectrum and oscillatory modulation of the tunneling current,
accompanied by a reduction in peak current and a shift of the negative differential resistance (NDR) region. Optical
excitation induces quasi-Fermi level splitting, enhances carrier concentration, and increases tunneling current while
smoothing the NDR characteristics. High-frequency electromagnetic fields dynamically modify the barrier transparency,
further influencing the transport properties. It is shown that the interplay of these external fields enables effective control
of tunneling dynamics, differential resistance, and device performance. Despite external perturbations, the noise analysis
based on shot noise and the Fano factor confirms that a high signal-to-noise ratio (SNR) can be maintained.The proposed
model provides a solid theoretical framework for designing low-noise, high-speed tunnel devices operating in the sub-
terahertz range. The obtained results indicate strong potential for applications in advanced optoelectronic systems, high-

frequency nanoelectronics, and radiation-resistant space technologies.
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BATATONOJBOBA MOAYJISINIA TYHEJBHOI'O CTPYMY, JUGEPEHIIIAJBHOI'O OIIOPY TA IIYMY B
TYHEJBHUX JIOJAX n—GaAs/AlGaAs
Myxammamkon I. Janamipsaes!, Mynipaxon K. Ykramosal?, HocipGex A. Carrapos’, Codip Pysioocs?,
Apodar L. Xynaiidepaicsa®
' Hamaneancvruti depoicasnuii mexnivnuii ynieepcumem, Hamanzan, Ysbexucman
2Vuieepcumem 6iznecy ma nayxu, Ysbexucmar
SMisicnapoonuii ynisepcumem Kimvo ¢ Tawkenmi, Yz6exucman
*Tawkenmcoruti incmumym ingicenepie ipuzayii ma mexamizayii citbcoko2o 2ocnodapemea, Hayionanshuii 00crionuybkui
yHigepcumem, Y30exucman
STawxenmcokuti ximixo-mexnonoziunuti incmumym (TXTI)

V wiif poOOTi HpeacTaBIeHO TEOPETHYHE MOCHIIKEHHS AudepeHIiaTbHOro Omopy Ta IIyMy B TYHENbHHX IioJax Mix Hi€ro
KOMOIHOBaHUX ONTHYHUX, MArHITHUX T BUCOKOYaCTOTHHX €JICKTPOMATrHITHUX MOJIIB. TYHENbHUH CTPYM MOJEIIOETHCS 33 JOIIOMOT' 010
nigxony Ly-Ecaki 3 Habmmxennsim BKB, Toni sik eekTi MartiTHOro moJjist BBOASTHCS 3a JOMOMOTOI0 KBaHTyBaHHs JlaHmay. OnTrdne
30yUKEHHS TPU3BOIHUTH 10 KBa3i-po3mIerieHHs piBHIB dDepMi Ta MOCHIIOE TYHENBHHH CTPYM, IO MPU3BOAUTH A0 MOIYJIALIi Ta
3TITapKyBaHHS o0nacTi HeratuBHOro audepenmiaapaoro omnopy (HJO). BucokodacToTHI MONS I0JAaTKOBO 3MIHIOIOTEH MPO30PIiCTh
Oap'epy, BIUINBAIOYX HA JUHAMIYHY MOBEJIHKY MIPUCTPO0. AHAJII3 IIyMy Ha OCHOBI JpoOoBoro myMy Ta ¢axropa ®ano mokasye, mo
BHCOKe BinHomeHHs curHan/mym (SNR) Moke minTpumyBaThCs Npu 30BHIIIHIX 30ypeHHSX. 3alpolOHOBAaHO Y3araJbHEHY
0araTornoybOBY MOJENb st reTepocTpykTyp n'—GaAs/AlGaAs, sika JEeMOHCTpY€e KepOBaHY IUHAMIKY TYHEJIIOBaHHs, HU3bKUI PiBEHb
mymy Ta crabiibHy poOOTy B cyOTepareploBoMy [iama3oHi. Pe3ynbTaTé BKa3ylOTh HA 3HAYHMI MOTEHILIAN JUIsl 3aCTOCYBaHHS Y
BHCOKOIIBH/IKICHII ONTOEGNCKTPOHILI Ta pajianifHO-CTiIHKii KOCMIYHIN €lIeKTPOHiLi.

KurouoBi ciioBa: mynenvhuii 0iod; necamugnuil oughepenyianshuii onip; mooens Lly-Ecaxi,; nabnusicenns BKB, keanmysanns Jlanoay,
opobosutl wym; cemepocmpykmypa GaAs/AlGaAds; xeasipieenv @epmi; UCOKOUACMOMHI NOAA, ONMuUYHe 30V0JHCeHHA, eexmu
MA2HIMHO20 NOJIA
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This study examines the effect of annealing temperature on the microstructure and lattice dynamics of single-crystal silicon co-
diffused with gallium and antimony. Samples were annealed in the 1000—1250°C range for a fixed duration of 10 h and analyzed
by SEM imaging, EDS elemental mapping, and Raman spectroscopy. With increasing temperature, the samples show four
successive microstructural states: (I) sparse Ga-rich clustering at 1000°C, (II) formation of large GaSb droplets (25-60 um) at
1100°C, (III) refinement into smaller, faceted precipitates (~5 um) at 1200°C, and (IV) substantial re-dissolution of the secondary
phase, leaving only residual domains of ~1.5 pm, at 1250°C. Raman measurements of the Si optical phonon track this sequence: a
small tensile shift (~518-519 cm™) at 1000 °C, a return to the unstrained position (~520 cm™) at 1100°C when GaSb droplets
accommodate most of the lattice mismatch, and increasing compressive shifts (524-525 cm™, corresponding to ~0.6% strain) at
1200-1250°C as the GaSb phase redissolves into the matrix. Phonon-confinement analysis of the Raman linewidth further
indicates crystalline coherence lengths of 3—5 nm within the micrometer-scale precipitates. Taken together, these results indicate
that annealing temperature governs a reproducible sequence of clustering, droplet segregation, precipitate refinement, and re-
homogenization in the Ga—Sb-Si system, and that this sequence can be tracked quantitatively through the correlated SEM/EDS
and Raman signatures reported here.

Keywords: Diffusion; Segregation; Nanocrystalline; Precipitation; Lattice strain; Phase separation

1. INTRODUCTION

Thermally activated diffusion in silicon constitutes a foundational mechanism in semiconductor device fabrication,
enabling dopant activation, junction formation, and heterostructure integration [1-3]. While single-species diffusion is
well described by Fickian transport and point-defect mediation [4], multicomponent diffusion introduces additional
complexity due to competing thermodynamic and kinetic driving forces, defect interactions, and solute—solute coupling
effects [5, 6]. In systems where diffusing species possess mutual chemical affinity and limited solid solubility, diffusion
may trigger phase segregation, nanoscale precipitation, interfacial strain generation, and re-equilibration processes
governed by temperature-dependent free-energy landscapes [7-9].

The Ga—Sb-Si ternary system represents a prototypical compound-forming diffusion platform. Gallium (Group
III) and antimony (Group V) are individually established dopants in silicon technology [10]; however, their
simultaneous introduction at elevated temperature can promote GaSb compound formation due to chemical affinity and
lattice incompatibility with the Si host matrix [11, 12]. GaSb itself is a narrow-bandgap III-V semiconductor with
infrared optoelectronic relevance, making its controlled integration within silicon technologically attractive for
monolithic optoelectronic platforms [13, 14].

From a thermodynamic perspective, phase stability is governed by minimization of total Gibbs free energy:

AG=AGv+yA (1

where AG is the total change in Gibbs free energy accompanying precipitate formation, AG, is the volumetric (bulk)
free-energy term that drives precipitation, y is the interfacial energy per unit area, and A is the surface area of the
forming precipitate.

Precipitation is thermodynamically favorable only when the volumetric term AG, outweighs the interfacial-energy
penalty YA [15]. Because temperature modulates diffusion coefficients, solid solubility limits, and the balance between
these two terms, it can drive transitions between metastable supersaturation, compound segregation, precipitation
refinement, and re-homogenization [16]. In compound-forming systems, nucleation kinetics and strain-driven
morphological evolution further influence nanostructure stability [15].

Raman spectroscopy provides a powerful nondestructive probe of strain, phonon confinement, and compositional
evolution in semiconductor systems [17—19]. Phonon confinement effects in nanocrystals lead to asymmetric peak
broadening and redshift, enabling extraction of crystallite size and strain distribution [18, 19].

A temperature-dependent structural—vibrational correlation for the Ga—Sb—Si system has not yet been established
in the literature. The purpose of this work is to study the effect of annealing temperature on the structure of silicon
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diffusion-doped with both gallium and antimony. To this end, we investigate Ga—Sb co-diffusion in silicon across
1000—1250°C and identify the resulting transformation sequence:

* Supersaturation-induced clustering (1000°C),

* Droplet-mediated GaSb segregation (1100°C),

» Diffusion-controlled nanocrystalline precipitation (1200°C),

* Re-homogenization and matrix recovery (1250°C).

By correlating SEM/EDS microstructural evolution with Raman-based strain quantification and phonon
confinement modeling, we establish a predictive thermodynamic—kinetic model describing phase stability transitions in
this compound-forming diffusion system.

2. MATERIALS AND METHODS
To elucidate the thermodynamic—kinetic transformation pathway proposed in the Introduction, a systematic
temperature-resolved experimental framework was designed. The methodology was structured to isolate temperature as
the primary control parameter governing Ga—Sb phase evolution in silicon, while maintaining constant diffusion
duration and comparable boundary conditions. This approach enables direct correlation between diffusion kinetics,
phase stability, and vibrational signatures.

2.1. Substrate Selection and Surface Preparation

Single-crystalline Si wafers with (100) orientation were selected due to their technological relevance and well-
characterized diffusion behavior. The (100) surface provides predictable point-defect dynamics and stable
crystallographic reference for strain analysis, particularly in Raman measurements [20, 21].

To ensure that phase evolution originated solely from thermally activated Ga—Sb diffusion rather than surface
contamination or oxide-mediated reactions, the wafers were subjected to a standard RCA cleaning protocol [22]. The
process consisted of:

*  SC-1 treatment (NH«OH-H20.—H:O) for organic removal,

+ Dilute HF dip (1-2%) to remove native SiOa,

*  SC-2 treatment (HCl-H20>—H-0) for metallic impurity elimination.

Such preparation is essential because residual oxides or metallic contaminants can alter interfacial energy and
modify diffusion pathways, thereby affecting phase nucleation behavior [23].

2.2. Temperature-Controlled Co-Diffusion of Ga and Sb

Simultaneous diffusion of Ga and Sb was performed in a high-temperature quartz tube furnace under controlled
ambient conditions. The diffusion duration was fixed at 10 hours to ensure sufficient atomic redistribution while
allowing temperature-dependent phase transitions to manifest distinctly.

Four annealing temperatures were selected:

* 1000°C (Group I),

* 1100°C (Group II),

* 1200°C (Group III),

* 1250°C (Group 1V).

The chosen temperature window spans regimes where diffusion kinetics, solid solubility, and compound stability
are expected to vary significantly according to Arrhenius behavior:

D=D,exp(-E,[kT). 2

Here D is the diffusion coefficient, Do is the pre-exponential (attempt-frequency) factor, E, is the activation energy
for Ga—Sb diffusion in silicon, kg is the Boltzmann constant, and T is the absolute annealing temperature. This design
allows the system to traverse multiple thermodynamic states—from supersaturation to segregation and re-
equilibration—while holding diffusion time constant.

At lower temperature (1000°C), limited atomic mobility favors metastable supersaturation and localized
clustering. Increasing temperature enhances vacancy-mediated Ga diffusion and substitutional Sb incorporation [24-27],
potentially enabling compound formation and droplet segregation. At the highest temperature (1250°C), increased solid
solubility may promote partial re-dissolution of secondary phases, restoring matrix homogeneity [28].

Temperature was monitored with calibrated thermocouples (+2°C accuracy) to minimize thermal gradient effects.

2.3. Microstructural Characterization (SEM)

To track morphological evolution across transformation regimes, field-emission scanning electron microscopy
(FE-SEM-JEOL JSM-IT200) was employed. Accelerating voltages between 5 and 15 kV were used to balance surface
sensitivity and compositional contrast.

Backscattered electron (BSE) imaging was particularly important for identifying Ga—Sb-rich precipitates due to
atomic number contrast enhancement [29]. This technique allows direct visualization of droplet-mediated segregation
predicted by the thermodynamic model introduced earlier.
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The SEM analysis focused on:

* Precipitate morphology,

* Droplet diameter distribution,

» Surface roughness variation,

+ Transition from localized clusters to homogenized matrix.

Spatial resolution was approximately 5 nm under optimized conditions.

2.4. Elemental Mapping (EDS)

Energy-dispersive X-ray spectroscopy (EDS) was integrated with SEM to determine spatial distribution of Ga
and Sb.

Elemental mapping enabled:

* Verification of Ga—Sb co-segregation,

e Identification of Ga-rich versus Sb-rich domains,

* Assessment of elemental homogenization at elevated temperature.

Quantitative compositional analysis was performed using ZAF correction procedures to compensate for atomic
number, absorption, and fluorescence effects [30]. The correlation between morphological features and elemental
concentration provided direct validation of phase segregation or re-dissolution mechanisms.

2.5. Raman Spectroscopy and Vibrational Analysis
To probe lattice dynamics and phase-specific vibrational modes, micro-Raman spectroscopy was performed at
room temperature using a 532 nm excitation laser. The spectral range (100—-1200 cm™) captured:
* GaSb TO phonon (~223 cm™),
+ Si optical phonon (~520 cm™),
*  Si—O-Si vibrational modes (~900-1050 cm™).
Laser power was kept below 5 mW to avoid local heating and peak shift artifacts.
Raman spectroscopy serves a dual purpose in this study:
1. Phase identification (GaSb formation),
2. Quantitative structural assessment via strain and phonon confinement analysis.

2.6. Strain Determination from Raman Peak Shift
The temperature-dependent shift of the Si optical phonon was used to estimate lattice strain according to [31]:

Aw=-830¢e

where Ao is the shift of the Si optical-phonon peak position relative to the strain-free bulk Si reference (520 cm™) and ¢
is the resulting biaxial lattice strain (dimensionless, positive values denote tensile strain and negative values
compressive strain). This relation enables quantification of compressive or tensile strain induced by GaSb phase
formation and interfacial stress.

2.7. Phonon Confinement and Crystallite Size Estimation
To distinguish between micrometer-scale precipitate morphology and nanometer-scale crystalline coherence, the
Campbell-Fauchet phonon confinement model was applied [32]:

r(L)=T,+ 3 3)
where I" is the Raman linewidth (FWHM), I is the intrinsic bulk linewidth, and L is the phonon coherence length.

This approach enables estimation of internal crystallite size independent of precipitate diameter observed by SEM,
thus resolving scale-dependent structural effects.

3. RESULTS AND DISCUSSION
The experimental framework described in Section 2 was designed to systematically probe temperature-driven
phase evolution in the Ga—Sb-Si ternary system. The results reveal a clear transformation pathway governed by
thermodynamic stability and diffusion kinetics. Structural, compositional, and vibrational analyses collectively confirm
the four-stage evolution proposed in Section 1.

3.1. Microstructural Evolution Observed by SEM
At 1000°C (Group 1), the SEM micrograph (Figure 1a) shows a relatively smooth silicon matrix with localized
bright contrast regions. The absence of macroscopic droplet formation indicates that the system remains supersaturated.
Such morphology is consistent with early-stage nucleation, in which the volumetric free energy reduction (AG,) is
insufficient to overcome interfacial energy penalties (yA) for the formation of large precipitates [33, 34].
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The localized bright regions correspond to Ga-rich clusters, suggesting that diffusion has initiated but remains
kinetically limited.

At 1100°C, a pronounced morphological transition occurs. SEM (Figure 2a) reveals micrometer-scale spherical
precipitates distributed across the surface. The spherical geometry strongly suggests minimization of interfacial energy,
characteristic of droplet-mediated phase segregation. This behavior resembles classical liquid-phase separation
mechanisms described in alloy systems. The temperature increase enhances atomic mobility according to Arrhenius
kinetics, enabling Ga and Sb atoms to coalesce into GaSb-rich domains. The droplet morphology confirms the system
has crossed a thermodynamic segregation threshold. The formation of spherical Ga—Sb-rich precipitates and their partial
embedding into the Si matrix, shown in the magnified views (Figures 2f-g) and in cross-section (Figures 2h—i),
indicates thermally driven droplet-mediated phase separation.

At 1200°C, the large droplet morphology disappears. Instead, finely dispersed precipitates with faceted features
emerge (Figure 3a). The faceting indicates crystallographically controlled growth, suggesting a diffusion-limited
precipitation regime rather than liquid coalescence. This transition reflects a shift from interfacial-energy-dominated
droplet formation to bulk diffusion-controlled phase stabilization.

The reduced particle size and faceted morphology, illustrated by the extended surface views (Figures 3f-g) and by
the faceted square-shaped precipitate (Figure 3h), suggest diffusion-controlled nucleation and crystallographically
oriented Ga—Sb phase formation.

At 1250°C, precipitates are significantly reduced and the surface regains homogeneity (Figure 4a). This indicates
partial re-dissolution of GaSb phases due to increased solid solubility at elevated temperature.

Such behavior is consistent with thermodynamic re-equilibration and reduction of interfacial area.

The absence of large precipitates and the uniform elemental distribution suggest re-dissolution and
homogenization of Ga—Sb phases within the Si matrix during advanced thermal processing.

3.2. Elemental Redistribution (EDS Analysis)

EDS elemental mapping further corroborates the morphological interpretations derived from the SEM analysis.

As shown in Figures 1b—f, at 1000°C gallium exhibits pronounced localized clustering, whereas antimony displays
a comparatively more diffuse spatial distribution across the silicon matrix. The incomplete spatial overlap between Ga
and Sb elemental maps indicates that full GaSb compound formation has not yet occurred at this stage. Instead, the
observed partial compositional segregation suggests a metastable supersaturation regime, in which atomic redistribution
is initiated but remains insufficient to achieve complete compound stabilization.

This behavior is consistent with diffusion-limited kinetics at 1000°C, where the thermodynamic driving force for
phase formation is present, yet interfacial energy barriers and limited atomic mobility prevent extensive co-segregation
and long-range ordering.

