309

EasT EUROPEAN JOURNAL OF PHYSsIcS. 3. 309-313 (2025)
DOI:10.26565/2312-4334-2025-3-28 ISSN 2312-4334

STATICAL CURRENTS OF p-Si—n-Sii-sSns—n*-Si1-sSn;s (0 < 8 < 0.04)-STRUCTURES
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In this work, the current-voltage characteristics of p-Si-n-Si1-sSns structures at room temperature were investigated to clarify the role
of injection effects in the formation of electrical properties of heterostructures obtained based on the Sii-sSns (0 <6 <0.04) solid
solution. It is shown that the sub linear sections observed on the current-voltage characteristics are well described within the framework
of the theory of the injection depletion effect. The value of the parameter “a” was determined directly from the sub linear section of
the current-voltage characteristic, which in the following allowed determining the concentration of deep impurities responsible for the
appearance of the sub linear section. With this it was proved that the investigated structure can be considered as p-Si-n-Sii-sSns—n*-Sii-
5Sns (0 <6 <0.04) - a junction with a high-resistance n-Sii-sSns layer. An analysis of the results obtained allowed us to conclude that
in this Si1-sSns (0 < 8 < 0.04) solid solution, scattering of charge carriers not only on complex complexes, but also on nanoformations
plays a significant role in the formation of electro physical properties. Based on the results of the studies, it was concluded that the use
of epitaxial films of Sii-sSns (0 <8 < 0.04) solid solutions, obtained on silicon substrates, as promising materials, when developing
diodes based on them, operating in the double injection mode.
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INTRODUCTION

In connection with the development of nanotechnology and the relevance of research into nano-objects, in particular,
the production of semiconductor quantum dots is of interest both for fundamental physics and for potential applications
in micro- and nanoelectronics devices [1-3]. This situation has led to intensive research into growing, for example,
crystalline perfect solid solutions (SS) of “silicon + tin” with quantum dots (QDs) [4].

Semiconductor p-n-n" structures based on the “‘silicon+tin” solid-state transistor are of significant interest for solid-
state electronics and it is very important to have a clear understanding of the current-voltage characteristic (CVC) of these
structures [5-6]. Interest in these objects is due to their unique physical properties associated with the atomic-like energy
spectrum of QDs and the possibility of producing various semiconductor devices based on them [7-8].

Based on this, the goal of this work was set to study the features of the room CVC of p-n-n* structures based on the
solid solution “silicon+tin”.

The studied p-n-n" structures were produced by liquid-phase epitaxy from a tin melt solution [9]. To improve
structural perfection, growth was carried out at temperatures below 1100° C. The solution-melt composition for low-
temperature epitaxy was determined from phase diagrams, which showed that the most suitable component was antimony.
In addition, the addition of antimony to the melt solution ensures reliable pouring of the melt solution into the gap between
the silicon substrates and the necessary wet ability. The substrates were KDB washers, 40 mm in diameter, oriented in
the (111) direction. The growth was carried out from a solution-melt confined between two horizontally located substrates.
The grown layers had n-type conductivity with a specific resistance of 0.8 Ohm-cm and a current carrier concentration of
10'7 cm™, at room temperature.

MATERIALS AND METHODS
Formation of solid solutions of “silicon — tin”. It is appropriate to add here that before this work we did not find
any data in the literature on the synthesis of a substitution solid solution based on silicon (Si) and tin (Sn) [9].
Taking into account the charge state and geometric factors of the components, we discuss the possibilities of forming
a solid solution based on Si;_-sSns. To do this, we will first consider the possibilities of forming solid substitution solutions
based on Si and Sn, associated with the conditions for the formation of continuous solid substitution solutions based on
molecular-statistical and crystallochemical concepts. These conditions are given in the work [9] in the form

Az =3 qz" —Xi=12 =0 1)
Ar = [Xioy " = Xim ' < 01%" =0 @)
m

where z[", z[' - valency, /™, r* covalent radius of the atoms of the solvent m and dissolved n chemical element or
elements that form the molecules of the solvent and dissolved compounds, respectively, i=1, 2, 3, 4.
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Condition (1) presupposes the electrical neutrality of the dissolved chemical elements or compounds in the solvent
semiconductor material. It is satisfied when the dissolved elements are isovalent with respect to the solvent
semiconductor.

Condition (2) provides for the proximity of the geometric parameters of the solvent m and soluble n compounds,
which excludes the occurrence of significant distortions of the crystal lattice in solid solutions. The smaller, the smaller
the energy of elastic distortions of the crystal lattice and, consequently, the greater the crystalline perfection of the solid
solution and the solubility n in m. When the difference in the sum of the covalent radii of the atoms of the molecules
forming the solution is greater than 10%, the formation of a solid substitution solution of these components is
insignificant. Based on the equality of the sum of the valences of the atoms of the Si, and SiSn molecules, it is easy to
verify that the conditions of electroneutrality (1) are met for them:

Az = (zs; + z5;) — (Zsi + Zsn) = 0, (€))

where zg; and zs, - valences of silicon and tin atoms, respectively. The sums of the covalent radius of the atoms of the Si,
and Sn molecules have close values, then from condition (2) we can obtain:

Ar = |(rs; + 15;) — (1s; + Tomy| = |2.34A — 2.514| = 0.174 = 0.073 - (r; + 757) < 0.1(r5; + 71), )

where rs; and rs,covalent radius of silicon and tin atoms according to Pauling, respectively.

From (4) it is evident that the difference in the sum of the covalent radii of the atoms of the Si, and SiSn molecules
is about 7.3%, therefore, these components satisfy the condition for the formation of a continuous substitution solid
solution presented in [10]. Thus, the substitution of Si, by a SiSn molecule does not greatly deform the crystal lattice,
while the energy of elastic distortions of the crystal lattice will be insignificant and the substitution solid solution in the
form of Si;.sSns is a stable solid phase.

A model explaining the formation of tin quantum dots. It is in this process that the driving force of synthesis is
the gradient of chemical potentials of the atoms of the crystallized substance in two phases: liquid (x;) and solid (us).

Since the lattice constant of the quantum dot material a> (asn) differs significantly from the lattice constant of the
base semiconductor a; (as;), shear mechanical stresses arise at the boundary of subcrystallites (blocks) and epitaxial layers
during the formation of QDs [1]. These mechanical stresses can be expressed through the elastic energy U(x) per one QD
atom with coordinate x, where 0 < x < R, R— is the radius of the QD base [3]. Then the difference in chemical potentials
will be determined by the expression [11]:

Augr = — ps — U(x) = Ap — U(x)

Under condition Ap < U(x), the crystallization process is replaced by a dissolution process, since Apgr becomes a
negative value.

The equality Ay = U(x) defines the maximum allowable mechanical stresses in a quantum dot. Under these growth
conditions, the lattice parameter of the base semiconductor as; and the quantum dot material as, do not depend on
temperature. It is in this situation, when calculating the maximum value of the radius of the base (R) of the nascent
quantum dot, that we use the expression determined from the condition Ay = U(R), given in the literature [3]:

- |NsAr(ag+dz)asay
k= dmmmr ©)
here Ns is the number of atoms per unit surface area; G is the shear modulus.
Since the nuclei formed at the boundary of subcrystallites (blocks) of epitaxial layers are spherical segments whose

radius of curvature corresponds to the radius of a homogeneous critical nucleus formed in the liquid phase under the same
crystallization conditions, the calculation of the radius of curvature of the nucleus is calculated using the formula:

2 In2, )

~ pR.T

where © is the interfacial surface energy in the liquid phase; p, M are the density and molar mass of the nucleus substance,
respectively; Rc is the universal gas constant; C, Cy are the concentrations of the base semiconductor (Si) and QD (Sn) in
supersaturated and equilibrium solutions, respectively. Then the height h of the heterogeneous CT nucleus will be
determined by the expression:

h=r[1—(1—f—j)]. )

During the growth of the QD nucleus, the mechanical stresses in the QD material layer (Sn) adjacent to the
heterointerface increase to values corresponding to the elastic constants of the bulk Si layer [11].

Due to the fact that the stresses in the QD have a gradient directed along the normal to the plane of the base
semiconductor, a curvilinear etching front of the lateral surface of the QD is formed at the base of the QD at ps;< 0. This
in turn changes the condition of local phase equilibrium near the heterointerface compared to a flat etching front [12].
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Thus, when a mechanically stressed wetting layer is formed, arrays of QDs of the surface regions of the base
semiconductor are formed.To confirm the above-described model, an analysis of surface images obtained using AFM
was carried out [13].