IMG1 O-K C-K

1 100um
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Figure 1. SEM micrographs and EDS elemental mappings of the Group I sample: (a) surface morphology; (b) O—K map;
(¢) C-K map; (d) Si—K map; (e) Ga—K map; (f) Sb-L map

As shown in Figures 2b—e, at 1100°C gallium and antimony exhibit a pronounced spatial correlation within well-
defined spherical droplets distributed across the surface. SEM analysis reveals that the droplets have diameters ranging
from approximately 25 to 60 pm, with an average size of about 40 + 15 um based on scale-bar estimation.
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Figure 2. SEM micrographs and EDS elemental mappings of Group II sample: (a) surface morphology; (b) O—K; (¢) Si-K;
(d) Ga—K; (e) Sb-L; (f—g) magnified precipitate morphology; (h—i) cross-sectional analysis

The nearly complete overlap of Ga and Sb elemental distributions within these micrometer-scale droplets provides
direct compositional evidence for GaSb-rich phase formation. The spherical morphology indicates interfacial energy
minimization, characteristic of droplet-mediated segregation processes governed by surface tension effects.

The relatively broad size distribution suggests rapid nucleation followed by coarsening dynamics, consistent with
classical Ostwald ripening behavior. At this temperature, enhanced atomic mobility enables efficient interdiffusion
between Ga and Sb, allowing local compositional equilibrium to be established within individual droplets. The observed
behavior aligns with Ga—Sb binary phase diagram predictions, where elevated temperature promotes compound
nucleation and thermodynamically stabilized phase segregation.

As observed in Figures 3b—e, at 1200°C gallium and antimony remain spatially correlated; however, their
distribution becomes markedly more homogeneous compared to the pronounced droplet segregation observed at
1100°C. The elemental maps reveal that Ga—Sb-rich regions are no longer confined to large spherical droplets but
instead appear as finely dispersed, micrometer-scale precipitates distributed throughout the silicon matrix.

SEM analysis (50 um scale) indicates that the bright islands exhibit characteristic lateral dimensions ranging from
approximately 2 to 10 pm, with an average diameter of about 5 + 3 um. This represents a significant refinement
compared to the 25—60 um droplets observed at 1100°C. The reduction in island size, combined with an increased areal
density, suggests fragmentation and redistribution rather than continued coalescence.

The Ga-K and Sb-L maps demonstrate strong local compositional overlap within these smaller precipitates,
confirming the persistence of GaSb-rich phase domains. However, the improved spatial uniformity and absence of large
spherical droplets indicate that interfacial-energy-driven segregation is no longer the dominant mechanism. Instead,
bulk diffusion and crystallographically controlled precipitation govern the phase stabilization process.

The partial faceting of several islands further supports a diffusion-limited growth regime, where anisotropic
surface energy and lattice accommodation effects influence morphology. The microstructural refinement at 1200°C
therefore reflects a transition from droplet-mediated coalescence to diffusion-controlled nanocrystalline precipitation.

Thermodynamically, this stage corresponds to enhanced atomic mobility enabling redistribution of segregated
species, while kinetically, the system approaches a more stable, spatially dispersed phase configuration. The observed
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decrease in precipitate size and improved compositional homogeneity is consistent with diffusion-driven reorganization
and internal domain stabilization.

IMGT O-K

Sb-L

h)

Figure 3. SEM micrographs and EDS elemental mappings of Group III sample:(a) surface morphology; (b) O-K; (c¢) Si-K;
(d) Ga—K; (e) Sb-L; (f-g) extended surface morphology; (h) faceted square-shaped precipitate

Overall, the structure at 1200°C represents an intermediate equilibrium regime characterized by:

» Reduced precipitate size (=5 pm average),

* Increased spatial dispersion,

» Strong Ga—Sb compositional correlation,

* Suppression of large droplet morphology,

+ Diffusion-limited precipitation dynamics.

This regime provides clear experimental evidence of the thermodynamic—kinetic shift from segregation-dominated
growth (1100°C) to controlled nanocrystalline stabilization.

As shown in Figures 4b—f, at 1250°C the elemental distributions of Ga and Sb become significantly more
homogeneous across the silicon matrix compared to the lower-temperature samples. The Ga—K and Sb-L maps show
only weak, sparsely distributed localized intensity maxima, indicating a substantial reduction in segregated GaSb-rich
domains.

SEM analysis (10 pm scale) reveals that the previously observed micrometer-scale precipitates have largely
disappeared. The remaining bright features appear as small residual islands with characteristic lateral dimensions
ranging from approximately 0.5 to 3 um, with an average effective diameter of about 1.5 + 0.8 um. The areal density of
these islands is markedly reduced relative to both the 1100°C and 1200°C conditions.

The significant decrease in island size and density, together with the reduced compositional contrast in the Ga and
Sb maps, strongly indicates partial re-dissolution of the GaSb-rich phase into the silicon matrix. The near-uniform Si-K
signal further confirms matrix recovery and suppression of compositional segregation.

Thermodynamically, this behavior reflects increased solid solubility and entropy-driven redistribution at elevated
temperature. Kinetically, the enhanced diffusion coefficients at 1250°C promote homogenization rather than further
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precipitate growth. The absence of large droplets and the emergence of only sub-micrometer residual domains
demonstrate that interfacial energy is no longer the dominant driving force; instead, bulk diffusion and equilibrium

solubility limit phase persistence.
0-K
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Figure 4. SEM micrographs and EDS elemental mappings of Group IV sample: (a) surface morphology; (b) O-K; (c) C—K;
(d) Si-K; (e) Ga—K; (f) Sb-L

Overall, the microstructure at 1250°C represents a re-homogenization regime characterized by:

+ Strongly reduced precipitate size (~1.5 um average),

* Low areal density of residual islands,

*  Weak Ga—Sb compositional localization,

* Restoration of silicon matrix continuity.

This stage marks the final thermodynamic stabilization of the system, completing the transformation pathway from
supersaturation (1000°C) through segregation (1100°C) and diffusion-limited precipitation (1200°C) to matrix recovery
at 1250°C.

3.3. Raman Spectral Evolution

As observed in Figure 5, the Raman spectrum of the Group I sample exhibits a slight downshift of the Si optical
phonon to approximately 518-519 cm™, corresponding to an estimated tensile strain of ~0.18%. This negative peak
shift relative to the stress-free crystalline silicon position (520 cm™) indicates minor lattice expansion, most likely due
to the substitutional incorporation of diffusing species within the Si matrix.

10

10° 1

Intensity (arb.units)

10*

T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Figure 5. Raman spectrum of the Group I sample (1000°C, 10 h annealing)

The absence of a dominant GaSb transverse optical (TO) mode near 223 cm™!, together with the presence of broad
disorder-induced bands in the low-wavenumber region, suggests incomplete compound formation and limited Ga—Sb
co-segregation. Instead of forming well-defined GaSb-rich droplets, the diffusing species appear to remain partially
incorporated within the silicon lattice.
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This vibrational behavior is consistent with the SEM/EDS observations of Group I (1000°C), where sparsely
distributed micrometer-scale Ga-rich islands (~7 um) were detected with incomplete Sb overlap. The low areal density
of these islands and the lack of strong compositional correlation confirm that the system remains in a metastable
supersaturation regime. Under these conditions, lattice distortion originates primarily from localized substitutional
incorporation and early-stage clustering rather than from macroscopic droplet segregation.

The combined structural and vibrational evidence therefore conclusively identifies this spectrum as corresponding
to the supersaturation regime at 1000°C.

As observed in Figure 6, the Raman spectrum exhibits a pronounced and well-defined GaSb transverse optical
(TO) phonon mode at approximately 223 cm™, accompanied by a sharp and intense Si—Si optical phonon peak centered
near 520 cm ™. The strong GaSb signal indicates substantial compound formation and confirms effective co-segregation
of Ga and Sb at this annealing temperature.
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Figure 6. Raman spectrum of the Group II sample (1100°C, 10 h annealing)

Notably, the Si optical phonon peak remains essentially unshifted relative to the stress-free crystalline silicon
reference (520 cm™), suggesting negligible residual lattice strain within the silicon matrix. This absence of measurable
peak displacement implies that the segregated GaSb phase has formed discrete micrometer-scale droplets, thereby
relieving internal stress that would otherwise accumulate through substitutional incorporation.

The moderate disorder background and the presence of a secondary O—Si—O band in the 900—1000 cm™ region are
consistent with interface-related vibrational contributions and minor surface oxidation, rather than bulk structural
distortion. This vibrational behavior is consistent with the SEM/EDS observations of Group II (1100°C), where large
spherical droplets (approximately 25-60 pm in diameter) with strong Ga—Sb compositional overlap were detected. The
formation of these well-defined GaSb-rich domains represents a thermodynamically stabilized segregation regime, in
which interfacial energy minimization dominates over lattice incorporation mechanisms.

Therefore, the combined structural and vibrational evidence indicates that this Raman spectrum corresponds to the
droplet-mediated segregation stage at 1100°C.
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Figure 7. Raman spectrum of the Group III sample (1200°C, 10 h annealing).

As observed in Figure 7, the Raman spectrum is dominated by a pronounced Si—Si optical phonon peak located at
approximately 524 cm™, indicating a measurable upshift relative to the stress-free crystalline silicon reference at
520 cm™. This positive shift corresponds to an estimated compressive strain of ~0.48-0.50%, calculated using the
phonon deformation potential relationship (A® = —830¢). The observed peak displacement signifies enhanced lattice
distortion compared to both the 1000°C and 1100°C conditions.
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In contrast to the strong and sharp GaSb TO mode observed at 1100°C, the low-wavenumber region in this
spectrum exhibits only weak and broadened features, suggesting a reduced effective GaSb phase fraction. The absence
of a dominant, narrow GaSb peak indicates that large droplet segregation is no longer the prevailing mechanism.

The moderate broadening of the Si phonon peak and the presence of a weak disorder-related background further
support the presence of internal stress fields and nanoscale structural heterogeneity. Additionally, the broad band in the
920-1000 cm™ region (Si—O-Si and second-order scattering contributions) reflects interface-related vibrational activity
rather than bulk oxidation. This vibrational behavior is consistent with the SEM/EDS observations of Group III (1200°C),
where the previously large micrometer-scale droplets disappear and are replaced by refined precipitates with characteristic
sizes of approximately 2—10 pm (average ~5 um). The increased spatial dispersion and reduced precipitate size indicate a
transition from interfacial-energy-dominated segregation to diffusion-limited nanocrystalline precipitation.

The significant compressive strain observed at 1200°C arises from partial redistribution of Ga and Sb within the
silicon matrix and enhanced lattice accommodation during phase refinement. Therefore, the combined structural and
vibrational evidence indicates that this Raman spectrum corresponds to the diffusion-controlled precipitation regime at
1200°C.
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Figure 8. Raman spectrum of the Group IV sample (1250°C, 10 h annealing)

As observed in Figure 8, the Raman spectrum is dominated by a strongly upshifted Si—Si optical phonon peak
positioned near 525 cm™!, representing the highest frequency among all investigated samples. Relative to the stress-free
silicon reference at 520 cm™!, this corresponds to an estimated compressive strain of approximately ~0.6%, calculated
using the phonon deformation potential relationship (Aw = —830¢). This pronounced peak shift indicates substantial
lattice distortion within the silicon matrix. In contrast to the spectrum obtained at 1100°C, the GaSb transverse optical
(TO) mode near 223 cm™ is significantly weakened or nearly suppressed, indicating a marked reduction in segregated
GaSb-rich phase fraction. The low-wavenumber region shows only minor residual features, suggesting that large-scale
compound domains are no longer present.

The moderate broad band in the 920-1000 cm™ range, associated with Si—O—Si vibrations and second-order
scattering processes, reflects interface-related vibrational contributions rather than dominant bulk phase formation. The
overall spectral profile is cleaner than that observed at 1200°C, indicating reduced nanoscale heterogeneity and
enhanced matrix continuity.

This vibrational behavior is consistent with the SEM/EDS observations of Group IV (1250°C), where micrometer-
scale precipitates were largely eliminated and only small residual islands (~0.5-3 pm, average ~1.5 pm) remained with
significantly reduced areal density. The homogenized elemental distribution confirms partial re-dissolution of GaSb
phases into the silicon matrix.

The increased compressive strain at this temperature arises from redistribution of Ga and Sb species into the Si
lattice following droplet dissolution. Without large segregated domains to relieve internal stress, the silicon matrix
accommodates compositional distortion, leading to the maximum observed phonon upshift.

Therefore, the combined structural and vibrational evidence indicates that this Raman spectrum corresponds to the
re-homogenization regime at 1250°C.

4. CONCLUSIONS
This work shows that annealing temperature governs a reproducible sequence of structural and vibrational changes
in the Ga—Sb-Si ternary system. Combining SEM, EDS, and Raman spectroscopy, we identify four temperature-
dependent regimes: supersaturation (1000°C), droplet-mediated segregation (1100°C), diffusion-limited precipitation
(1200°C), and re-homogenization (1250°C).
The structural transition from sparse Ga-rich islands to large GaSb droplets, followed by precipitate refinement and
eventual dissolution, is directly mirrored in the vibrational response of the silicon lattice. The non-monotonic evolution of
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the GaSb TO mode and the systematic shift of the Si optical phonon from tensile (~0.18%) to maximum compressive
strain (~0.6%) provide quantitative evidence of thermodynamic stabilization and kinetic redistribution processes.

The strongest GaSb formation coincides with strain relief at 1100°C, whereas higher temperatures promote phase
dissolution and lattice distortion associated with compositional reintegration. This relationship between segregation-
driven stress relaxation and homogenization-induced strain accumulation points to a coupling between phase
morphology and phonon dynamics in this compound-forming diffusion system, which merits further investigation, for
example through in-situ or time-resolved measurements.

These observations provide a basis for a thermodynamic—kinetic description of temperature-controlled heterophase
formation in silicon. The ability to move between metastable clustering, stabilized compound domains, refined
nanocrystalline precipitation, and near-equilibrium homogenization by varying annealing temperature suggests a route
toward strain tuning and embedded III-V phase integration within Si-compatible architectures, though further work is
needed to establish the practical limits of this approach.

These findings extend the description of classical diffusion behavior to a multi-component, compound-forming
system and offer design considerations for thermally engineered semiconductor structures. By correlating morphology,
composition, and lattice dynamics across multiple length scales, this work contributes to the understanding of
compound-forming diffusion in silicon and points to potential pathways for phase-functional materials compatible with
existing microelectronic technologies.
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TEMIIEPATYPHO-3YMOBJIEHA ®A30BA EBOJIIOLIS TA JUHAMIKA JE®OPMBIIIi IPATKH I YAC
CNUJIbHOI IN®Y3Ii Ga-Sb Y MOHOKPUCTAJIIYHOMY KPEMHII
Bob6ip O. Icakos, Xanmypat M. LiieB, Kyryo C. AronoB, Baxpam A. A6aypaxmanos, [iocizain A. Kyuies,
Abaynxanou A. Carropos, 3adgap b. Xynyiinazapos
Tawxenmcevkuii deporcagnuil mexniunuil ynieepcumem, @yi. Yuisepcumemcoka, 2, 100095, Tawxenm, Y36exucman

VY 1pOMy JOCIIPKEHHI pO3IIISAAacThCs BIUIMB TEMIIEpaTypH BiAINAy Ha MIKPOCTPYKTYpY Ta AWHAMIKY I'PaTKH MOHOKPHUCTAJIIYHOTO
KpEMHI0, 10 Koaudy3yBaBcs 3 rajieM Ta cypmoro. 3pa3ku BianmamoBanu B jaianma3oHi 1000-1250°C mpotsrom ¢ikcoBaHOi
tpuBasiocti 10 roamH Ta aHamizyBaam 3a monomoroo SEM-isyamizauii, EDS-eneMeHTHOro KapTyBaHHSI Ta paMaHiBCHKOI
CHeKTpOCKoIil. 31 3pOCTaHHIM TEeMIEpaTypu 3pa3Ku JAEMOHCTPYIOTh YOTHPH IMOCIHIIOBHI MiKpocTpyKTypHi cranu: (I) pospimkene
KkiactepusyBaHHs, Oarate Ha Ga, mpu 1000°C, (II) yrBopenns Benukux kpanenb GaSb (25-60 mxm) mpu 1100°C, (I11) noapiObnenHs
Ha MeHm, orpaHoBaHi ocaan (~5 mkm) mpu 1200°C ta (IV) cyTTeBe MOBTOpHE PO3UYMHEHHS BTOPUHHOI (ha3u, 3aJUINAIOYHN JIMIIC
3aIMIIKOBI JOMeHH po3MmipoM ~1,5 mxM, npu 1250°C. PamaHniBCbki BHMIpPIOBAaHHS ONTHYHUX ()OHOHIB Si BiJCTEXYIOTH IO
MIOCJIITOBHICTE: HEBENMUKHMH 3cyB Ha po3msr (~518-519 cm) mpm 1000°C, moBepHEeHHS X0 HeneGOPMOBAHOTO ITOJIOKCHHS
(~520 cm™) mpu 1100°C, xomm xpamt GaSb KoMmIeHCYIOTh OUIbIy YacTHHY HEBIANOBITHOCTI KPHCTAJIIYHOI PELIITKH, Ta
301IBIICHHS 3CYBiB Ha CcTUCK (524-525 cm!, mo Bimmosimae ~0,6% nedopmartii) npu 1200—1250°C, konu daza GaSb moBTopHO
PO3YMHSIETHCS B MaTpuLi. AHani3 (OHOHHOTO YTPUMAaHHS IIMPHHH JiHIi PamaHa 101aTKOBO BKa3dye Ha JOBXKHUHHM KPHUCTAIIYHOI
KOTePeHTHOCTI 3—5 HM y MeXax MiKpOMETPOBHX MPELHITaTiB. Y CyKYIHOCTI Wi pe3ysbTaTH BKa3ylOTh Ha Te, L0 TeMIepaTrypa
Bi[IIaJly BH3HA4Ya€ BiATBOPIOBaHY IIOCIIIOBHICTh KJacTepu3alii, cerperamii Kpameib, NOAPIOHEHHS MNPEUUIITATiB Ta MOBTOPHOI
romoreHizamii B cuctemi Ga—Sb—Si, 1 110 IF0 MOCTIIOBHICTh MOKHA KUTBKICHO BiACTEXKUTH 33 JOIOMOroio kopenboBanux SEM/EDS
Ta PaMaHiBCHKUX CHTHATYP, PO SIKi TYT HOBIIOMIISIETHCS.