To confirm the above, the surface properties of these films were investigated using an industrial atomic force
microscope (AFM) “Solver-NEXT”, which allows studying the surface relief.

Figure 1 shows a two-dimensional image (a) and a surface profilogram (b) of an epitaxial film of substitution solid
solutions Si;.sSns. It is evident (Fig. 1a) that individual nanoislands of different sizes are formed on the surface of the
films. Analysis (Fig. 1b) showed that the diameter of the base of the nanoislands varies in the range from 50 to 70 nm,
and the height from 3 to 15 nm.

13. 1F:Helght 121 1 gt prte

a) b)
Figure 1. Two-dimensional image (a) and surface profilogram (b) of an epitaxial film of Sii-sSns solid solutions

The data obtained by the atomic force microscope show that at the growth stage, the Sn nanoislands in the Si;.sSns
solid solution have a geometric shape of a dome, the so-called dome islands with a characteristic lateral size of 50-70 nm
with a round base. The appearance of such forms of tin nanoislands is usually explained by strong relaxation of elastic
stresses in the dome- phase configuration. According to the data presented in [13], these nanoclusters are called hut-
clusters with lateral dimensions of 15 ... 25 nm, they are absorbed by dome-clusters. Such a process is often accompanied
by a bimodal distribution of islands by size, corresponding to the coexistence of hut- and dome-phases [14]. Based on
these data, it can be concluded that the observed nanoislands on the surface of epitaxial layers are caused by Sn quantum
dots with dimensions R =25 + 35 nm and height h=3 + 15 nm.

Sample preparation and research methods. As is known, a very important indicator of a p-n junction is its current-
voltage characteristic. The appearance of the current-voltage characteristic curves allows us to reason about certain
properties of the p-n junction. Since usually, the creation of p-n junctions is complicated by the formation of various types
of surface states, which sharply reduce the electrical parameters of devices manufactured on their basis. The resulting p-
n junction in a single technological cycle causes a decrease in the density of surface defects. Taking this circumstance
into account, the studied pSi-nSi;_sSn; structures were obtained in a single technological cycle using the liquid-phase
epitaxy method [9-10].
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Figure 2. Straight branches of the VAX of pSi—nSii-sSns heterostructures (a) and their sublinear sections (b) at room temperature

Therefore, to determine some electrophysical characteristics of pSi-Si;.sSn; structures, experiments were conducted
to measure the I-V characteristics. For this purpose, pSi-nSiisSn; (0 < 8 < 0.04) structures with a base n-layer thickness
of d =20 um were fabricated. During the study, ohmic contacts were created to the structure using the vacuum deposition
method of silver - solid on the back side and quadrangular with an area of 12 mm? on the side of the epitaxial layer.
During the experiments, dark CVC were measured (Fig. 2). The I-V measurements were carried out at room temperature
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T =293 K in the forward current mode (Fig. 2a). The direct direction of current in the structure was considered to be
when a positive potential was applied to the contact from the rear side.

RESULTS AND DISCUSSION
According to the obtained experimental results, CVC of the studied samples contains a sublinear region. Figure 2b
shows the sublinear region CVC reconstructed on a semi-logarithmic scale. It is easy to see that in these coordinates the
sublinear section straightens out. This indicates that it is satisfactorily described by an exponential dependence of the type

V =V, - exp (JA). )

Theoretical studies of the processes of ambipolar transport of nonequilibrium carriers in p-n-n* structures show that
VAX, described by expression (9), can arise under the conditions of the injection depletion effect, first predicted by
Leiderman, Karageorgiy-Alkalaev [15].

This effect occurs under conditions of developed carrier accumulation at the n-n*- junction of the n-base, causing
opposite directions of diffusion and drift. In this case, due to the injection modulation of the charge of deep impurities,
there is a decrease in the concentration of nonequilibrium current carriers n, a linear increase in the ambipolar drift velocity
v, with an increase in current in the form

va=a-Dp-], (10)
a = (2qN.D,) %, (11)

where ¢ is the electron charge, D,, D, are the diffusion coefficients of electrons and holes, respectively; N, is the
concentration of deep impurities.
As shown in [16, 17], the coefficient A in (9) is determined by the formula

A=a-d (12)

where W is the length of the n-base.
The I(V) graph in Fig. 2b allows us to estimate the parameter “a” using the formula

(%)
T (h-h)d

(13)

where S is the cross-sectional area of the sample. Calculation using formula (11) shows that the values of the parameter
a = 6.58-10° cm/A and the concentration of deep impurities responsible for the appearance of the sublinear section in the
form (9), at room temperature, the value of which was N,= 5.3-10'2c¢cm?,

It is appropriate to add here that the specific resistance of the epitaxial layer, determined by the Hall method, is 0.8
Ohm-cm, but all the characteristics obtained indicate that a layer with other characteristics is formed between the epitaxial
film and the substrate, otherwise such VAX are not observed, and, therefore, the exponential dependence (9) cannot be
observed.

This allows us to reason that the studied structure can be considered as a p-Si—n-Si;.sSns-n"-Si;sSns (0<8<0.04)
junction with a high-resistance n-Si;.sSn; layer (Fig. 3).

-d, 0 d dy X

1 2

Figure 3. Scheme of pSi-nSii-sSns-n*Si1-sSns— structures
1 — ohmic current collector contacts; 2 — pSi layer (substrate); 3 — pSi-nSii-sSns junction volume charge region; 4 — high-resistance
epitaxial layer of pSi - nSii-sSns solid solution; 5 — nSii-sSns- n+Si1-sSns junction volume charge region;
6 — low-resistance epitaxial layer of pSi - nSii-sSns solid solution

CONCLUSIONS

The obtained results allow us to conclude that the presence of a sublinear region in VAX p-n-n* structures based on
silicon-tin solid solutions is associated with the effect of injection depletion [18].

Thus, the epitaxial films of Si;_sSns, solid solutions obtained on silicon substrates that we studied, can be used as an
active element for developing injection diodes. The structures obtained on this basis and the description of the mechanisms
of physical processes occurring in them are of both theoretical and practical interest for semiconductor materials
science [19].

As aresult, it can be assumed that the epitaxial films of Si;.sSn; solid solutions studied in the work may be promising
materials for the manufacture of diodes operating in the double injection [4, 20].
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CTATUYHI CTPYMMH p-Si—n-Si1-sSns—n*-Si1-sSns (0<6<0.04)-CTPYKTYP 3 KBAHTOBUMUM TOYKAMMU OJIOBA
Asasoek 1. Ikpomos?, Asizoex A. AGaypaxmonos®, Xypmumpxkon M. Magaminos?
Anoudcancokull Oepacasruil yHisepcumem, 8yl. Yuigepcumemcwka, 129, Anoudcan, Yzoexucman