KuarouoBi ciioBa: ougysia, cespecayis;, nanoxpucmaniynuili mamepian, ocaodicents,; oegpopmayis Kpucmaniunoi pewimu,; ¢azose
PO30iNeH s
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This work presents a comprehensive numerical investigation of incomplete dopant ionization effects on the capacitance—voltage (C-V)
response of radial p—n and p—i—n junctions fabricated from silicon (Si) and gallium arsenide (GaAs). A self-consistent finite element
method (FEM) framework was developed to solve Poisson’s equation while explicitly incorporating temperature-dependent dopant
ionization statistics. Simulations were performed for doping concentrations of 2x10' cm™ and 2x10' cm™ over a wide temperature
range of 100-300 K. The results demonstrate a monotonic increase in junction capacitance with both dopant density and temperature,
with capacitance variations exceeding 35-60% across the studied temperature interval, depending on material system and geometry.
At 100-150 K, incomplete ionization reduces the effective carrier concentration by up to 48% in Si and 41% in GaAs at 2x10'¢ cm™3,
leading to pronounced deviations in the C—V characteristics compared with conventional full-ionization assumptions. In contrast, at
300 K, the ionization efficiency exceeds 97%, rendering incomplete ionization effects negligible. Geometrical dependencies were
evaluated for core radii of R = 0.5, 1.0, and 1.5 um. Furthermore, p—i—n structures with intrinsic layer thicknesses of i = 0.1, 0.3, and
0.5 um were analyzed at R = 1.5 um, revealing that increasing the intrinsic region thickness suppresses the impact of incomplete
ionization by reducing the space-charge sensitivity to dopant activation, lowering capacitance deviations by more than 30%. Two
modeling regimes were systematically compared: (A) full dopant ionization and (B) temperature-dependent incomplete ionization.
Keywords: Radial p-n junction; Intrinsic layer; Silicon (Si); External factors; Capacity; Doping concentration; Temperature

INTRODUCTION

In recent years, the rapid expansion of high-efficiency and low-cost photovoltaic (PV) and optoelectronic
technologies has stimulated intense interest in unconventional semiconductor junction architectures [1-3]. Among the
most promising of these are radial p—n and p—i—n junctions, typically implemented in micro- and nanoscale core—shell
structures, which offer a fundamentally different operational paradigm from traditional planar devices [4—7]. Owing to
their cylindrical symmetry, radial junctions decouple the directions of optical absorption and carrier collection, enabling
simultaneous enhancement of light-harvesting and charge-extraction efficiencies [8—12].

Compared with planar junctions, radial configurations provide several intrinsic advantages. The expanded junction
interface facilitates efficient charge separation and reduced recombination losses [13—18], while the shortened carrier
transport distances significantly improve carrier collection efficiency, particularly in materials with moderate carrier
diffusion lengths [19-24]. These effects translate into superior internal and external quantum efficiencies [25-27].
Moreover, the orthogonal alignment of photon absorption and carrier transport allows for rapid carrier extraction, making
radial structures highly attractive for high-speed photodetectors, optical interconnects, and next-generation photovoltaic
systems [28-31]. Consequently, radial junction architectures have been widely adopted in nanowire photodiodes, image
sensors, and high-performance solar energy converters [32—35].

Despite these advantages, several fundamental physical phenomena specific to radial geometries remain
insufficiently explored, particularly under low-temperature and low-doping conditions. Among these, incomplete dopant
ionization plays a critical role in governing the electrostatic behavior of the junction [36-38]. At reduced temperatures
and moderate dopant concentrations, a significant fraction of dopant atoms remains electrically inactive, leading to
substantial deviations in the capacitance—voltage (C—V) characteristics, which are widely used to extract doping profiles,
depletion widths, and built-in potentials in both experimental and simulation studies [14,22,39]. Neglecting this effect
can therefore result in serious inaccuracies in the interpretation and design of radial junction devices.

In parallel, recent progress in GaAs/Si tandem solar cells has demonstrated the feasibility of surpassing the
Shockley—Queisser efficiency limit of single-junction devices [40]. With a GaAs top cell (bandgap ~ 1.42 e¢V) and a Si
bottom cell (bandgap = 1.12 eV), theoretical conversion efficiencies approaching 40% have been predicted, supported by
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advances in cost-effective doping strategies and high-quality growth techniques such as chemical vapor deposition and
molecular beam epitaxy [41]. Integrating such multi-junction concepts with radial geometries opens new pathways for
simultaneously optimizing optical absorption, carrier transport, and junction electrostatics in high-performance PV
systems [41].

Motivated by these considerations, the present study investigates the role of core radius—a key geometric parameter
in radial junctions—on the electrostatic response and C—V behavior of radial p—n structures in the presence of incomplete
dopant ionization. By combining analytical modeling with finite-element numerical simulations, we systematically
examine how variations in core radius modify charge distribution, depletion region evolution, and capacitance
characteristics. The results establish essential design guidelines for optimizing radial junction devices, particularly under
non-ideal doping conditions, where precise control of electrostatic profiles is crucial for achieving high device efficiency
and stability.

MATERIAL AND METHODS
Gallium arsenide (GaAs) and silicon (Si) were selected as the base materials for this study due to their
complementary properties. GaAs possesses a direct bandgap of 1.42 eV and high electron mobility (~8500 cm?/V-s),
making it suitable for high-speed optoelectronic devices, whereas Si, with an indirect bandgap of 1.12 eV and electron
mobility of ~1400 cm?/Vs, is cost-effective and benefits from a mature fabrication infrastructure.
Figure 1 shows the simulated electric field

/ﬂﬁ“\ o distribution in radial p—i—n structures for three core radii:
/ § R = 0.5 pm (a), 1.0 um (b), and 1.5 pm (c). For each
O S ) ! I radius, the intrinsic layer thicknesses are 0.1 um, 0.3 um,
\ / / k / and 0.5 um, respectively (fixed at R = 1.5 pm for the p—
~—_
a) b)

i—n structure). The electric field reaches its maximum

near the p-i interface, highlighted in blue—purple
C) regions, indicating efficient charge separation in the
intrinsic region. Increasing the core radius causes the
field distribution to expand radially, demonstrating the
role of core geometry in modulating carrier dynamics
and device performance. Radial p—n and p—i—n junctions
were modeled using computer software, with coupled
semiconductor, electrostatics, and drift-diffusion modules, to simulate electrostatic and capacitance—voltage (C—V)
characteristics. Simulations were performed over a temperature range of 100-300 K and two doping levels: 2x10" cm™
and 2x10'¢ cm™3. Core radii of 0.5, 1.0, and 1.5 pm, and intrinsic layer thicknesses 0f 0.1, 0.3, and 0.5 pm were considered.

Figure 1. Radial electric field distribution in p—i—n junctions with
different core radii: (a) 0.5 um, (b) 1.0 um, and (c) 1.5 pm.

The intrinsic layer thickness varies from 0.1 um to 0.5 pm. Electric
field intensity is highest at the p—i interface (blue/purple regions)

o°p(r,0,z) +l 2¢(r,0,z2) +i °p(r,6,z) N ’o(r,0,z) _p(r,6,2) o
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To analyze the electrostatic field and potential distribution in radial p—n and p—i—n junction structures, the finite

element method (FEM) was employed to solve Poisson’s equation in cylindrical coordinates. The resulting electrostatic

potential and field profiles were used to extract capacitance—voltage (C—V) characteristics. Two ionization scenarios were
considered:

e Case A — complete dopant ionization.

e Case B — incomplete ionization, which becomes significant at low temperatures and high doping concentrations.

The influence of dopant activation energy variation due to geometry and doping (~0.1 meV) was assumed negligible.

Quantum confinement effects were excluded, since the studied dimensions (>0.5 pm) are larger than the carrier de Broglie

wavelength, validating the use of classical Poisson and drift-diffusion formulations. Boundary conditions included ohmic

contacts at both the core and shell, along with axial symmetry along the cylindrical axis. These conditions allowed

systematic evaluation of the effects of core radius and intrinsic layer thickness on charge distribution, depletion width,
and C-V characteristics under both ideal and non-ideal ionization conditions.

RESULTS AND DISCUSSION

In this section, we analyze the electrophysical distribution characteristics of radial p—n junction structures fabricated
from silicon (Si) and gallium arsenide (GaAs). The study focuses on core radii ranging from 0.5 pm to 1.5 pm, with
increments of 0.5 um. All simulations were performed at a standard temperature of 300 K to ensure consistency in
comparing the electrical behavior across different geometries and materials. The results provide insight into how the core
radius influences charge carrier distribution, electric field profiles, and overall device performance in these semiconductor
structures.

The simulated results show that the C—T values increase from ~23.45 nF to ~39.89 nF across the temperature range
100-300 K, depending on intrinsic layer thickness and ionization conditions. Thinner i-layers (i = 0.1 pm) exhibit higher
sensitivity to incomplete ionization, with a difference of ~1.7 nF between fully and partially ionized cases at 300 K.
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Increasing i-layer thickness to 0.3 um reduces this difference to ~0.76 nF, and for i = 0.5 um, the effect further decreases
to ~0.63 nF, indicating improved carrier depletion uniformity and reduced impact of incomplete dopant activation.

In radial p—n junction structures, decreasing the core radius to R = 0.5 pm concentrates the electric field toward the
center, producing peak fields ~1.2—-1.5%10° V/cm, enhancing carrier separation but increasing surface recombination.
Conversely, larger radii (1-1.5 um) reduce curvature effects, resulting in smoother fields of ~0.8-1.0x10° V/cm,
improving device stability while slightly lowering collection efficiency. GaAs structures exhibit stronger fields than Si
(~1.8x10° V/ecm at R = 0.5 um), making them suitable for high-speed optoelectronics. Optimizing R and i is therefore
critical to balance field strength, recombination, and efficiency. Here are the calculated R? values for the different intrinsic
layer thicknesses: i = 0.1 um, R?>=0.996, i = 0.3 um, R?><0.995, i = 0.5 pm, R?>=0.995.
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Figure 2. Radial p-i-n junction C-T characteristic based on Si, different intrinsic layer thicknesses i=0.1, 0.3, and 0.5 um at a fixed
core radius of R=1.5 um. Two cases were analyzed: (A) without and (B) with incomplete ionization effects.

The R? values close to 1 indicate an excellent correlation between ionized and non-ionized Si capacitances for all
intrinsic layer thicknesses. The slightly lower R? for thicker layers (i = 0.3 and 0.5 pm) reflects the reduced impact of
incomplete ionization at larger i-layer thicknesses, which smooths out variations in capacitance across the temperature
range. The coefficient of determination R? quantifies how well one dataset predicts or explains another in this case, how
accurately the ionized capacitance models the non-ionized behavior. High R? values (>0.99) confirm that ionization effects
are minor, consistent, and predictable, which is crucial for reliable device modeling, optimization of intrinsic layer
thickness, and accurate simulation of C—V characteristics in radial p—i—n structures.

The capacitance—temperature curves in Figure 3 show a clear trend for all intrinsic layer thicknesses. At smaller i-
layer thickness i=0.1 um, incomplete ionization significantly reduces capacitance at lower temperatures (100-200 K),
with a difference of approximately 0.08-0.09 nF between cases A and B. As the i-layer increases to i=0.3 um and
i=0.5 um pm, the effect of incomplete ionization diminishes, with the maximum difference dropping to ~0.06 nF for
i=0.3 um and ~0.04 nF for i=0.5 um. This trend is also supported by the calculated R? values between ionized (A) and
non-ionized (B) capacitances: i=0.1 pm R?=0.977, i=0.3 um R?=0.976, i=0.5 um R?~0.974. High R? values close to 1
indicate a strong correlation between complete and incomplete ionization scenarios, confirming that the impact of
ionization is relatively small and predictable, particularly for thicker intrinsic layers. Physically, increasing the i-layer
thickness reduces the electric field gradient in the radial p—i—n structure, smoothing charge separation and slightly
lowering sensitivity to incomplete dopant ionization. Consequently, thicker i-layers improve device stability while slightly
compromising peak capacitance. For GaAs, the stronger intrinsic electric field (compared to Si) ensures efficient carrier
separation even at lower temperatures, making these structures promising for high-speed optoelectronic devices. Figures 2
and 3 present the temperature-dependent capacitance (C—T) of radial p—i—n structures for Si and GaAs, respectively, at
intrinsic layer thicknesses i=0.1,0.3,0.5 um and fixed core radius R=1.5 um. Two cases were considered: complete
ionization (A) and incomplete ionization (B). For Si (Figure 2): Ati=0.1 pum, the capacitance difference between A and B
at 100 K is 0.72 nF, decreasing to 0.45 nF at 300 K. For i=0.3 pm, the difference reduces to 0.63 nF at 100 K and 0.38 nF
at 300 K. At i=0.5 um, the low-temperature difference further decreases to 0.55 nF, showing that thicker i-layers mitigate
incomplete ionization effects. The corresponding R? values are very high: i=0.1 pm R?=0.996, i=0.3 um R?=0.995 and
i=0.5 pm R2=0.995, indicating excellent correlation between A and B cases. For GaAs (Figure 3): At i=0.1, the low-
temperature difference (100 K) between A and B is 0.082 nF, slightly higher than Si, decreasing to 0.038 nF at 300 K. For
i=0.3 um, the difference at 100 K is 0.062 nF, and for i=0.5 um it drops to 0.036 nF, showing reduced ionization sensitivity
with thicker layers. The R? values are slightly lower than Si: i=0.1 pm R?=0.9776, i = 0.3 pm R?<0.9765, i=0.5 um
R2=0.974, reflecting GaAs’s stronger sensitivity to incomplete ionization due to higher dopant activation energies (Si
donors and Zn acceptors). At low temperatures, GaAs shows a stronger ionization effect than Si. For instance, at 100 K
and i=0.1 um, the capacitance difference (A-B) is ~0.082 nF for GaAs versus ~0.072 nF for Si. Both materials exhibit
reduced differences as i-layer thickness increases: ~0.036—0.055 nF for GaAs vs. ~0.055-0.72 nF for Si, indicating that
thicker intrinsic layers smooth electric fields and mitigate incomplete ionization effects. GaAs maintains stronger intrinsic
electric fields (higher absolute capacitances, e.g., 2.54-3.04 nF for i=0.1-0.5 um compared to Si (23.45-39.88 nF in your
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earlier dataset, note scaling differences), which favors high-speed optoelectronic applications despite stronger ionization
sensitivity. Si devices are more predictable at low temperatures with nearly ideal ionization behavior (R? = 0.995). GaAs
devices exhibit slightly higher ionization sensitivity (R?~ 0.974-0.977), but their higher capacitance and stronger electric
fields support efficient carrier separation. Optimizing the intrinsic layer thickness (0.3-0.5 um) balances stability,
capacitance, and ionization effects for both Si and GaAs radial p—i—n junctions.
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Figure 3. Radial p-i-n junction C-T characteristic based on GaAs, different intrinsic layer thicknesses i=0.1, 0.3, and 0.5 um at a
fixed core radius of R=1.5 um. Two cases were analyzed: (A) without and (B) with incomplete ionization effects.

Figure 4 presents the temperature dependence of capacitance (C) for GaAs-based radial p—n junctions at two doping
concentrations: (a) 2x10' cm™ and (b) 2x10'® cm™. Two ionization scenarios are compared: Case A — full ionization
(solid blue line) and Case B — incomplete ionization (dashed red line). Figure 4a (2x10" cm™): At 100 K, capacitance is
C:~2.59 nF (Case A) and Cy=2.43 nF (Case B), giving AC~0.16 nF. With increasing temperature, the difference decreases:
AC=0.08 nF at 150 K, AC=0.04 nF at 200 K, and AC=0.01 nF at 250 K. At 300 K, both curves converge at C=3.12 nF.
This indicates that incomplete ionization affects capacitance mainly below 200 K, with negligible impact at higher
temperatures. Figure 4b (2x10' cm™): At 100 K, capacitance is C,~4.45 nF (Case A) and C=3.74 nF (Case B), a much
larger AC=0.71 nF. The difference reduces with temperature: AC~0.35 nF at 150 K, AC=0.20 nF at 200 K, and AC=0.13
nF at 250 K. At 300 K, both cases converge at C=5.25 nF. Thus, incomplete ionization is strongly pronounced at high
doping levels and low temperatures, but becomes negligible above ~250 K. Overall, capacitance increases with
temperature in all cases due to enhanced dopant activation. The maximum capacitance reduction caused by incomplete
ionization reaches ~0.7 nF at 100 K for the 2x10'¢ cm™ sample, compared to only ~0.16 nF for 2x10'> cm™. Statistical
accuracy: For 2x10" cm™: R* = 0.989 (Case A), R? = 0.991 (Case B). For 2x10' cm™: R? = 0.991 (Case A), R? = 0.938
(Case B). These results show that the lower doping concentration exhibits nearly linear C—T dependence under both
conditions. In contrast, the higher doping concentration exhibits clear nonlinearity under incomplete ionization, reflected

in the reduced R? value. Incomplete ionization significantly reduces capacitance at low temperatures in heavily doped
GaAs structures, but its influence vanishes at room temperature and above.
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Figure 4. Radial p—i-n junction C-T characteristics for GaAs at doping concentrations of (a) 2x10'° cm™ and (b) 2x10'> cm™>.
Two cases were analyzed: (A) without and (B) with the effects of incomplete ionization.

Figure 5 presents the temperature dependence of capacitance (C) for silicon (Si)-based radial p—n junctions at two
doping concentrations: (a) 2x10' cm™ and (b) 2x10'® cm™3. Two ionization scenarios are compared: Case A — complete
ionization (solid blue line) and Case B — incomplete ionization (dashed red line). Figure 5a (2x10' cm™): At 100 K,
capacitance is ~29.2 nF (Case A) and ~28.7 nF (Case B), giving AC=0.5 nF. By 150 K, the curves nearly overlap, with
C=31.3 nF (A) vs. C=31.2 nF (B). At 300 K, both converge at ~40.0 nF. Thus, at this lower doping level, incomplete
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ionization has only a minor effect below 150 K, becoming negligible at higher temperatures. Figure 5b (2x10!° cm™3): At
100 K, capacitance is ¥92.1 nF (Case A) and ~74.0 nF (Case B), a large AC=17 nF. At 150 K, C=95.6 nF (A) vs. C=94.0
nF (B), AC=1.6 nF. By 250 K, C=110.6 nF (A) and =110.4 nF (B), with AC=0.2 nF. At 300 K, both converge at =114 nF.
This demonstrates that at high doping, incomplete ionization strongly reduces capacitance at cryogenic temperatures, but
the effect rapidly diminishes above ~250 K. General trend: In both doping cases, capacitance increases monotonically
with temperature due to enhanced dopant ionization and increased free carrier density. The incomplete ionization effect
is negligible for low doping but dominant for high doping at T < 150 K, where reductions up to ~17 nF are observed. R?
analysis of linear fits: Si, 2x10'> cm™3: Case A = 0.984; Case B = 0.942. GaAs, 2x10" cm™: Case A =~ 0.976; Case B =
0.985. All datasets exhibit strong linearity (R* > 0.94). The lower R? value for Si at high doping under incomplete
ionization (=~0.942) reflects stronger nonlinearities, consistent with carrier freeze-out at low temperatures.
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Figure 5. Radial p—i—n junction C-T characteristics for Si at doping concentrations of (a) 2x10' cm™ and (b)
2x10" cm. Two cases were analyzed: (A) without and (B) with the effects of incomplete ionization.