b®epeancokuii Oepocasnuii ynisepcumem, eyn. Mypabbitinap, 19, @epeana, Yszbexucman
V wiii po6GoTi JOCIIIPKEHO BOJIBT-aMIIEpHI XapaKTePHCTUKU CTPYKTYp P-Si-n-Sii-sSns 3a KIMHATHOT TeMIIepaTypH 3 METOFO 3'SICYBaHHS POJIi
edexriB imkekuii y QopMyBaHHI €NEKTPHYHHMX BJIACTHBOCTEH TI'eTEPOCTPYKTYp, OTPHMAHMX Ha OCHOBI TBEpIOro po3uMHy Si1-sSns
(0<6<0,04). INToka3zaHo, 110 CyOiHIHHI AUISTHKH, 110 CIIOCTEPIraroThCs Ha BOJIBT-aMIIEPHUX XapaKTepPUCTUKaX, J0Ope OIHMCYIOTHCS B paMKax
Teopii edekTy BUCHaXKeHHs imkekuii. [Toka3aHo, o CyOMiHIHHI JUITHKY, IO CIIOCTEPIraloThCsl Ha BOJBT-AMIICPHUX XapaKTePHUCTHKAX,
JI0Ope OMUCYIOTHCS B paMKax Teopii e)eKTy BUCHAKCHHS 1HKEKITT. S3HAUCHHS TapaMeTpa «a» BU3HAYAI0Cs 0e3M0CepeIHbO 3 CyOmiHIHHOT
JIUITHKY BOJIBT-aMIIEPHOT XapaKTEPHCTHKY, [0 Haaii JTO3BOJIMIO BH3HAYUTH KOHIIEHTPALiI0 IIMOOKHX JIOMIIIOK, [0 BiJNOBIJIAIOTH 3a
nosiBy cyOuminiiaoi mimsiaku. 1M Oyiio J0BeeHo, MO JOCHTIHKYBAHY CTPYKTYPY MOXHA po3risiiatd sk p-Si-n-Sir-sSns—n'-SiisSns
(0<06<0,04) — mepexix 3 BUCOKOOMHHM IIApoM N-SiisSns. AHaJI3 OTPHUMAHMX PE3YNIbTATiB JO3BOJIMB 3POOMTH BHCHOBOK, IO B IIBOMY
TBepHoMy po3urHi Si1-sSns (0<6<0,04) po3citoBaHHS HOCIIB 3apsiIy He JIMIIIE HA CKJIAJHUX KOMIUIEKCax, ajie i Ha HAHOyTBOPEHHSIX Biirpae
3HaYHy poiib y (OpMyBaHHI enekTpodi3mdHUX BiacTHBOCcTed. Ha OCHOBI pe3ynbTaTiB AOCHIDKEHb OyNIO 3pOOJICHO BHCHOBOK IIPO
BUKOPHCTAHHS EMITaKCIHHNX IUTBOK TBEPAHX Po34uHIB Si1-sSns (0<6<0,04), oTpruMaHNX Ha KPEMHI€BHX MiKIAJKAX, K HEPCIICKTUBHIX
MarepiaiiB Ipu po3poOIi JioAiB Ha iX OCHOBI, IO MPAIIOIOTH Y PEKUMI MTOABIHHOT IHKEKIIii.
KarouoBi cioBa: pidkogasna enimaxcia; meepouil po3uuH, 601bM-amnepHa Xapakmepucmuka; cyOriuiina obracmos; 6nIue
BUCHAJMCEHHS THICEKYIT
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In this paper, the photovoltaic properties of (Gez2)1x-y(ZnSe)x(GaAsi-sBis)y solid solutions grown on silicon substrates are investigated.
It is found that the solid solutions (Ge2)1-xy(ZnSe)x(GaAsi-sBis)y possess selective photosensitivity due to the presence of ZnSe, Gez,
and GaAsi-sBis components, as well as the difference in the ionisation energy of their covalent bonds. The photoconductivity
mechanisms in n-Si-p-(Ge2)1-x-y(ZnSe)x(GaAs1-sBis)y heterostructures were analysed based on the E; values that provided the best fit
to the experimental spectrum and Gaussian approximation curves. Photopeaks corresponding to Gaussian curves at the energy levels
1.23 eV, 1.45 eV, 1.64 eV, 1.91 eV, 2.21 eV, and 2.45 eV were observed in the photon energy range: Epn,1 - 0.98+1.75 eV, Epn.2 -
1.01+2.03 eV, Eph3 - 1.15+2.28 eV, Epna - 1.34+2.52 eV, Epns - 1.75+2.71 eV and Epne - 2.1+2.77 eV. The observation of intermediate
states in the photosensitivity spectrum of this solid solution confirmed the presence of nano-objects formed based on ZnSe and Ge:
molecules, as well as GaAsi-sBis compounds in these films. It was found that solid solutions (Ge2)1-x-y(ZnSe)x(GaAsi-sBis)y have the
potential to be used as selective photoactive materials operating in the ranges of infrared and visible radiation.

Keywords: Silicon; Solid solution; GaAsi sBis compound; Covalent bonding; Photosensitivity
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INTRODUCTION

High-performance photovoltaic and optoelectronic devices are largely controlled by the capability of semiconductor
materials to react to a wide spectral range effectively. Winding of the photosensitivity range of photoactive elements is
one of the major functional parameters of a device. Extending this range not only enhances the efficiency of energy
conversion but also widens the use of such devices in various technological applications, including solar energy
harvesting, photodetection, and optical communications. Among the most commonly utilized techniques of broadening
the spectral response is introducing specific impurities into semiconductor material, especially within the active parts of
p-n junctions [1]. This method enables the creation of other energy levels within the bandgap and thus enhances the
interaction between incoming photons and charge carriers [2].