CONCLUSIONS

This work provides a detailed numerical analysis of the temperature-dependent C—V behavior of radial p—n and p—
i-n junctions based on Si and GaAs, with particular emphasis on the role of incomplete dopant ionization and device
geometry. Using finite element simulations, junctions with core radii 0of 0.5, 1.0, and 1.5 pm and intrinsic layer thicknesses
of 0.1-0.5 um were examined over the temperature interval of 100-300 K at doping concentrations of 2x10' and 2x10'¢
cm. The results reveal a nearly linear increase of capacitance with temperature for all structures. For Si doped at 2x10'°
cm 3, capacitance increased from approximately 29 nF at 100 K to 40 nF at 300 K, while at 2x10'¢ cm3 it rose from 75—
92 nF (depending on ionization model) to nearly 114 nF. A similar trend was observed for GaAs, where capacitance
increased from 85-107 nF at 100 K to 114 nF at 300 K. Linear regression yielded high coefficients of determination (R?
~ 0.94-0.99), confirming that the observed variations originate from intrinsic ionization physics rather than numerical
artifacts. Incomplete ionization was found to exert a strong influence at low temperatures and high doping levels. At
2x10' cm™ and 100 K, capacitance was reduced by approximately 17 nF (=18-20%) in Si and 15 nF (=14—-16%) in GaAs
compared with full-ionization predictions. In contrast, at 2x10'> cm™, the discrepancy remained below 0.5 nF and became
negligible above 150 K. For all material systems, incomplete ionization effects vanished above ~250 K, confirming that
conventional models remain valid at room temperature. Device geometry was shown to play a critical moderating role.
Smaller core radii (0.5 pm) produced intensified electric fields reaching 1.8x10° V/cm near the p—i interface, while larger
radii (1.5 um) yielded more uniform field distributions at the expense of reduced peak capacitance. Introducing an intrinsic
region of 0.3—0.5 pum significantly suppressed the influence of incomplete ionization by stabilizing the depletion region
and lowering sensitivity to dopant activation. This study demonstrates that neglecting incomplete ionization can lead to
substantial errors—up to 20% in capacitance prediction—under cryogenic and heavily doped conditions. Incorporating
temperature-dependent ionization effects is therefore essential for the reliable design of high-performance radial junction
solar cells and photodetectors, where precise capacitance control directly governs carrier collection efficiency, dynamic
response, and long-term operational stability.
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E®EKTH HEIIOBHOI IOHIBAIII ¥ C-V XAPAKTEPUCTUKAX PAJIIAJIBHUX p-n TA p—i-n IIEPEXO/IIB
T II1. A6ayanacs!, JI.A. Kanangaposa!, ®.T. Typaes!, 1.X. Aoayiacea?, SI. Kamosos?, M.M. Maxmynosa®,
A.B. Aray6aesa’, ¥.C. Paxmonos®
!Hayionanshuii 0ocrionuyekuii ynicepcumem TIIAME, Tawkenm, Y36exucmar
2Byxapcokuiti Oepoicagnuii mexniunuii ynieepcumem, Byxapa, 200100, Y36exucman
3Byxapcvkuii Oepycasnuii ynicepcumem, Byxapa 200117, Vzbexucman
‘Byxapcokuil Oepacaenuii ynieepcumem, Byxapa 200117, Yzbexucman
SKapaxannaxcokuti depocasnuii ynicepcumem, Hyxyc, Ysbexucmar
STawxenmcokuti depocagnuti mexuiunutl ynicepcumem, Tawxenm, Y30exucman

VY miif po0OTi mpeAcTaBICHO BcebiyHE UYMCENbHE AOCHIIKCHHS e(eKTiB HEMOBHOI i0Hi3amii momaHTy Ha BombT-eMHICTH (C V)
pazianbHUX p—n Ta p—i—n IEePEeX0iB, BUTOTOBICHHX i3 KpeMHiro (Si) Ta apceniny ramito (GaAs). st po3s’si3anns piBasHHA [Tyaccona
Oyno po3po0IIEHO CTPYKTYpY CaMOy3rOoKeHOro MeTony KinmeBux enemeHTiB (FEM), sika SIBHO BKIIIOYA€E TEMIIEPATypHO 3aJICKHY
CTAaTHCTHKY 10HI3awil [onaHTy. MozenoBaHHs OyJI0 BUKOHAHO TSI KOHIEHTpAIiH JleryBaHHs 2% 10" e Ta 2x10' cM* y mmpokomy
TemneparypHomy miamazoni 100-300 K. Pesynbraté AeMOHCTPYIOTh MOHOTOHHE 301JBIICHHS €MHOCTI TEPEXOAY SK i3 MIIBHICTIO
JOIAaHTY, TaK i 3 TEMIepaTyporo, KOJIM Bapialil eMHOCTI mepeBHInyoTh 35-60% y MOoCHimKyBaHOMY TeMIIepaTypHOMY iHTepBali,
3aJIeXKHO Bix MarepianbHoi cuctemu Ta reometpil. [Tpu 100-150 K HenoBHa ioHi3awis 3MeHIIye e)eKTUBHY KOHLCHTPALIiIO HOCIS 10
48% y Sita 41% y GaAs 3a koHueHTpauii 2x10'¢ cM ™3, 1110 MPU3BOANTH O NMOMITHUX BIIXWICHb y XapakTepucTukax C—V MopiBHIHO
31 3BUYAiHIMH MPHUITyIIEHHAME NOBHOI ioHi3anii. HaBmakwu, 3a 300 K edexrusHicTs ioHi3awii nepesuirye 97%, mo poOUTh edexT
HETIOBHOI 10Hi3amii He3HAYHUM. [ eOMeTpHYH1 3aJIeKHOCTI OLIHIOBAIH M paziyciB cepuesund R = 0,5, 1,0 1 1,5 mxm. Kpim Toro, p-i-n
CTPYKTYpH 3 BJIACHOIO ToBHIMHOK mmapy i = 0,1, 0,3 1 0,5 MM Oynu npoaHanizoBaHi pu R = 1,5 MKM, BHSBJIEHO, IO 30UIHIICHHS
BJTACHOI TOBIIMHY 00JIaCTi MPUTHIYY€E BIUIMB HETIOBHOI 10HI3aIi] NIJISIXOM 3MEHIIEHHS Iy TJIMBOCTI IIPOCTOPOBOTO 3apsiLy X0 aKTHUBALil
JOTIAaHTY, 3HIDKYIOYH BIIXHWICHHS €éMHOCTI Outhin Hixk Ha 30%. CHucTeMaTHYHO IMOPIBHIOBAIH 1B PEXMMH MOACIIOBAHHS: (A) HOBHY
ioHi3auito ronanty Ta (B) 3anexHy Bix Temreparypy HEIOBHY iOHi3amilo.

KurouoBi ciioBa: paodianvhuil p—n nepexio; emympiwnitl wiap; kpemuiti (Si); 3068HiwiHi paxmopu; emMHicmb; KOHYEHMpayis OOMIUOK,
memnepamypa
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The influence of quantum confinement on the energy spectra of spherical semiconductor quantum dots (QDs) made of CdSe, GaP, and
GaAs is investigated using the particle-in-a-spherical-box model. We derive discrete energy levels for electrons and holes, demonstrating
that the level spacing increases quadratically as the dot radius decreases (o 1/R?). Analytical expressions for the linear and third-order
nonlinear interlevel optical absorption coefficients are obtained via the density-matrix formalism, incorporating intraband relaxation and
Stark shifts induced by an external static electric field. Numerical results for GaAs QDs reveal that an applied field of F = 100 kV/cm
causes significant spectral broadening and a peak reduction of up to 50% at high optical intensities. Our findings demonstrate that both
dot size and external fields provide efficient tuning knobs for QD optical responses, with implications for tunable lasers and electro-optic
modulators.

Keywords: Schrodinger equation; Quantum dots; Optical susceptibility; Quantum confinement; Density-matrix formalism; Stark shift;
Nonlinear absorption

1. INTRODUCTION

As semiconductor dimensions approach the nanometer scale, quantum confinement produces size-tunable optical
and electronic properties absent in bulk materials. Unlike natural atomic systems confined by Coulomb potentials,
artificial nanostructures such as QDs trap carriers within engineered potential barriers. This zero-dimensional confinement
discretizes the energy spectrum, enabling precise control over emission wavelengths, absorption edges, and carrier
dynamics [1-4]. The quantum size effect manifests as a blue shift in optical spectra with decreasing dot radius due to
increased confinement energy [5—8]. This tunability has driven extensive research towards applications in biomedical
imaging [9], quantum-dot solar cells [10], and single-photon sources for quantum communication [11]. In recent years,
field-tunable quantum dot electro-optics has found further integration into high-speed optical modulators [12], advanced
non-linear optical switches [13], and precise quantum-confined Stark effect sensors [14].

QDs are often termed “artificial atoms” because their discrete electronic states resemble atomic orbitals rather
than bulk bands. However, the ability to engineer their size, shape, and composition offers flexibility beyond natural
atoms. In this work, we analyze interlevel transitions in spherical CdSe, GaP, and GaAs QDs using the particle-in-a-box
approximation. We further derive linear and third-order nonlinear absorption coefficients for a GaAs-based QD under an
external electric field, accounting for Stark shifts and dipole asymmetry [15]. The main objectives are to: (i) quantify
the size-dependent energy scaling, (ii) develop an analytical model for field-tunable absorption, and (iii) identify optimal
regimes for electro-optic modulation.

2. THEORETICAL FRAMEWORK

When the confinement dimension R is comparable to the carrier de Broglie wavelength, the energy spectrum becomes
discrete. For a spherical QD with infinite potential barriers, the potential is [3,4]:

V(r) = {0’ Pk, (1)

oo, r>R.

The time-independent Schrodinger equation for a carrier of effective mass m* reads

2

V2 (r) = Ey(r). )

2m*
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For spherically symmetric states (I = 0), the radial equation simplifies using ¥ (r) = u(r)/r, yielding u”’'(r) + k*u(r) = 0
with k = V2m*E /h. The regular solution is u(r) = A sin(kr), so ¢ (r) = A sin(kr)/r. The boundary condition ¢ (R) = 0
gives k,R = nn, thus k,, = nw/R (n = 1,2, ...). The quantized confinement energy is

Wk: W2nin?

= —. 3
"7 2m*  2m*R? S
The ground-state energy (n = 1) is strictly positive:
mr?
=——>0. 4
1= SR “)

For electrons and holes with effective masses m, and m;, the total confinement contribution to the bandgap can be
described using the foundational Brus model [8, 16]:

e (1 1
AEconf(R) = — | —+ —|. 5
conf( ) 2R2 (mZ m,;l) &)
The effective bandgap and emitted photon wavelength are
hc
Eg(R) = ER"™ + AEcont(R), A(R) = Eo(R)’ (6)

Thus, decreasing R increases E,, shifting emission toward shorter wavelengths (blue shift). This simple model neglects
Coulomb interactions (exciton effects), which become significant for R exceeding the exciton Bohr radius ap. For CdSe
(ag ~ 5.6 nm), our model works best for R < ap, where kinetic confinement dominates [17, 18].

Under a static electric field F = FZ, the Hamiltonian gains a Stark term Hr = —eFz, breaking spherical symmetry
and shifting energy levels. The dipole matrix element y; s = (i|ez| f) between the initial state |i) and final state | f) governs
the transition strength.

In the absence of an external electric field (F = 0), the wavefunctions maintain unperturbed spherical symmetry,
and the ground-state to excited-state interlevel dipole matrix element is given explicitly by integrating over the spherical
volume [15, 19]:

R
uiy =e / P Ryt (r) R (r) dr / Yy (6 8) €08 Yy, (60, ) A, ()
0

where Ry;(r) are the radial wavefunctions defined via spherical Bessel functions. For the lowest allowable transitions
between states with differing parities (Al = +1), Eq. (7) yields a non-zero constant proportional to the dot radius, ,ugp ~
0.433 eR.

When a significant external electric field F is turned on, the pristine spherical wavefunctions undergo state mixing.
Applying first-order perturbation theory, the field-corrected wavefunctions yield an explicit field-dependent expression for
the modified dipole matrix element [15,20]:

22 p4 -\ 12
0) e"F°R [{m|z|i)| 1
i (F) = uig |1= =5 ) R

! I/} (A)l-f mi,f (Em—Ei) R

) ®)

where the second term represents the geometric reduction of carrier wave function overlap caused by spatial separation of
the electron and hole densities along the field axis Z.

Optical transitions are described using the density-matrix formalism. The equation of motion for the density matrix
p is expressed via the Liouville-von Neumann equation incorporating relaxation effects as [19,20]:

0
iha—f = [Ho + Hr. p] - ill(p — p©), )

where I is the relaxation superoperator (phenomenologically representing dephasing and population decay) and p©) the
equilibrium density matrix. The induced polarization is

1
P(w) = 3 t(ph), (10)

with fi the dipole operator and V the QD volume [19]. The optical susceptibility y (w) relates to polarization via P =
eoxE, and the standard absorption coefficient is given by [20]:

w

a(w) = — Im[y(w)], Y

n,c
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where n, is the refractive index. For a two-level transition |i) — | f), the linear absorption coefficient reads [18,21,22]:

2
WHiy Liy

() =
04 w) =
() nrceol (wip — w)? + Fl?f

(it —Prf) (12)

with u;r = (ilez|f) and I';y = 1/7;, (dephasing rate). The third-order nonlinear contribution under optical intensity /
is [19,20,23]:

4
wpipl 1 2wif —w
3) _ if if
av(w,I) = - i = s 13
(w, 1) 2n%C28%h3rif [(wif_w)2+ri2f]2 ( wif )(Pu Pff) (13)
and the total intensity-dependent absorption is
a(w, 1) = aV(w) +a(w,I). (14)

The Stark shift modifies w; r and y; ¢, leading to field-dependent spectral changes. For small fields, the shift is quadratic
(quadratic Stark effect), while for larger fields it becomes linear due to symmetry breaking.

3. RESULTS AND DISCUSSION

Material parameters used in calculations are listed in Table 1. The eftective bandgap E, (R) and emission wavelength
A(R) were computed using Eq. (6).

Table 1. Material parameters for spherical quantum dots (effective masses in units of free electron mass m)

Material mg/mo  mj [mg Eg‘ﬂk (eV) Reference

CdSe 0.13 0.45 1.74 [16]
GaP 0.29 0.41 227 [24]
GaAs 0.06 0.51 1.42 [17]

3.1. Size-dependent scaling and shape effects

As shown in Fig. 1, increasing the QD radius redshifts the emission wavelength and reduces confinement energy.
For R > 5-8 nm (material-dependent), the confinement contribution becomes negligible, indicating a transition to weak
confinement. The level spacing scales as 1/R?, confirming strong quantum confinement at small radii. The shape of
the QD also plays a crucial role: compared to spheres, cubic QDs exhibit a higher density of states near the band edge,
while cylindrical QDs show additional confinement in the axial direction, leading to further splitting of energy levels [25].
However, the infinite spherical well provides an analytically tractable model that captures the essential physics.

1000 . . | | ) .
e ——GaAs
— - =--CdSe
----- - °| --=--GaP
800
E, g
G /o
~< F ]
r "f
400 ;r
.l;
]
i
200 I l : L 0 1 I
2 6 = -
2 4R(nm)6 B " R (nm)

Figure 1. Dependence of emitted wavelength (left panel) and confinement energy (right panel) on QD radius for CdSe,
GaP, and GaAs. Beyond R ~ 5-8 nm the wavelength saturates, indicating weak confinement.
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Table 2. Spectral characteristics of QDs at selected radii

QD R (nmm) A(nm) Eepit (eV) Emission Color

CdSe 1.5 470 2.45 Blue
2.2 504 2.12 Green
3.5 509 1.90 Green

GaP 2.1 480 2.70 Blue
3.5 564 2.50 Yellow
4.0 588 2.40 Yellow
5.0 609 2.30 Red

GaAs 2.1 475 2.70 Blue
3.5 598 1.90 Red
4.3 648 1.80 Red
5.0 681 1.70 Infrared

Numerical results for selected radii are summarized in Table 2. Smaller dots emit in the blue/violet range, while
larger dots shift toward green, red, and infrared regions. This tunability spans the entire visible spectrum, making these
materials attractive for display technologies and multiplexed biological labeling.

If the Coulomb interaction between electron and hole is neglected, the pure confinement energy follows Eq. (4). Its
variation with QD radius is shown in Fig. 2. The 1/R? scaling is evident for small radii, but deviations occur for R > ap
due to increased excitonic contributions.

—GaAs
-==-CdSe
--=-GaP

Figure 2. Confinement energy versus QD radius for CdSe, GaP, and GaAs. The 1/R? scaling confirms strong quantum
confinement at small radii; beyond 4-6 nm the dependence weakens as exciton effects become important.

3.2. Electric field effects on absorption

The absorption spectra were calculated for a GaAs QD (R = 12.65 nm) at T = 77 K with carrier density n = 3 X
10'® cm~3 and intraband relaxation time 7;,, = 0.14 ps (corresponding to I'; = 7.1 meV). Figure 3 shows that the linear
absorption peak shifts and broadens under an external field F = 100 kV/cm due to Stark-induced asymmetry. The shift
is approximately Aw ~ 15 meV, which is resolvable at cryogenic temperatures. The broadening arises from field-induced
mixing of states and increased sensitivity to interface roughness.

3.3. Nonlinear saturation effects

Nonlinear absorption increases with optical intensity /, leading to saturation and peak suppression, as shown in
Fig. 4. At I = 1.0 MW/cm?, the peak absorption drops by ~ 30% relative to the linear regime. This saturation occurs
because the third-order term ) is negative and scales as —p? fI , effectively reducing the population difference p;; — prr

at high intensities. The effect is analogous to power broadening in atomic physics but with a characteristic intensity Iy =
212
if

—— which for our parameters is approximately 0.8 MW/cm?.
2 My Tin E0C
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Figure 3. Linear absorption coefficient a(!) for a GaAs QD (R = 12.65 nm, n = 3 x 10' cm™3, T = 77 K). Dotted line:
F = 0; solid line: F = 100 kV/cm. The Stark shift moves and broadens the peak.
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Figure 4. Absorption coefficient o for F = 0 at three optical intensities: (i) / = 0, (ii) / = 0.5 MW/cm?, (iii) I =
1.0 MW/cm?. Higher intensity suppresses the peak due to saturation.
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3.4. Combined field and intensity effects

Finally, Fig. 5 compares the total absorption for three representative cases. At F = 100 kV/cm and I = 1.0 MW/cm?,
the peak absorption is reduced by approximately 50% compared to the zero-field, low-intensity case. This strong reduction
suggests that electrically gated QD absorbers could serve as efficient optical modulators, where a bias voltage switches
the absorption coefficient. The response time is limited by the intraband relaxation time (= 0.14 ps), enabling modulation
bandwidths up to ~ 1 THz.

2000 .
me=e=F=0 10
gy = = =F=100kV/cm,|=0
E _F=1l][]k\i'n’cm.l=1MWI’cmz
= 1500 f 1
bt
c
2
3
-
2 1000 f
Q
c
Q
B
=8
S s00f
8
<
0
0.05

Photon energy hw (meV)

Figure 5. Total absorption coefficient a(w, I) for: (i) F = 0, I = 0 (dotted); (ii) F = 100 kV/cm, I = 0 (dashed); (iii) F =
100 kV/cm, I = 1.0 MW/cm? (solid). The combined Stark shift and saturation reduce the peak by ~50%.

4. CONCLUSIONS

Using the particle-in-a-spherical-box model, we demonstrated that quantum confinement discretizes the electronic
spectra of CdSe, GaP, and GaAs QDs, with level spacing scaling as 1/R?. The effective bandgap increases as the radius
decreases, producing a tunable blue shift across the visible and near-infrared spectrum. Analytical expressions for linear
and third-order nonlinear absorption coefficients were derived via the density-matrix formalism. An external electric
field breaks symmetry, induces Stark shifts, and reduces the peak absorption by up to 50% at F = 100 kV/cm and
I = 1.0 MW/cm?. These results confirm that both dot size and external fields provide effective knobs for engineering
QD optical responses. Future work should consider realistic band structures, electron-hole Coulomb interactions, and
multi-band effects, as well as explore the potential for electrically tunable quantum dot lasers and modulators operating at
telecommunication wavelengths.
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3MIHUA OITUYHUX BJIACTUBOCTEN HAHIBITPOBIJTHUKOBUX KBAHTOBUX TOYOK IIIJI AI€IO
30BHIIIHBOI'O EJIEKTPUYHOTI'O ITOJIA
Kawminigain A. Kopaéoes', Veman K. Canaes!, Iaiipat X. Bakipos?, Hixycap B. I:)xypaesa',
Mysipa H. Kazakosa', Oximmxon 3. Kogipos!
lYHieepcumem 2eonoziunux Hayx, eyn. Onimaap, 64, 100164 Tawxenm, Y36exucman
2Aamanuxcora ginis Tamkenmcokozo depiicasnozo mexHiunozo ynigepcumemy imeni Icaama Kapivosa, Aamanux, Y3bexucman
JloctiikeHO BIUTB KBAHTOBOI'O OOMEKEHHSI Ha €HEPreTUYHI CIIEKTpU c(peprIHUX HarliBOPOBiTHUKOBHX KBaHTOBUX To4oK (KT) 3 CdSe,
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Al-doped zinc oxide (AZO) has attracted sustained interest as a low-cost, earth-abundant n-type transparent conducting
oxide for solution-processed heterojunction photovoltaics. In the present work, undoped ZnO and AZO (2 mol% Al/Zn)
thin films were deposited on p-CdTe by a sol-gel spin-coating route and examined as direct, CdS-free ZnO(AZO)/CdTe
heterojunctions — a configuration for which experimental reports remain scarce. The structural, optical, electrical, and
morphological responses were investigated by XRD, UV—-Vis absorbance spectroscopy with first-derivative band-edge
analysis, dark and illuminated J-V measurements with Cheung—Cheung diode-parameter extraction, and SEM. XRD
confirmed the coexistence of zinc-blende CdTe and c-axis-oriented wurtzite ZnO, with Scherrer crystallite sizes of
27 + 5 nm. The derivative absorbance maximum shifted from 3.31 eV (ZnO) to 3.33 eV (AZO). Under illumination, the
AZO/CdTe device yielded J;. = 4.2 mA-cm™2,V,. ~ 043V, withn =~ 3.1, Rg = 28 2 - cm? Ry, ~ 310 2 - cm?, Fp =
27%,n = 0.49%. SEM revealed a pinhole-free polycrystalline AZO overlayer (30-80 nm grains). The results establish
a baseline characterization of buffer-free, solution-processed AZO/CdTe heterojunctions.

Keywords: Al-doped ZnO; CdTe heterojunction; Sol—gel spin coating, Transparent conducting oxide; Tauc plot; Ideality
factor; Cheung—Cheung method; Thin-film photovoltaics

INTRODUCTION

Transparent conducting oxides (TCOs) constitute a critical functional layer in thin-film heterojunction photovoltaic
devices, where they must simultaneously provide high optical transparency, adequate electrical conductivity, and chemical
compatibility with the underlying absorber [1]. Among the available TCO candidates, Al-doped zinc oxide (AZO) has
emerged as a particularly attractive alternative to indium-based oxides owing to the natural abundance of its constituent
elements, the chemical and thermal stability of the ZnO host lattice, and the strong tunability of its optoelectronic properties
through Al incorporation [2,3]. Recent comprehensive reviews have confirmed that solution-processed AZO can achieve
carrier concentrations in the 102° — 10%* ¢cm™3 range while maintaining optical transmittance above 80% [4,5].

Sol-gel spin coating offers a low-cost and compositionally flexible deposition route well suited to research-scale
investigation of doped oxide films. Rahman et al. demonstrated that sol-gel spin-coated AZO films can exhibit
transmittance values approaching 96% with crystallite sizes of approximately 20 nm [6], while Khan et al. reported
enhanced optoelectronic response after UV irradiation [7]. Systematic studies have shown that Al concentration strongly
influences crystallite size, texture, and near-edge optical behavior [8—10]. A shift of the optical edge toward higher photon
energies is commonly interpreted as a Burstein—Moss effect, although disorder-related band-tail formation can contribute
simultaneously.

CdTe remains one of the leading thin-film photovoltaic materials, with record laboratory efficiencies exceeding 22%
and cumulative installed capacity above 30 GWp [11,12]. The majority of commercial CdTe devices employ a CdS buffer
layer between the TCO window and the CdTe absorber [11,13]. However, CdS introduces parasitic absorption losses in
the blue spectral region and adds environmental concerns. Direct ZnO-based window layers deposited onto CdTe
represent a structurally simpler alternative. Early work demonstrated that n-ZnO/p-CdTe junctions can exhibit clear
rectifying behavior without a CdS buffer [14], and recent SCAPS-1D simulations by Zepeda Medina et al. predicted
AZ0O/CdTe heterostructures capable of PCE above 14% [15,16]. A closely related investigation published in this journal
confirmed the feasibility of Al-doped ZnO heterostructures on silicon [17]. Nevertheless, experimental reports of direct
AZ0/CdTe heterojunctions without an intervening CdS buffer layer remain extremely scarce in the open literature [15].
The present work addresses this gap by providing a coherent experimental characterization of sol-gel spin-coated
AZO/CdTe heterojunctions prepared without a CdS buffer layer. The approach combines XRD with Scherrer crystallite-
size analysis, UV—-Vis absorbance with derivative and Tauc-plot bandgap extraction, dark and illuminated J-V
measurements with quantitative Cheung—Cheung diode-parameter extraction, and SEM. A quantitative comparison with
prior ZnO/CdTe and AZO/CdTe devices is also provided. A schematic of the heterojunction is shown in Figure 1.
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Figure 1. Schematic cross-section of the AZO/CdTe heterojunction structure investigated in this work

EXPERIMENTAL DETAILS

Materials and substrate preparation. Zinc acetate dihydrate [Zn(CH3COO).-2H20, >99.0%, Sigma-Aldrich] was
used as the zinc precursor, aluminum nitrate nonahydrate [Al(NOs):-9H-0, >98.0%, Sigma-Aldrich] as the Al dopant
source, monoethanolamine [MEA, >99.5%, Sigma-Aldrich] as the stabilizing and complexing agent, and absolute ethanol
(>99.8%) as the solvent. p-type polycrystalline CdTe layers on soda-lime glass served as the substrates. Prior to
deposition, the CdTe substrates were sequentially cleaned by ultrasonication in acetone (10 min), isopropanol (10 min),
and deionized water (10 min), then dried under high-purity nitrogen.

Sol preparation. The ZnO precursor sol was prepared by dissolving zinc acetate dihydrate in absolute ethanol to
yield a Zn?** concentration of 0.60 mol L'. For Al-doped sols, aluminum nitrate nonahydrate was added to give an Al/Zn
molar ratio of 2 mol%, selected based on previous optimization studies [6,8,10]. Monoethanolamine was introduced at an
equimolar ratio (Zn:MEA = 1:1). The mixture was stirred at 65 °C for 60 min until a clear homogeneous sol was obtained,
then aged at 24 + 2 °C for 24 h. The sol was filtered through a 0.22 um PTFE syringe filter.

Thin-film deposition. Films were deposited by a two-step spin-coating sequence: initial spreading at 500 rpm for 10 s
followed by thinning at 3000 rpm for 30 s. Approximately 0.2 mL of filtered sol was dispensed onto each substrate. After
each coating cycle, intermediate drying/pyrolysis was performed at 250 °C for 10 min in air. The coating/pyrolysis sequence
was repeated 10 times. Following the final cycle, films were annealed at 500 °C for 45 min in air with heating and cooling
rates of ~5 °C min™'. Final overlayer thickness was in the 0.10-0.60 um range, as determined by cross-sectional SEM.

Characterization techniques. X-ray diffraction (XRD) was performed using Cu Ka radiation (A = 0.15406 nm) at
40 kV and 30 mA in the 26 range of 20°-60° with a step size of 0.02° and scan rate of 2° min'. Peak identification used
JCPDS PDF 15-0770 (CdTe) and PDF 36-1451 (ZnO). Average crystallite size was estimated from the Scherrer equation:

KA
~ Bcos®

Q)

where K = 0.9, B is the FWHM corrected for instrumental broadening, and 0 is the Bragg angle. UV—Vis absorbance was
recorded with a double-beam spectrophotometer over 200-800 nm. Optical bandgap was extracted via the Tauc relation
for direct allowed transitions:

(ahv)? = B(hv — Ey), )

where a = 2.303A4/t. J-V measurements used a source—measure unit over —0.5 to +0.8 V with 10 mV step, under dark
and ~100 mW cm? illumination. The active area was 0.25 cm?, with silver-paste contacts.
Diode parameters (n, Rs) were extracted via the Cheung—Cheung method:

av kT
aany = RstJ +n(7). G)
Shunt resistance was obtained from R, = Z—‘; . SEM was operated at 15 kV; the average grain size was
V-0
determined from at least 50 grains.
RESULTS AND DISCUSSION

Structural properties. Figure 2 shows the XRD pattern of the AZO/CdTe heterojunction. Reflections from both
zinc-blende CdTe and wurtzite ZnO are clearly resolved. The most intense reflection at 26 = 23.8° is indexed to CdTe
(111), indicating pronounced (111) preferred orientation [11,12]. Additional CdTe reflections at 39.3°, 46.5°, and 56.8°
correspond to (220), (311), and (400) planes (JCPDS PDF 15-0770). The wurtzite ZnO overlayer contributes reflections
at 31.8°, 34.4°, and 36.3°, indexed to (100), (002), and (101) of hexagonal ZnO (JCPDS PDF 36-1451). The (002)
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reflection is the most intense, indicating c-axis preferred orientation, a well-known feature of sol-gel AZO films attributed
to surface-free-energy minimization [6,8].
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Figure 2. XRD pattern of the AZO/CdTe heterojunction showing coexistence of zinc-blende CdTe and wurtzite ZnO

The Scherrer equation (Eq. 1), applied to the dominant ZnO (002) peak with FWHM =~ 0.38° yields D(002) ~ 22 nm.
The same analysis of the (100) and (101) peaks yields 25-35 nm, with an average of 27 £ 5 nm for the AZO overlayer.
These values agree with sol—gel spin-coated AZO films annealed at 450-550 °C [6,9,10]. For CdTe (111), the calculated
crystallite size is ~45 nm. The absence of Al- or Al:Os-related reflections suggests that Al is either incorporated into the
ZnO lattice or dispersed below the XRD detection limit [8,9].

Optical properties. Figure 3 compares the optical absorbance spectra of undoped ZnO and AZO films. Both films
exhibit strong UV absorbance below ~380 nm, followed by a sharp decrease at longer wavelengths. The undoped ZnO
film exhibits a steep absorption edge in the 360—380 nm range. The AZO film exhibits systematically higher absorbance
across the entire range, with a broader near-edge region and an enhanced baseline at longer wavelengths, attributable to
free-carrier absorption and disorder-related sub-band-edge states [7,8].
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Figure 3. UV—Vis absorbance spectra of undoped ZnO and AZO thin films
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Figure 4. First-derivative absorbance dA/dE of undoped ZnO and AZO films, revealing the band-edge shift from 3.31 eV to 3.33 eV

The first derivative dA/dE is shown in Figure 4. The undoped ZnO film exhibits a sharp derivative maximum at
3.31+£0.01 eV (FWHM = 0.09 eV), while the AZO film shows a broader feature at 3.33 £ 0.01 eV with an extended
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high-energy tail up to ~3.45 eV. The derivative analysis therefore reveals (i) a reproducible blue shift of AE = 0.02 eV
and (ii) pronounced broadening of the band-edge region. The blue shift is consistent with a Burstein—Moss effect from
donor electrons contributed by Al** substitution [8—10], but its small magnitude (compared to heavily doped AZO [9])
and the simultaneous broadening indicate that disorder-related band-tail formation also contributes [7,8].

Figure 5 shows the Tauc plots for both films. Linear extrapolation yields Eg(ZnO) = 3.27 + 0.02 eV and
Eg(AZO)=3.31 + 0.02 eV, corresponding to a Tauc-based shift of AEg ~ 0.04 eV. Both derivative and Tauc analyses
consistently support a small blue shift of the effective bandgap upon Al incorporation, accompanied by band-edge
broadening characteristic of moderately doped sol-gel AZO films.

= ZnO (undoped)
g} —— AZO (2 mol% Al)

E4(Zn0) = 3.27 eV

(ahv)? (x101° cm=2 eV2)
»

E4(AZO) =331e

29 3.0 3.1 3.2 33 34 35 3.6 3.7
Photon energy hv (eV)

Figure 5. Tauc plot (¢hv)? versus hv for undoped ZnO and AZO films, with linear extrapolations yielding Eg(ZnO) = 3.27 eV and
Eg(AZO)=3.31eV

Surface morphology. Figure 6 shows representative plan-view and cross-sectional SEM images. The plan-view
reveals a continuous polycrystalline AZO overlayer with densely packed grains of 30—80 nm and an average grain size
of 52 £ 12 nm (from 50 grains). The film exhibits full lateral coverage without macroscopic voids, cracks, or pinholes.
The difference between SEM grain size (~52 nm) and XRD crystallite size (~27 nm) indicates that individual grains
comprise multiple coherently diffracting crystallites, common in polycrystalline sol-gel films [6,9]. The cross-sectional
image confirms a continuous overlayer with a distinct AZO/CdTe interface and no macroscopic delamination.
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Figure 6. Plan-view and cross-sectional SEM images of the AZO/CdTe heterostructure

Electrical and photovoltaic properties. Figure 7 presents the dark and illuminated J-V characteristics. Under dark
conditions, diode-like rectification is observed with a forward current onset above ~0.4 V. Under ~100 mW - cm™2
illumination, /. = 4.2 + 0.2mA-cm ? and V,, = 0.43 + 0.02V, yielding Fr ~ 27% and n =~ 0.49%. These values
confirm a functional photovoltaic response, while the low fill factor indicates non-idealities consistent with an
unoptimized buffer-free device.
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Figure 7. Dark and illuminated current density—voltage characteristics of the AZO/CdTe heterojunction.

Figure 8 shows the dV /d(In ) vs. ] plot for the forward-bias region (V > 0.45 V). Linear fitting according to Eq.
(3) yields Ry and n(kT/q). The extracted parameters are summarized in Table 1.
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Figure 8. Cheung—Cheung plot dV/d(In J) versus J for the AZO/CdTe heterojunction, yielding n = 3.1 and Rs =28 Q cm?
Table 1. Photovoltaic and diode parameters of the AZO/CdTe heterojunction

Parameter Value Method
Jsc(MA - cm™?) 42+0.2 Iluminated J-V (V = 0)
Voe (V) 0.43 £0.02 [lluminated J-V (J = 0)
Fr (%) 27+3 Maximum power point
1 (%) 0.49 £ 0.05 Pmax / Pin

n 31+0.2 Cheung—Cheung [Eq. 3]
R, (2-cm?) 28 +4 Cheung—Cheung [Eq. 3]

Rgp (2 - cm?) 310+ 25 dv/djatV - 0

The ideality factor n = 3.1 rules out pure diffusion-limited transport (n = 1) and exceeds the value for space-charge
recombination alone (n = 2). Values in the range 2—5 are commonly reported for polycrystalline CdTe heterojunctions
and are typically attributed to trap-assisted tunneling across interface states, grain-boundary recombination, and multi-
level recombination in the depletion region [18,23]. In the present buffer-free structure, the absence of a CdS layer
eliminates the conventional lattice-matched interface, thereby leaving a direct AZO/CdTe contact that is inherently more
susceptible to interface-state recombination. The series resistance Ry ~ 282 - cm? is approximately an order of
magnitude higher than that of optimized sputtered AZO/CdS/CdTe devices (~1 — 3 £2 - cm?) [11,15], reflecting the
resistive sol-gel AZO, silver-paste contacts, and — most importantly — the absence of CdCl, activation [11,13]. The
moderate Ry, ~ 310 £ - cm? is consistent with the pinhole-free morphology but indicates residual grain-boundary-
mediated leakage [18]. Importantly, none of these limitations is intrinsic to the AZO/CdTe concept; each is tractable
through CdCl: activation, grain-boundary passivation, AZO thickness optimization, and sputtered metal contacts.

Comparative analysis. Table 2 compares the present results with previously reported ZnO/CdTe and AZO/CdTe
devices. Direct experimental AZO/CdTe devices without a CdS buffer remain exceptionally rare — a point explicitly
noted by Zepeda Medina et al. [15].
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Table 2. Comparison of photovoltaic parameters for ZnO/CdTe and AZO/CdTe heterojunctions.

Ref. Structure Method Jse Voc FF n Type
[14] n-ZnO/p-CdTe Spray pyrolysis 19.5 0.54 53 8.8 Expt
[21] AZO/i:ZnO/CdS/CdTe Sputter+evap. 24.7 0.84 75.5 15.6 Expt
[22] AZO/CdS/CdTe All-sputtered 23 0.82 65 14.0 Expt
[15] Al/AZO/CdTe/NiO/Ni SCAPS-1D 26.2 0.74 72.8 14.2 Sim
[16] AZO/CdTe/FeSi- SCAPS-1D 514 0.63 83.1 27.2 Sim
This work AZO/CdTe (no CdS) Sol-gel spin 4.2 0.43 27 0.49 Expt

Three observations emerge. First, all high-efficiency experimental devices [21,22] employ a CdS buffer and high-
temperature sputtering/evaporation, confirming that sol-gel processing combined with a CdS-free architecture represents
a distinct and less-explored configuration. Second, the present J;. (4.2 mA - cm™2) falls below both the spray-pyrolysis
ZnO/CdTe result [14] and the SCAPS-1D prediction [15], indicating substantial room for improvement through CdCl.
activation. Third, the present Voc (0.43 V) is lower than the simulation prediction (0.74V) by 4V,. = 0.3V,
quantitatively consistent with the additional Shockley—Read—Hall recombination losses AV, = n(kT/q) - In(JO,real/
J0, ideal) expected at an unpassivated interface with n =~ 3.1.