There has also recently been a developing interest in adding isovalent impurities into epitaxial semiconductor films.
When carefully chosen and controlled, these impurities have been shown to add localized energy levels inside the valence
or conduction bands of the host semiconductor material. These newly added levels are of great importance for optical
absorption, carrier recombination rates, and transport characteristics, and, in turn, bring about enhancements of
photoelectric responses. Such effects need to be investigated for the development of future semiconductor heterostructures
optimized for operation under high efficiency in various irradiation conditions [3,4].

This study focuses on a novel class of solid-solution heterostructures based on the (Gez)i-xy(ZnSe)x(GaAs sBis)y
composition, epitaxially grown on silicon substrates. Such multi-component alloys comprise several semiconductor elements
of different bandgaps and ionization strengths that may be engineered to blend together in an array of permutations to yield
arequired set of electronic and optical properties. Insertion of GaAs;.sBis, for instance, provides deep-level isovalent dopants
that serve essentially to redefine the valence band edge along with augmenting infrared absorption. Wide-bandgap response
is brought into the matrix with ZnSe and Ge: atoms provide long-wavelength sensitivity in virtue of lower bandgap response.

Among the distinctive features of the solid solutions of this kind is the occurrence of nano-objects based on GaAs;_sBis
components incorporated into films, as inferred from the occurrence of intermediate states in the photosensitivity spectrum.
Nanoscale structures are responsible for creating localized energy states, which alter the energy band diagram of the
heterostructure and develop new channels of photon absorption. These features lead to increased selective photosensitivity,
especially in the visible and infrared regions of the spectrum. Such selectivity also arises due to variations in ionization
energy of covalent bonds of the element constituting it, producing uneven energy levels as well as specific optical transitions.

Through detailed experimental analysis, this research demonstrates the potential of (Gez)ix-y(ZnSe)x(GaAs;-sBis)y
heterostructures as high-performance photoactive materials. Their ability to operate efficiently across a wide spectral
range, including both infrared and visible regions, highlights their suitability for next-generation optoelectronic
applications [5]. Additionally, the use of silicon substrates ensures compatibility with existing semiconductor processing
technologies, further enhancing the practical relevance of the findings.
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We believe that the understanding gained in this work provides new insights to the mechanistics of impurity induced
spectral tuning and nanostructure enhanced photoresponse. This work is part of the larger field of semiconductor device
engineering, enabling the design of bespoke materials with controlled band structures and localized optoelectronic
properties. The findings highlight the potential of such heterostructures in high-performance photovoltaic devices,
infrared sensors and phase-locked photonic integrated circuits, where it is crucial to independently control the charge
carrier properties and spectral sensitivity.

MATERIALS AND METHODS

Silicon wafers with a radius of 10 mm and an approximate thickness of 350 um were used as substrates. These
wafers had a specific resistivity of 10 Q-cm, a charge carrier concentration of 4.4-10'* ¢cm?, and carrier mobility of
1439 cm?/(V-s). The possibility of obtaining high-quality solid solutions was established by controlling the thickness of
the epitaxial films, the initial and final crystallization temperatures, as well as the cooling rate. Based on preliminary
electron microscopic investigations, optimal technological conditions were determined: the initial crystallization
temperature of the layers was set at 750°C, the crystallization rate of the epitaxial layers was v = 0.15 um/min, and the
forced cooling rate was 1°C/min.

The initial electrophysical properties of (Ge»)ix.y(ZnSe)x(GaAsi-sBis)y epitaxial films were measured at room
temperature using the Van der Pauw method. The type of electrical conductivity was identified using a thermal zone and
the Hall constant. It was established that undoped films exhibited predominantly p-type (hole) conductivity.
Measurements revealed that at room temperature, the specific resistivity, charge carrier concentration, and mobility of the
epitaxially grown films were approximately 10 Q-cm, 1.8-10' cm™, and 368 cm?/V s, respectively. Furthermore, based
on the preliminary electrophysical parameters, the mobility of minority carriers was estimated to be 4673 cm?/V-s.