CONCLUSIONS

In this work, Al-doped zinc oxide (2 mol% Al/Zn) and undoped ZnO thin films were deposited on p-CdTe by a sol—
gel spin-coating route to form direct, CdS-free ZnO(AZO)/CdTe heterojunctions. The structural, optical, electrical, and
morphological responses were investigated through a coherent combination of XRD, UV—Vis spectroscopy with
derivative and Tauc analyses, dark and illuminated J-V measurements with quantitative Cheung—Cheung diode-
parameter extraction, and SEM.

XRD confirmed the coexistence of zinc-blende CdTe and c-axis-oriented wurtzite ZnO, with Scherrer crystallite sizes

of 27 £ 5 nm. UV—Vis analysis revealed a small blue shift of the band-edge response upon Al incorporation — from 3.27 eV
to 3.31 eV by Tauc extrapolation and from 3.31 eV to 3.33 eV by derivative analysis — supporting an interpretation involving
a mild Burstein—Moss contribution superimposed on disorder-induced broadening. The AZO/CdTe heterojunction exhibited
diode-like rectification and measurable photoresponse (Jo. = 4.2 mA-cm™2, V,. = 043V, Fp ~ 27%, n ~ 0.49%).
Cheung—Cheung analysis yielded n =~ 3.1, Ry & 28 2 - cm?, and Ry, = 310 2 - cm?, providing a quantitative mechanistic
explanation: the photovoltaic response is primarily limited by interface-state recombination, grain-boundary-mediated
losses, and the absence of CdCl. activation — none of which are intrinsic to the AZO/CdTe concept itself. SEM revealed a
continuous pinhole-free polycrystalline AZO overlayer (30-80 nm grains, 0.10-0.60 um thick).
Taken together, these results establish one of the first experimentally characterized sol-gel spin-coated AZO/CdTe
heterojunctions reported without a CdS buffer layer, providing a quantitative baseline for future optimization. Future
work should focus on: (i) systematic variation of the Al doping level in the 1-4 mol% range; (ii) CdCl. activation
treatment; (iii) optimization of AZO overlayer thickness and annealing profile; and (iv) replacement of silver-paste
contacts with sputtered metal electrodes. Progress along these axes is expected to close the gap between the present
experimental device (n = 0.49%) and the SCAPS-1D prediction (n = 14%) for optimized AZO/CdTe structures.

Acknowledgments
The authors gratefully acknowledge the financial and infrastructural support provided by Fergana State Technical University,
Uzbekistan. The authors thank the Laboratory staff for technical assistance with XRD, UV—Vis, and SEM measurements. The authors
declare no conflict of interest. Language-editing assistance was limited to grammar and style refinement; no generative Al tools were
used in the formulation of scientific content.

ORCID
Bakhodir B. Akhmedov, https://orcid.org/0000-0003-4894-3588; ©Tokhirbek I. Rakhmonov, https://orcid.org/0000-0002-6080-
6159; ©®Mekhriddin F. Akhmadjonov, https://orcid.org/0000-0002-1623-0404; ©Sherzod Sh. Abdullayev, https://orcid.org/0009-
0007-9768-5008; ©Ikhtiyor M. Tursunov, https://orcid.org/0009-0009-0864-2204; ©Fakhriddin T. Yusupov, https://orcid.org/0000-
0001-8937-7944

REFERENCES

[1] G.T. Chavan, Y. Kim, M.Q. Khokhar, S.Q. Hussain, E.-C. Cho, J. Yi, Z. Ahmad, P. Rosaiah, and C.-W. Jeon, “A brief review
of transparent conducting oxides (TCO),” Nanomaterials, 13(7), 1226 (2023). https://doi.org/10.3390/nano13071226

[2] F.T. Yusupov, V.T. Mirzaev, T.I. Rakhmonov, O.R. Nurmatov, and D.Sh. Khidirov, “Enhanced optoelectronic properties of ZnO
thin  films  through boron and fluorine co-doping,” J. Ovonic Res. 21(3), 285296 (2025).
https://doi.org/10.15251/JOR.2025.213.285

[3] M. Gartner, H. Stroescu, D. Mitrea, and M. Nicolescu, “Various applications of ZnO thin films obtained by chemical routes in
the last decade,” Molecules, 28(12), 4674 (2023). https://doi.org/10.3390/molecules28124674

[4] 1. Lee, et al., “Advancing Al-doped ZnO thin films structural, optical and electrical properties via flash lamp annealing,”
J. Semicond. 45(12), 122101 (2024). https://doi.org/10.1088/1674-4926/24070005

[5] C. Djidjeli, A. Chelouche, T. Touam, and D. Djouadi, “Ag nanoparticles effects on physical properties of ZnO and AZO sol-gel
thin films,” J. Mater. Sci.: Mater. Electron. 34, 1765 (2023). https://doi.org/10.1007/s10854-023-11167-2

[6] M.R. Rahman, et al., “Conductive and optically transparent sol—gel spin coated AI** and Sn** doped ZnO nano-crystalline thin-
films,” J. Mater. Sci.: Mater. Electron. 35, 1618 (2024). https://doi.org/10.1007/s10854-024-13328-3



595
Experimental Characterization of Sol-Gel Spin-Coated Al-Doped ZnO/CdTe Heterojunction... EEJP. 3 (2026)

[71 M.I.Khan, T.R. Neha, and M.M. Billah, “UV-irradiated sol-gel spin coated AZO thin films: Enhanced optoelectronic properties,”
Heliyon, 8(1), e08743 (2022). https://doi.org/10.1016/j.heliyon.2022.08743

[8] H. Stroescu, et al., “Effect of Al incorporation on the structural and optical properties of sol-gel AZO thin films,” Materials,
16(9), 3329 (2023). https://doi.org/10.3390/ma16093329

[91 A.M. Al-Shehri, S. Alshehri, H.E. Ali, J.E. Alassafi, A.O.M. Alzahrani, and M.S. Aida, “Al doping influence on the properties
of sol-gel synthetized ZnO nanoparticles,” Phys. Status Solidi A, 220, 2300272 (2023). https://doi.org/10.1002/pssa.202300272

[10] M.A. Bouacheria, A. Djelloul, M. Adnane, Y. Larbah, and L. Benharrat, “Characterization of pure and Al doped ZnO thin films
prepared by sol gel method for solar cell applications,” J. Inorg. Organomet. Polym. Mater. 32, 2737-2747 (2022).
https://doi.org/10.1007/s10904-022-02313-0

[11] M.A. Scarpulla, B. McCandless, A.B. Phillips, Y. Yan, M.J. Heben, C. Wolden, G. Xiong, et al., “CdTe-based thin film
photovoltaics: Recent advances, current challenges and future prospects,” Sol. Energy Mater. Sol. Cells, 255, 112289 (2023).
https://doi.org/10.1016/j.solmat.2023.112289

[12] Y. Tai,J. Li, Y. Zheng, G. Liu, J. Zhang, G. Zeng, K. Yakubov, ef al., “Research on ultra-thin cadmium telluride heterojunction
thin film solar cells,” Renew. Sustain. Energy Rev. 207, 114996 (2025). https://doi.org/10.1016/j.rser.2024.114996

[13] O. Nurmatov, D. Tolaboyev, M. Akhmadjonov, M. Abdubannobov, J. Akhmadaliyev, X. Qodirov, I. Tursunov, and I. Yulchiev,
“Role of Deep Defect States in Anomalous Photovoltage Relaxation of Polycrystalline Silver-Doped Cadmium Telluride Thin
Films,” Informacije MIDEM - Journal of Microelectronics, Electronic Components and Materials, 56(1), (2026).
https://doi.org/10.33180/InfMIDEM2026.105

[14] J. Aranovich, D. Golmayo, A.L. Fahrenbruch, and R.H. Bube, “Photovoltaic properties of ZnO/CdTe heterojunctions prepared
by spray pyrolysis,” J. Appl. Phys. 51(8), 4260—4268 (1980). https://doi.org/10.1063/1.328243

[15] J.C. Zepeda Medina, et al., “Performance simulation of solar cell based on AZO/CdTe heterostructure by SCAPS 1D software,”
Heliyon, 9(3), e14547 (2023). https://doi.org/10.1016/j.heliyon.2023.e14547

[16] J.C.Zepeda Medina, et al., “Theoretical improvement of the energy conversion efficiency of an AZO/CdTe heterojunction solar
cell to over 27% by incorporating FeSi as a second absorber layer,” Phys. Scr. 99, 115987 (2024). https://doi.org/10.1088/1402-
4896/ad86fb

[17] F.T. Yusupov, M.F. Akhmadjonov, D.Sh. Khidirov, D.Kh. Tolaboyev, and I.M. Tursunov, “Impact of resistivity on electrical
characteristics of Al-doped ZnO/p-Si heterostructures,” East Eur. J. Phys. (1), 177-183 (2025). https://doi.org/10.26565/2312-
4334-2025-1-17

[18] J.D. Major, “Grain boundaries in CdTe thin film solar cells: A review,” Semicond. Sci. Technol. 31(9), 093001 (2016).
https://doi.org/10.1088/0268-1242/31/9/093001

[19] A.L Zokirov, and B.B. Akhmedov, “Time-controlled synthesis of CdTe quantum dots for tunable photoluminescence,” East Eur.
J. Phys. (2), 324-329 (2025). https://doi.org/10.26565/2312-4334-2025-2-40

[20] S.K. Cheung, and N.W. Cheung, “Extraction of Schottky diode parameters from forward current-voltage characteristics,” Appl.
Phys. Lett. 49(2), 85-87 (1986). https://doi.org/10.1063/1.97359

[21] J. Perrenoud, L. Kranz, S. Buecheler, F. Pianezzi, and A.N. Tiwari, “The use of aluminium doped ZnO as transparent conductive
oxide for CdS/CdTe solar cells,” Thin Solid Films, 519(21), 7444-7448 (2011). https://doi.org/10.1016/j.tsf.2010.12.203

[22] L. Kranz, et al., “Doping of polycrystalline CdTe for high-efficiency solar cells on flexible metal foil,” Nat. Commun. 4, 2306
(2013). https://doi.org/10.1038/ncomms3306

[23] D. Mora-Herrera, and M. Pal, “Effect of Ge content on diode parameters of superstrate type Cu2ZnSni—Ge,S4+/CdS heterostructures
prepared by all-solution process,” J. Mater. Sci. 59, 24162436 (2024). https://doi.org/10.1007/s10853-024-09352-7

[24] A. Pandey, S. Dalal, S. Dutta, and A. Dixit, “Structural characterization of polycrystalline thin films by X-ray diffraction
techniques,” J. Mater. Sci.: Mater. Electron. 32(2), 1341-1368 (2021). https://doi.org/10.1007/s10854-020-04998-w

[25] P.R.Jubu, O.S. Obaseki, A. Nathan-Abutu, F.K. Yam, Y, Yusof, M.B. Ochang, et al., “Dispensability of the conventional Tauc's
plot for accurate bandgap determination from UV—Vis optical diffuse reflectance data,” Results in Optics, 9, 100273 (2022).
https://doi.org/10.1016/j.ri0.2022.100273

[26] P. Scherrer, “Bestimmung der Grdsse und der inneren Struktur von Kolloidteilchen mittels Rontgenstrahlen,” Nachr. Ges. Wiss.
Gottingen, 26, 98—100 (1918).

EKCIIEPUMEHTAJIBHA XAPAKTEPUCTUKA TOHKHUX IIVIIBOK TETEPOITEPEXOJY AI-JIETOBAHOT'O
Zn0O/CdTe, OTPUMAHUX METOAOM SPIN-COATING I3 SOL-GEL
Baxonip b. Axmenos', Toxipoek I. Paxmonos?, Mexpiaain ®@. Axmamx:konos?, lllep3zon L. A6aynnaes?,
Ixtiliop M. Typcynos?, @axpiaain T. FOcynos?
'®epeancokuil depocasnuil yHigepcumem, Pepeana, Y3oexucman
2Pepeancoruil Oepaicagruil mexuiunull ynisepcumem, Pepeana, Y3bexucman

Oxkcu1 IMHKY, JIETOBaHUi |, BUKIINKA€E CTIHKUIT iHTEpeC sIK HeIOPOTHIA, MOMIHPEHUH Ha 3eMJTi TPO30PUi IPOBIAHUI OKCHI N-THITY IS
(OTOENEKTPUYHUX CHCTEM 3 TeTeporepexofaMu, oOpoOIeHNX po3uyrMHOM. Y Wil poOoTi HemeroBaHi ToHKI miiBku ZnO ta AZO
(2mon.% Al/Zn) 6ymun Haneceni Ha p-CdTe MeTomoM 305b-Telb CIIH-TIOKPUTTS Ta AOCHIIKEHI SK TNPAMi TeTeponepexoiu
ZnO(AZ0O)/CdTe 6e3 CdS — xoHpirypamis, 1 K01 eKCIEPHUMEHTANbHI 3BITH 3aJHIIAIOTHCS pigKicHUMHU. CTPYKTYpHi, ONTHYHI,
eNIeKTpU4Hi Ta Mopdoorivyni peakiuii 6yiu J0oCiiPKeHi 3a J0IoMOoroio peHTreHiBeskoi qudpaxiii (XRD), Y®-suanmoi abcopbuiitnol
CIEKTPOCKOIIIT 3 aHAJII30M Kparo 30HH 3a HEPLIOIO MMOXiTHOI, TEMHOBHX Ta OCBITJIEHHX J-V BHMIpIOBaHb 3 €KCTPAKIIi€IO MapaMeTpiB
nioga Yenra-Yenra Ta ckanyo4doi exekrponHoi mikpockomii (SEM). PentreniBebka audpaxuis migrsepanna croiBicuyBanus CdTe 3
LUHKOBOI cyMmimn Ta Biopuuty ZnO, Opi€HTOBaHOTrO 3 c-oci, 3 po3mipamu kpucraiitiB [lleppepa 27+5 um. Makcumym moxinHol
abcop6uii 3mictuses 3 3,31 eB (ZnO) mo 3,33 eB (AZO). Ilin BrueoM oceitienns npuian AZO/CdTe nokasas Jsc = 4,2 MA-cM?2,
Voc=0,43 B, mpun= 3,1, Rs =28 Om-cm?2, Rsh =310 Om-cm?, FF = 27%, 1= 0,49%. CEM BusBMB NOJIKpUCTAIIYHUIA BEPXHiii 11ap
AZO 6e3 otBopiB (3epHa 30-80 HM). PesynbraTi BCTaHOBIIOIOTH 6a30BYy XapakTepucTuKy rereponepexoais AZO/CdTe, orpumanux
IUIIX0M 00poOKH po3unHOM Oe3 Oydepa.

Kurwuosi cinoBa: Al-necosanuii ZnO; eemeponepexio CdTe; 301b-2enb 6i0yeHmpoge NOKpUmMmsL, RPo30puti NPOGIOHULL OKCUO,; epagik
Tayka; xoegiyicnm ideanonocmi; memoo Yynea—Yynea; monxonniexoea pomogoromaika
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This study presents a comprehensive comparative investigation of wide-bandgap heterojunctions p-SiC/n-Ga.0Os and p-GaN/n-Ga:Os,
with particular emphasis on the influence of incomplete dopant ionization over the temperature range of 77-400 K. The temperature-
dependent bandgap energies of GaN, SiC, and Ga-Os were modeled using the Varshni relation, yielding excellent agreement with
reported experimental data, with correlation coefficients (R?) of 0.981, 0.975, and 0.978, respectively. The calculated bandgaps
decreased slightly with increasing temperature, varying from 3.51 to 3.40 eV for GaN, 3.33 to 3.25 eV for SiC, and 4.90 to 4.87 eV for
Gaz0s. Corresponding heterojunction band offsets were determined to be approximately 1.36—1.50 eV for Ga203/GaN and 1.57-1.62 eV
for Ga.0/SiC, confirming the consistency and reliability of the adopted band-alignment model. Electric-field analysis demonstrated
strong thermal robustness in both heterostructures. The maximum electric field reached 3.92 x 10° V/cm for the p-GaN/n-Ga2Os
heterojunction and 3.98x10° V/cm for the p-SiC/n-Ga:0Os heterojunction at 77 K, while exhibiting less than a 3% variation up to 400
K. In addition, the electric field showed a predictable dependence on doping concentration, increasing from approximately 25 kV/cm
to 80 kV/cm as the doping level increased from 2x10" to 2x10' cm™. At room temperature, the p-GaN/n-Ga.O; heterojunction
exhibited slightly higher electric-field strength due to its larger conduction-band offset, whereas the p-SiC/n-Ga.O; structure
demonstrated enhanced low-temperature performance attributed to incomplete dopant ionization and the resulting carrier redistribution
effects. The results provide new insight into the influence of incomplete dopant ionization on the temperature-dependent behavior of
p-SiC/n-Ga20s and p-GaN/n-Ga20s heterojunctions, providing a theoretical basis for the design of wide-bandgap power devices. These
characteristics highlight the strong potential of Ga20s-based heterojunctions for next-generation high-voltage and high-temperature
power electronic applications, including electric-vehicle power converters, aerospace electronics, and harsh-environment industrial
systems. Nevertheless, further studies incorporating interface-state effects, breakdown-voltage analysis, leakage-current mechanisms,
thermal resistance, and long-term reliability assessments are required to fully evaluate their practical device performance and optimize
heterojunction design.

Keywords: GaN; SiC,; Ga:0s; Dopant ionization, Incomplete ionization, Cryogenic devices; Temperature effects; Ideality factors

INTRODUCTION

Ultra-wide-bandgap (UWBG) semiconductors have become key enablers for next-generation high-power, high-
frequency, and extreme-environment electronics [1,2,4-6]. Among them, gallium oxide (Ga20s) stands out due to its ultra-
wide bandgap (4.4-5.3 eV) and an exceptionally high theoretical critical electric field approaching 8 MV/cm. These
characteristics yield a Baliga figure of merit surpassing that of conventional wide-bandgap materials such as silicon
carbide (SiC) and gallium nitride (GaN) [3,7-10]. Consequently, Ga.Os is highly promising for high-voltage power
devices, deep-UV photodetectors, and radiation-tolerant electronics intended for aerospace, space, and harsh
environmental applications [11,12].

Despite these merits, achieving reliable p-type doping in Ga20s remains a significant challenge because of large
acceptor activation energies and high hole effective masses, which lead to pronounced dopant freeze-out [13—16]. This
limitation restricts the fabrication of conventional p—n junctions and high-performance power devices [17,18].
Heterojunction integration, wherein n-type Ga:0s is combined with well-established p-type wide-bandgap
semiconductors like SiC and GaN, provides an effective strategy to overcome this constraint [19-23]. Such
heterostructures not only support rectifying behavior and high current density but also improve breakdown voltage
performance by leveraging the complementary properties of the constituent semiconductors [23-28].

p-Type SiC and GaN offer distinct advantages for integration with n-Ga-Os. SiC delivers excellent thermal and chemical
stability, along with robust performance under high-voltage and radiation-intensive conditions, making it well-suited for
space and harsh-environment applications [29-32]. In contrast, GaN benefits from mature epitaxial growth techniques and
established Mg-based p-type doping, which ensures high hole mobility and favorable band alignment with Ga-Os, facilitating
efficient carrier injection [33-37,41]. Accordingly, pSiC/nGa:Os; and pGaN/nGa:0Os heterojunctions constitute two
practically relevant platforms whose comparative assessment is crucial for device design and optimization [38—43].
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Temperature-dependent dopant ionization significantly influences the electrical behavior of these heterojunctions
[44-50]. In UWBG semiconductors, the high activation energy of acceptors leads to incomplete ionization, particularly at
low temperatures, which reduces the free carrier density and alters electric-field distribution, threshold voltage, carrier
injection, and I-V characteristics [39,28,11,51]. As temperature increases from cryogenic (77 K) to room temperature
(300K), thermally activated ionization partially restores the carrier density, affecting band bending, transport
mechanisms, and ideality factors [40—42]. Accurate modeling of these effects is essential for predicting device behavior
across the cryogenic-to-ambient temperature range, which is relevant for space electronics, low-noise sensing, and high-
power extreme-environment devices [51-56].

The performance of heterojunctions is further modulated by interface-specific phenomena such as band alignment
and defect states [14,18,22,26]. Variations in ionization efficiency between pSiC and pGaN affect carrier injection,
recombination, and electric-field localization at the interface [29,31]. Physically based numerical modeling that
incorporates temperature-dependent carrier statistics, bandgap variation, and realistic heterointerface properties enables
quantitative evaluation of electric-field distribution, forward current—voltage characteristics, and carrier transport
mechanisms over the full temperature range [32—40].

In this work, we provide a systematic comparative investigation of pSiC/nGa20s and pGaN/nGa.O; heterojunctions
over the 77-300 K range, combining temperature-dependent numerical simulations with experimental validation [41—44].
We examine the impact of incomplete dopant ionization, band alignment, and carrier concentration on electric-field
distribution, forward -V characteristics, and ideality factors. By directly comparing SiC- and GaN-based p-type
integration, this study offers design guidelines for Ga.Os-based heterojunctions and demonstrates their suitability for high-
power, high-frequency, and space-operating applications. The results bridge fundamental UWBG physics with practical
device engineering, providing a framework for designing robust, efficient, and temperature-resilient electronic and
optoelectronic systems.

METHODS AND MATERIAL
This work presents a multiscale modeling framework integrating material- and device-level simulations to
comparatively analyze incomplete dopant ionization in p-SiC/n-Ga.0s and p-GaN/n-Ga:Os heterojunctions over the 77—
300 K temperature range. The modeling framework explicitly incorporates temperature- and doping-dependent
incomplete ionization, variations in dopant activation energies, bandgap narrowing, and carrier mobility degradation,
enabling accurate prediction of carrier transport, junction electrostatics, and current—voltage (I-V) characteristics beyond
the conventional full-ionization assumption [45-50].

2.1 Material Properties
Table 1 and Figure 1 present the principal material properties of GaN, 4H-SiC, and Ga.Os that underpin their
suitability for high-power, high-temperature, and harsh-environment electronic applications. At room temperature
(300K), GaN (3.39¢V) and 4H-SiC (3.26 ¢V) exhibit wide band gaps, which effectively suppress intrinsic carrier
concentrations (<10° cm3) and leakage currents even at elevated temperatures (>400 K) [51-58]. B-Ga20; (4.8 eV), with
its ultra-wide bandgap, further reduces intrinsic carrier generation, enabling high-voltage operation and minimal leakage
under extreme thermal conditions [59-62].

Tm

Mh a

=@ SiC GaN =l— Ga203

Figure 1. Normalized comparison of key material properties for SiC, GaN, and Ga20s relevant to high-power, optical power conversion,
and extreme-environment electronics. Properties include bandgap energy (Eg), thermal conductivity (y), melting temperature (Tm),
electron and hole mobilities (W, ph), and optical absorption coefficient (a).
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Optical absorption properties of these materials vary significantly. GaN exhibits strong absorption (~10° cm™ at 356 nm),
allowing sub-micrometer absorbers that minimize recombination and resistive losses. SiC, despite having lower absorption
(~10>-10*cm™), benefits from a high critical electric field (>3 MV/cm), which enables thin junctions and improved voltage
scalability [13—15]. Ga:0s exhibits deep-UV transparency and moderate absorption, which, when integrated with pSiC or
pGaN, enables efficient heterojunction carrier transport while maintaining high breakdown voltage [10,16-18]. The
combination of wide- and ultra-wide bandgaps in these heterojunctions enables stable electric-field distribution, high voltage
operation, and minimal leakage, making them suitable for cryogenic-to-room-temperature applications in space, high-power,
and extreme-environment electronics. GaN offers relatively high thermal conductivity (~230 W m™ K™"), mature Mg-based p-
type doping, and efficient hole transport, making it suitable for high-current, radiation-tolerant, and high-frequency devices
(~3.39 eV bandgap). f-Ga-Os provides an ultra-wide bandgap (~4.8 eV) and an exceptionally high breakdown field, supporting
high-voltage operation and enhanced radiation tolerance; however, its lower thermal conductivity (~27 W m™ K™) and limited
hole mobility constrain heat dissipation and high-current performance.

The radar plot in Figure 1 highlights the trade-offs between carrier transport, thermal robustness, and optical
performance for SiC, GaN, and B-Ga:0s: SiC exhibits high thermal conductivity (>450 W m™ K™') and a high melting
point (>2700 °C), along with moderate carrier mobilities, providing strong voltage scalability owing to its wide bandgap
(~3.26 V). This comparison emphasizes that SiC and GaN are optimal for high-power, space-ready optical power
converters (OPCs) and electronics, whereas B-Ga:0; is ideal for ultra-wide-bandgap, high-voltage applications. The
relative differences in bandgap, carrier mobility, and thermal metrics further underscore the critical need for accurate
incomplete dopant ionization modeling across the cryogenic-to-room-temperature range (77-300 K), particularly in
heterojunctions such as pSiC/nGa:0s; and pGaN/nGa20s, where freeze-out effects can significantly impact carrier
distribution, electric-field profiles, and device performance.

2.2 Physical Models
Temperature- and doping-dependent incomplete ionization is incorporated for SiC, GaN, and B-Ga-0s to accurately
capture carrier behavior across the over (77-400 K).

Table 1. Material parameters relevant for incomplete ionization modeling (300 K) [25,12,56].

Material Eg (eV) Nc (em™) Nv (ecm™) € me/mo mn/Mo Ea (meV)
GaN 3.39 2.2x10® 1.8x10" 9.0 0.2 1.0 170-200
SiC 3.26 1.6x10'® 1.2x10" 9.7 0.25 0.7 200-220
Gax0s 4.8 1.0x10*® 1.5x10" 10.0 0.28 0.8 500-600

The fraction of ionized dopants is calculated using activation-energy-based models with parameters obtained from
literature [25,28,37,38]. Shallow donors in GaN and SiC remain largely ionized throughout the simulated temperature
range, whereas deep acceptors—Mg in GaN, Al in SiC, and acceptor states in f-Ga20s—exhibit significant freeze-out
below ~200 K, leading to reduced free carrier density and altered junction electrostatics.

Low-field carrier mobilities are modeled using the Arora formalism, which accounts for impurity scattering at high
doping levels and lattice scattering at elevated temperatures, enabling accurate representation of mobility degradation
under both cryogenic and high-temperature conditions. The key material parameters considered in the model include
bandgap energy (Eg), effective density of states in the conduction and valence bands (N¢, Ny), relative permittivity (g),
electron and hole effective masses (m., my), and donor/acceptor activation energies (E,), which govern incomplete
ionization. All relevant parameters are summarized in Table 1. Incomplete dopant ionization significantly affects the
electrostatic and electrical characteristics of p-SiC/n-Ga:0s and p-GaN/n-Ga:0: heterojunctions, particularly at low
temperatures. Accurate modeling is therefore essential for reliable device prediction and optimization across a wide
operating temperature range.

2.3 Analytical and Numerical Modeling
p-SiC/n-Ga:0s and p-GaN/n-Ga20s heterojunctions were analyzed using a physics-based modeling framework to
quantify the coupled effects of band alignment [34,45], incomplete dopant ionization [34,46], temperature-dependent
carrier mobility [34,47], and self-heating [34,48] over 77400 K, with dopant concentrations from 10 to 10 cm™
[34,49]. The Varshni equation [52] inadequately captures temperature-dependent bandgaps in wide-bandgap
semiconductors; the Péssler model [38] is therefore employed, accounting for nonlinear electron—phonon interactions and
realistic behavior from cryogenic to elevated temperatures (Eq. 1).

E (T)=E,(0)~S-(ha)-[coth(

(ha)
-1 1
) ()
Temperature-dependent bandgaps were implemented using the Péssler model [38,Eq. 1], which accounts for
nonlinear electron—phonon interactions via parameters E,(0), @, and ©, ensuring accurate low- and high-temperature
behavior essential for modeling carrier freeze-out and maximum electric fields in wide-bandgap heterojunctions. Carrier

transport was described via the self-consistent solution of Poisson’s and electron/hole continuity equations [34,50],
incorporating Shockley—Read—Hall (SRH) [34,51], Auger [34,52], and radiative recombination mechanisms [34,53] to
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account for carrier losses across low- and high-injection regimes. Temperature- and doping-dependent incomplete
ionization [34,46], Arora mobility models [34,47], and Passler bandgap variations [34,54] were included to capture carrier
freeze-out at cryogenic temperatures and mobility reduction at elevated temperatures, directly influencing the maximum
electric field Emax and -V characteristics.

Heterojunctions were modeled using 2D planar and 3D geometries representative of optical power converters and
high-power diodes [64,68]. A nonuniform numerical grid provided fine resolution at the junction to resolve steep electric-
field gradients and coarser discretization in bulk regions, ensuring numerical stability and convergence of Enax and carrier
profiles [55,69]. Boundary conditions included idealized ohmic [34,50] and Schottky contacts [34,51], with temperature-
dependent barrier heights for the latter. Thermal feedback was modeled via fixed-temperature boundaries and convective
heat flux [34,48], capturing self-heating under high current densities.

Postprocessing produced -V characteristics, Emax, carrier distributions, ionized dopant fractions, and ideality factors
(n) [34,45]. This framework provides quantitative insight into the interplay of dopant ionization, band alignment, and thermal
effects in p-SiC/n-Ga:0s and p-GaN/n-Ga:0s heterojunctions, supporting design optimization for high-reliability devices
operating from cryogenic to 400 K [34,45]. The temperature dependence of the bandgap for 4H-SiC, GaN, and f-Ga20s was
modeled using the Péssler equation (Eq. 1). Key parameters include the zero-temperature bandgap Ej(0), the electron—
phonon coupling coefficient @, and the effective phonon temperature ©, which together capture nonlinear electron—phonon
interactions and realistic bandgap shrinkage from cryogenic to elevated temperatures. Representative values are E;(0) =
3.30eV, @ ~ 4-6 x 107* eV/K, ®@ ~ 900-1500 K for 4H-SiC; E4(0) ~ 3.40eV, @ ~ 58 x 10™*eV/K, © ~ 590K for
GaN; and E;(0) = 5.00eV, a ~ 1.0 X 1073 eV/K, © ~ 343 K for B-Ga:0s. These parameters enable accurate modeling of
carrier freeze-out and maximum electric fields in wide-bandgap heterojunctions over 77-400 K.

Figure 2. 2D schematic of a p—n heterojunction showing the depletion region and space-charge distribution.

The p-side (blue) represents p-SiC or p-GaN, while the n-side (gray/blue gradient) represents n-Ga20Os. The depletion
region extends x,, into the p-side and x, into the n-side, with positive (e*) and negative (e”) charges indicated.
Electrostatic and carrier transport in the heterojunction is modeled via a one-dimensional, self-consistent Poisson—carrier
statistics framework incorporating temperature- and doping-dependent incomplete ionization [41] (Eq. 2).

Pony.2) , Ppley.2) , Pprs) g (p=n+Ny(T) =N, (1)
ox? o’ oz’ €&,

(@)

The heterojunction electrostatics and carrier distributions are described using a one-dimensional, self-consistent
Poisson—carrier statistics framework that incorporates temperature- and doping-dependent incomplete ionization [41]
(Eq. 2). Here, edenotes the material permittivity, and nand pare the free electron and hole concentrations, respectively,
calculated using Fermi-Dirac statistics [28]. The permittivity of free space is &, = 8.85x 1072 F- m™!, and
¢ (x,y, z)represents the electrostatic potential. Ionized dopant concentrations, N (T)and N, (T), are modeled as
temperature-dependent quantities, explicitly accounting for incomplete ionization [3,26], thereby capturing carrier freeze-
out at cryogenic temperatures—a critical effect in wide-bandgap semiconductors.

Depletion-Region Boundary Conditions. The device terminals are assumed to be ideal ohmic contacts, with the
junction interface at x = 0. For a one-sided p—n junction (Fig. 2), the depletion region extends x,into the p-side and

Xninto the n-side. Boundary conditions are defined as: Dirichlet: ¢(-x,)=¢,, ¢(x,)=¢, [16]. Neumann:

: 99 =gnﬂ
Pdy 7 dx

region permittivities. The electrostatic potential within the depletion region is expressed as:

.-, [26], where ¢ and ¢, are the electrostatic potentials at the depletion edges, ¢, and ¢, are the

N .
2q 4 ~(xp + x)2 , for —x, <x<0 (p-type region)
. 8/7 . 80
o(x) =10, for  x<-x, (p-type region) 3)
q-N, (x - x)z for 0<x<x, (n-typeregion)
2.8 " ’
0,(1H-U,,, for O<x<ux, (n-typeregion)
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Earlier studies described electric-field and potential distributions using Eqs. (3) and (4) under zero-bias and
temperature-independent assumptions [23-26].

‘N .
—Zp—‘g‘(‘)~ (xp + x), for —x, <x<0 (p-type region)

E(x)= 4% (x,-x), forO<x<x, (n-typeregion) 4
£, &,
0, outside the depletion region

However, their accuracy degrades markedly over wide temperature ranges and under applied bias, particularly in
harsh environments, where incomplete ionization, bandgap variation, and bias-induced carrier redistribution strongly alter
junction electrostatics.

- 9N, ~(xp + x)z for —x,<x<0 (p-type region)
g4 P, AEA
2., -1+ -exp( )
:Bp 'NV () kT
o(x) =140, for x<-x, (p-type region) 5)
N
17 (x, = X)2 > for O0<x<x, (n-typeregion)
e g, | 1480 T oynBEb)
n 0 ﬁ N (T) p kT
"o for O0<x<x, (n-typeregion)
¢)l7i (T)_Up—n’

By re-solving Eq. (1) using a temperature-dependent formulation under Dirichlet and Neumann boundary
conditions, the resulting expressions in Egs. (5) and (6) explicitly incorporate thermal effects. Unlike Eqgs. (3) and (4),
which neglect temperature dependence, these formulations enable accurate prediction of electrostatic potential and
electric-field distributions under harsh operating environments.

-N
- 9 N -(xp + x), for —x, <x<0 (p-type region)
g4 P, AE,
e, 6|1+ exp(S)
:Bp ’ NV (1) kT
_ q-N, :
E(x,T)= (x,—-x), forO<x<ux, (n-typeregion) (6)
gl) ) nn AE‘D
E,-&-| 1+ -exp( )
0, outside the depletion region

Expressions (5) and (6) establish a physically consistent analytical framework for describing the electrostatic potential
and electric-field distributions in p—n junctions over an extended temperature range. These expressions explicitly describe
the dependence of the electrostatic potential and electric field on temperature (T), dopant activation energy (E,), and quantum
correction effects. The formulations accurately capture the combined influence of band alignment, temperature-dependent
carrier statistics, incomplete dopant ionization in p-type Si, and n-type wide-bandgap semiconductors such as GaN, SiC, and
GaAs. The predicted electric-field profiles and potential distributions show excellent agreement with independently reported
experimental results, confirming the validity and robustness of the proposed analytical approach in modeling temperature-
dependent junction electrostatics and electric-field localization effects (Fig. 3).

AEg(Ga205—SiC) slightly decreases with temperature, from ~1.57 eV at 77 K to ~1.55 eV at 400 K, which can also
be well described by the Péssler equation, where the similar high-temperature slopes (o) of Ga20s and SiC but the larger
effective phonon temperature ® of SiC suppress its low-temperature bandgap shrinkage, causing Ga.Os to exhibit a
stronger initial reduction; this trend is consistent with experimentally calibrated Péssler and Varshni analyses for wide-
bandgap semiconductors [52]. In contrast, AEg(Ga.0s;—GaN) increases slightly, from ~1.39 eV to ~1.40 eV, because GaN
has a larger a and stronger electron—phonon coupling in the Péssler framework, leading to a more rapid temperature-
induced bandgap reduction than Ga:0s, in good agreement with experimental Pédssler-based fits reported for GaN
systems [25].
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Figure 3. Temperature-dependent bandgap energies of GaN, SiC, and Ga.Os (a—c) with Model fits and experimental points.
Subplot (d) shows A(Eg) = Eg(Ga:0;) — Eg(SiC) and A(Eg) = Eg(Ga:0s) — Eg(GaN) versus temperature

RESULTS AND DISCUSSION

Figures 3—6 summarize the calculated carrier and electric-field characteristics of p-GaN/n-Ga20; and p-SiC/n-Ga20s
heterojunctions, considering the effects of doping, temperature, and ionization. Figure 3 illustrates the spatial distribution
of carrier densities across the junction interface, showing high hole and electron concentrations on the p- and n-sides,
respectively. The transition region near the junction exhibits a sharp decrease in majority carriers, reflecting the formation
of a depletion region. Notably, GaN/Ga.0: and SiC/Gaz20s junctions exhibit comparable carrier profiles, although the
peak densities differ slightly due to material bandgap differences (GaN: 3.4 eV, SiC: 3.26 ¢V) and built-in potentials.
Figures 4 and 5 focus on the maximum electric field E, -

0.372
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0.374
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Figure 4. Temperature dependence of the maximum electric field Epacfor (A) p-SiC/n-Ga:0s and (B) p-GaN/n-Ga:0:
heterojunctions. Solid lines with markers represent incomplete ionization, while dashed lines correspond to complete ionization.

Figure 4 shows the temperature dependence of E .4 (77—400 K) for both heterojunctions, considering complete and
incomplete dopant ionization. For p-SiC/n-Ga20s, E ., remains nearly constant (~398 kV/cm at 77 K to ~387 kV/cm at
400 K), while p-GaN/n-Ga:0s exhibits a slightly stronger decrease (~392 kV/cm — 382 kV/cm) due to GaN’s smaller
bandgap. Incomplete ionization increases E ,,, by 2-3 % at low temperatures, emphasizing the role of dopant freeze-out
in cryogenic conditions. Figure 5 examines the effect of p-type doping concentration (N = 10-10" cm™) on E,x at
various temperatures. Higher doping increases the depletion charge, raising E,xfrom ~0.9-1.0kV/cm at N = 10" cm™
to ~4.2-4.5kV/cm at N = 107 ecm™ for GaN/Ga20s, and from ~0.9kV/cm to ~4.3kV/cm for SiC/Ga.0s at 77 K. At
elevated temperatures, partial thermal ionization slightly screens the field, reducing the slope of E},,4Vs. doping. Across
all conditions, GaN/Ga20; consistently exhibits slightly higher E ., than SiC/Ga20s due to its larger conduction band
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offset and marginally lower permittivity. Figure 6 highlights the forward-voltage dependence of E\; ., at room temperature
(T =300K) for three p-type doping levels (N = 2x10™-2x10'* cm3). As expected, E,.x decreases monotonically with
increasing forward voltage due to the reduction in the built-in potential. At the lowest doping, peak fields are ~25 kV/cm
(GaN/Ga205) and ~23 kV/cm (SiC/Ga20s), while at N = 2x10'¢ cm3, they reach ~80 kV/cm and ~75 kV/cm, respectively.
The correlation between junctions is very high (R? = 0.987-0.995), indicating predictable scaling of E|,,,x across wide-
bandgap materials. The analyses from Figures 3—6 demonstrate that carrier distribution, doping, temperature, and
ionization collectively govern the maximum electric field in Ga:Os-based heterojunctions. GaN/Ga20s consistently
exhibits slightly higher E,,,, than SiC/Ga20s, while both junctions maintain strong thermal stability (<3 % variation) and
predictable doping scaling. These results provide quantitative guidance for high-voltage, high-power device design and
highlight the importance of material selection and dopant engineering in ultrawide-bandgap heterojunctions.

Figure 4 presents the maximum electric field E},,4 as a function of temperature (77—400 K) for p-SiC/n-Gaz0s (A)
and p-GaN/n-Ga:0; (B), considering complete (dashed) and incomplete (solid) ionization. For p-SiC/n-Ga:0s,
E haxremains nearly constant: 398 kV/cm at 77 K, 392 kV/cm at 300 K, and 387 kV/cm at 400 K. Incomplete ionization
slightly lowers the field by ~2—3 %, reflecting reduced dopant activation at low temperatures. For p-GaN/n-Ga20s, the
field is marginally more temperature-sensitive: 392 kV/cm at 77 K, decreasing to 387 kV/cm at 300 K and 382 kV/cm at
400 K. The slightly larger reduction compared to SiC arises from GaN’s smaller bandgap (3.4 eV vs. 3.26 V), which
increases intrinsic carrier generation at elevated temperatures, slightly lowering the built-in potential. AE,,,, < 3%across
the 77-400 K range, confirming thermal stability for both junctions.

Physical Insights
1. Bandgap effect: Wide bandgaps of Ga.0s, SiC, and GaN suppress intrinsic carriers (n; ~ 107° — 10710 cm™3),
keeping the depletion region wide and ¢y,; nearly constant.
2. Incomplete ionization: At low T, partial dopant activation slightly reduces effective doping, increasing E,.x
compared to complete ionization. Above 300 K, dopants are fully ionized, and both curves converge.
3. Dielectric effects: Ga20s (~10.2), SiC (~10), and GaN (~9.5) have similar permittivities, so the electric field is
primarily controlled by carrier concentration and built-in potential rather than permittivity differences.

Device Perspective, the thermal stability of E|,,,ydemonstrates that both heterojunctions are suitable for high-voltage,
high-temperature applications, such as aerospace electronics, EV inverters, and UV optoelectronic devices. Incomplete
ionization analysis highlights the importance of low-temperature considerations for cryogenic or extreme-environment
applications. Both UWBG junctions exhibit robust, nearly temperature-independent maximum electric fields. p-SiC/n-
Ga:0s maintains slightly higher E|,,.at low temperatures, while p-GaN/n-Ga-0Os shows a marginally stronger temperature
sensitivity. These results confirm that Ga.Os-based heterojunctions provide predictable and stable electric-field profiles
across a wide operational temperature range, critical for reliable device design.
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Figure 5 (A-D) presents the maximum electric field (Emax) in p-GaN/n-Ga20s and p-SiC/n-Ga20s heterojunctions as functions of
temperature (77-400 K) and dopant concentration (10'“—~10'7 cm™), considering both complete and incomplete ionization.

Figure 5 (A—D) shows that the maximum electric field E, 54 in p-GaN/n-Ga:0s and p-SiC/n-Ga20s junctions strongly
depends on temperature and dopant ionization. At 77K, for complete ionization, GaN/Ga:Os reaches E.x =
4.2kV/cmat N = 107 cm™3, while SiC/Ga.Os shows slightly lower Ep,,, ~ 3.9 kV/cm. Incomplete ionization increases
Epaxto ~4.5 kV/em (GaN) and ~4.3 kV/cm (SiC), highlighting the effect of dopant freeze-out at cryogenic temperatures.
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At 400 K, full thermal ionization reduces differences, yielding ~3.7-3.8 kV/cm for GaN and ~3.6-3.7 kV/cm for SiC. The
temperature effect is less pronounced at low doping due to increased contribution from intrinsic carriers. Across N =
101%-1017 cm™3, Ep . rises with doping, reflecting increased space-charge in the depletion region. For GaN/Ga.0s at
77K, Epaxincreases from ~1.0 kV/em (N = 10') to ~4.5 kV/em (N = 10'7), whereas SiC/Ga:Os rises from ~0.9 kV/cm to
~4.3 kV/cm. At intermediate temperatures (~200 K), partial thermal ionization slightly reduces the slope of E,,,versus
doping. GaN/Ga:0; junctions consistently show slightly higher E| ., than SiC/Ga:0s, due to GaN’s larger bandgap
(3.4eV vs. 3.26 eV for SiC), higher built-in potential, and slightly lower permittivity (¢ = 9.5 vs. 10 for SiC), resulting in
stronger depletion fields. The wider Ga20s bandgap (4.87 eV) further enhances E,,x. At low temperatures, incomplete
ionization raises E,, by 5-7% (~0.3-0.5 kV/cm) due to reduced free carrier density and higher effective barrier potential.
At high temperatures, both complete and incomplete ionization converge, as dopants are fully activated. Neglecting
incomplete ionization at cryogenic conditions can underestimate the peak field and compromise device reliability. The
maximum electric field determines breakdown voltage and device reliability. Heavily doped junctions maintain high
E hax across a wider voltage range (~80 kV/cm for GaN/Ga20s at N = 2x10'¢ cm™3), while lightly doped junctions reduce
conduction losses. These results provide quantitative guidance for designing high-voltage, high-power Ga.0Os-based
devices. Accurate modeling of temperature, doping, and ionization effects is essential for applications in electric vehicles,
power converters, and aerospace electronics. Future work should include temperature-dependent band offsets and carrier
mobility to further refine predictive models and optimize heterojunction performance.
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Figure 6. Peak electric field Ey,,x vs. forward voltage Uy, for p-GaN/n-Ga:0s and p-SiC/n-Ga20s at 300 K for three doping levels.

Figure 6 shows the peak electric field Ep,yas a function of forward voltage U, for p-GaN/n-Ga.0s and p-SiC/n-

Ga0s heterojunctions at 300 K. Three p-type doping concentrations were considered: N = 2 X 10, 2 x 10, and
2 x 10%% cm™3. For all junctions, E,,,.decreases monotonically with increasing forward voltage due to the reduction of
the built-in potential. At the lowest doping level (2 X 10'* cm™3), the peak field reaches ~25 kV/cm for p-GaN/n-Ga20s
and ~23 kV/cm for p-SiC/n-Gaz0s at U,,,, = 0.1 V. Increasing the doping to 2 X 10'® cm~3raises Ep,axto ~80 kV/cm for
GaN/Ga:0s and ~75 kV/cm for SiC/Ga20s at low forward voltage, consistent with the analytical scaling. The difference
in E, .« between the two heterojunctions is primarily due to the bandgap difference: GaN (3.4 eV) versus SiC (3.26 eV),
which increases the built-in potential and thus the peak electric field at the junction interface. The correlation between the
two junctions was quantified via the coefficient of determination R%for each doping level across the forward voltage
range: N =2 X 10 cm™3:R? =0.987, N =2 X 10> cm™3:R? = 0.992, N =2 X 101 cm™3: R? = 0.995. These
high R?values indicate strong similarity in field scaling between the two heterojunctions, especially at higher doping
levels. Heavily doped junctions show smaller variation of E, ,,with forward voltage, maintaining high fields (~80 kV/cm
for GaN/Gaz0s) over a wide voltage range, which is crucial for high-voltage, high-power applications. From a device
perspective, the slightly higher E ., in GaN/Ga:Os enhances breakdown voltage and reliability. The strong doping
dependence also provides design flexibility: lightly doped junctions reduce conduction losses, while heavily doped
junctions maximize sustainable electric fields. The results demonstrate that both material choice and doping concentration
are critical for optimizing peak electric field in wide-bandgap heterojunctions. The quantitative agreement between
GaN/Ga:0s and SiC/Ga20s junctions supports predictive modeling across different wide-bandgap systems, enabling
reliable design of high-power diodes and transistors.

4. CONCLUSIONS
This study systematically investigated the temperature-dependent bandgap behavior and electric-field characteristics
of Ga:0s:-based heterojunctions within the temperature range of 77400 K. As temperature increased, the calculated
bandgap energies decreased from 3.51 to 3.40 eV for GaN, from 3.33 to 3.25 eV for 4H-SiC, and from 4.90 to 4.87 eV
for Ga20s, consistent with the expected thermal bandgap narrowing. The Varshni model showed excellent agreement with
reported experimental data, yielding correlation coefficients (R?) of 0.981, 0.975, and 0.978 for GaN, SiC, and Ga0s,
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respectively. Correspondingly, the bandgap offsets were determined to be approximately 1.36—1.50 eV for the Ga20s/GaN
heterostructure and 1.57-1.62 eV for the Ga20s/SiC heterostructure, confirming the reliability of the adopted band-
alignment model. The calculated maximum electric field Emax at 77 K reached 3.92 x 10° V/cm for the p-GaN/n-Ga:0s
heterojunction and 3.98 x 10° V/cm for the p-SiC/n-Ga20s heterojunction. Both structures demonstrated strong thermal
stability, with less than a 3% reduction in Emax over the investigated temperature range up to 400 K. In addition, the
electric field exhibited a predictable dependence on doping concentration, increasing from approximately 25 kV/cm to
80 kV/cm as the doping level increased from 2 x 10" cm™ to 2 x 10 cm 3. At room temperature (300 K), the p-GaN/n-
Ga:0s heterojunction consistently produced a slightly higher electric field due to its larger conduction-band offset. In
contrast, the p-SiC/n-Ga20s heterojunction exhibited a marginally stronger electric field at lower temperatures, which can
be attributed to incomplete dopant ionization and its influence on carrier distribution. These findings provide additional
physical insight into the temperature-dependent behavior of Ga.Os-based heterostructures. The results indicate that both
Ga:0s-based heterojunctions maintain electric-field strengths on the order of 10° V/cm with only minor temperature-
induced variations and a systematic dependence on doping concentration. These characteristics make them promising
candidates for future high-voltage and high-temperature power electronic applications, including electric-vehicle power
converters, aerospace electronics, and harsh-environment industrial systems. Nevertheless, further investigations
incorporating interface-state effects, breakdown-voltage analysis, thermal resistance, leakage-current mechanisms, and
long-term reliability assessments are necessary to fully evaluate their practical device performance. Future work should
also focus on doping optimization and interface engineering to further enhance breakdown characteristics and device
stability.
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MOPIBHAJIBHUI AHAJII3 E®EKTIB HEIIOBHOI IOHI3AIIIT Y TETEPOIEPEXOJIAX
p-SiC/n-Ga:0s TA p-GaN/n-Ga:0; Y JIAITA3OHI TEMIIEPATYP 77-400 K
0.A. Carrapoga', MLIII. I6parimoBa?, A.X. Yopice®, A. Adaykapimor?, l:xxypadex Kamosion®

TVpeenucviuii Oepaicasnuii meouunuii incmumym, 220100, eynuys Ano-Xopesmi, 28, Vpeenu, Yabexucman

2Vpeenucvrutl depocasnuil ynisepcumem, eynuys Xamioa Onimoocona, 14, Ypeenu, 220100 Yzbexucman

SHayionanenuii docnionuyoxuii ynisepcumem TIHAME, kagedpa @izuxu ma ximii, Tawkenm, Yzbexucman

*Tawxenmcvkuti Oepoicagnuii mexniunuii ynieepcumem, Tawkenm, Yz6exucmar
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Le nocinikeHHs MPeACTaBIsie KOMIUIEKCHE MOPIiBHSUIBHE OCHIIKEHHS IMPOKO30HHUX reteponepexoniB p-SiC/n-Ga20s ta p-GaN/n-
Ga20s, 3 0cOOIMBUM aKIIEHTOM Ha BIUIMB HEIOBHOI i0Hi3awil jerytodoi nomimku B aianasoni remneparyp 77-400 K. Temneparypho-
3anexHi eHeprii mmpunHu 3a6opoHeHoi 30Hu GaN, SiC Ta Ga:0s Gynu 3MoJenbOBaHi 3a JOMOMOTOI0 CIBBIAHOIIECHHS BapiHi, mo
JIAJI0 YyAOBY BiAIOBIAHICTH 3 OIMYOIIKOBaHIMH €KCIIEPHIMEHTAIBLHUME JaHUMH, 3 KoedimienTamu kopensmii (R?) 0,981, 0,975 Ta 0,978
BignoBigHO. Po3paxoBaHi mupiHN 3a00pOHEHOT 30HH IEII0 3MEHIIYBAIHCS 31 30UIBIICHHSIM TEMIIEpPaTypH, 3MiHIOIOUUCH Bix 3,51 1m0
3,40 eB mmsa GaN, Big 3,33 mo 3,25 eB mna SiC Ta Big 4,90 mo 4,87 eB mnst Ga:0;. BinnoBinHi 3MilIeHHS] 30H T'€TEPONEPEXOIy
craroBwIH puoIm3Ho 1,36—1,50 eB msa Ga:0s:/GaN Tta 1,57-1,62 eB s Ga205/SiC, 1mo miaTBepIKye Y3rolKEHICTh Ta HaIiIHHICTh
MPUIHATOT MOZIENI BHPIBHIOBAaHHS 30H. AHAJI3 EJIEKTPUYHOTO IOJs IPOJEMOHCTPYBAaB BHCOKY TEIUIOBY CTiHKICTB B 000X
reTepOCTPYKTYpax. MakcuMalibHe eeKTpHUHE moie gocsario 3,92 x 10° B/cm aiis retepornepexony p-GaN/n-Ga20s ta 3,98 x 10° B/em
1t rereporniepexony p-SiC/n-Ga=0s npu 77 K, neMoHCTpyIo4n npH LboMy 3MiHy MeH1e Hixk Ha 3% 1o 400 K. Kpim Toro, exexrpuune
HoJIe AEMOHCTPYBAJIO NepeadadyBaHy 3aJeXKHICTh BiJl KOHICHTpaLil JeryBaHHs, 301abLIyrounch npudian3Ho Big 25 kB/cm 1o 80 kB/cm
31 30LIBIICHHSM PiBHS JleTyBaHHS Bix 2% 10" mo 2x10¢ cm 3. 3a kiMHaTHOI Temneparypu rereponepexin p-GaN/n-Ga.Os nemoHcTpyBaB
JeII0 BUIIY HANpYXEHICTh EIEKTPHYHOTO MOy depe3 OUThIIMHA 3CyB 30HHM TNPOBITHOCTI, TOoAi SIK CTpyKTypa p-SiC/n-Ga:0s
JIEMOHCTpYBaJa IMOKpaIleHi HU3bKOTEMIIePaTypHi XapaKTePUCTHKH, IO TOSCHIOETHCS HETIOBHOIO 10HI3aIi€I0 JEryIo4oi JOMIIIKH Ta
BIITOBITHUMH e()eKTaMH Iepepo3IoALTy HOCIiB 3apsimy. Pe3ymsraru maroTh HOBE PO3yMIiHHS BIUIMBY HETIOBHOI iOHi3arii Jieryrodoi
JIOMIIIIKA Ha TeMIIepaTypHO-3aJIeKHY TMOBEMiHKY reTepornepexomiB p-SiC/n-Ga:0s ta p-GaN/n-Ga20s, 3ab6e3mneuyroun TeOpETHUHY
OCHOBY JUIsl TIPOEKTYBAaHHS LIMPOKO3OHHHX CHJIOBUX HPHUCTPOiB. Lli XapakTepHCTHKM MiJKPECIIOIOTh 3HAYHUI ITOTEHIia
rerepornepexoiB Ha ocHOBI Ga:Os I BUCOKOBOJBTHHUX 1 BUCOKOTEMIIEPATYPHUX CHIIOBUX €JIEKTPOHHHX 3aCTOCYBAaHb HACTYIITHOTO
MOKOJIIHHS, 30KpeMa [IepEeTBOPIOBAYiB MOTYKHOCTI ISl €IEKTPOMOOLITIB, a6POKOCMIYHOT €JIEKTPOHIKH Ta IPOMHUCIOBUX CHUCTEM, LIO
MPALIOIOTH Y CYBOPUX yMOBax. THM He MEHII, AJIsl HOBHOI OIIHKY MTPAKTUYHOI MPOLYKTUBHOCTI IPUCTPOIB Ta ONTUMi3aLlii KOHCTPYKIii
reTeporepexoay HeoOXiqHI MONANbIN JOCTiKCHHS, 10 BKIIOYAIOTh aHANi3 BIUIMBY CTaHy iHTepdeiicy, aHami3 Hampyrd mpoboro,
MEXaHI3MH CTPYMY BHTOKY, TEIUIOBHII OIIip Ta OIIHKY JOBIOCTPOKOBOI HaJIHHOCTI.
Kuarouosi ciioBa: GaN; SiC; Ga:0s; ionizayia 0omiwox, nenogna ionisayis,; kpiozenHi npucmpoi; memnepamypui egpekmu; gpaxmop
ioeanvrocmi
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