Ohmic contacts for the (Gez)i-x-y(ZnSe)«(GaAsi.sBis)y heterostructures were formed using gold (Au) and silver (Ag).
The ohmic nature of these contacts was initially confirmed using a characterograph, followed by voltage drop and
resistance measurements. Taking into account the p-type conductivity of the (Ge)ixy(ZnSe)x(GaAsi.sBis)y solid
solutions, optimal ohmic contacts with low resistance and linear I-V characteristics were obtained by thermally
evaporating Au and Ag onto the epitaxial surface at 150°C under vacuum conditions.

The spectral dependence of the photosensitivity of the resulting n-Si—p (Gey)ix-y(ZnSe)(GaAsi-5Bis)y
heterostructures was investigated using an optical spectrometer equipped with a CARL ZEISS JENA monochromator and
quartz optics. This setup allowed for the study of the samples within the photon energy range of 1 to 3 eV.

RESULTS AND DISCUSSION
Figure 1 presents the photosensitivity spectrum of n-Si—p (Ge:)i«y(ZnSe)«(GaAs;;Bis)y heterostructures based on
epitaxial layers with a thickness of approximately 10 um. For comparative analysis, the spectrum of a reference n-Si—p-
Si structure is also shown (Figure 1, Spectrum 2). The comparison reveals that the presence of ZnSe and GaAs, 5Bi;
compounds within the epitaxial layers shifts the sensitivity spectrum toward shorter wavelengths (higher photon energies,
Epn> 1.45 eV), while the incorporation of Ge atoms causes a redshift toward longer wavelengths.
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Figure 1. Photosensitivity spectra of the n-Si—p-((Ge2)1-x-y(ZnSe)x(GaAsi-sBis)y (1) and n-Si-p-Si (2) structures

The maximum photosensitivity peak is observed at a photon energy of 1.26 eV (Figure 1, Spectrum 1), which
suggests that the heterostructure includes a thin Ge buffer layer on the silicon surface. Subsequent formation of the
(Ge2)1x-y(ZnSe)x(GaAs-5Bis)y epitaxial layers involve partial atomic substitution between ZnSe molecules and Ge: atom
pairs, resulting in a solid solution with a bandgap of approximately 1.26 eV. This bandgap value was experimentally
determined using the following equation [6]:

Egyss=(1-X-y)Eg 6t (X)Eg znse H(Y)Eg Gansmi -C1(X)(1-X-y)-Ea(y)(1-X-). M

Here, x=0.31 and y=0.12 are the molar fractions of ZnSe and GaAs, ;Bis, determined from X-ray microanalysis. The
micmatch parameters between the lattice constants of Ge, ZnSe, and GaAs,sBis are given by
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&1 =2|age-acaas|/ (aGe + aznse) = 0.0017 and & =2|age—acaasnil/ (acetacaassi) = 0.037. For the given composition, the
calculated bandgap of the (Ge»)1-x-y(ZnSe)«(GaAs5Bis)y epitaxial layers is 1.248 eV, which is in excellent agreement with
the experimentally observed values.

In addition, the photosensitivity spectrum of the n-Si—p(Ge»)ix-y(ZnSe)x(GaAsi-sBis)y heterostructures exhibited
several weak sensitivity peaks at photon energies of 1.45, 1.64, 1.91, 2.21, and 2.45 eV. During the spectral analysis,
significant overlapping of multiple photoresponse peaks of varying intensities was observed, which is likely associated
with the close proximity of the absorption energies of the film constituents.

To further explore the photoconductivity mechanicms in the n-Si—p-(Ge»)ix-y(ZnSe)x(GaAs;.sBis)y heterostructures,
the photosensitivity spectrum was reanalyzed using the Gaussian approximation method implemented in Wolfram
Mathematica 7. The resulting spectrum was deconvoluted into Gaussian components. The initial energy values (E.) of
each individual photopeak were selected based on the experimentally observed maximum sensitivity points on the original
curve. As a result, the photosensitivity spectrum was successfully modeled using six Gaussian components with optimal
fitting to the experimental and total Gaussian curves. The deviations between the calculated peak energies and the
tabulated values did not exceed 0.01 eV, confirming high accuracy.

All six photopeaks corresponding to the Gaussian fits were observed in the following photon energy ranges: Epn i —
0,98-1,75 eV, Epn — 1,01-2,03 eV, Epnz — 1,15-2,28 eV, Epng — 1,34-2,52 eV, Epns — 1.75-2.71 and Epng — 2.1-2,77 €V

The corresponding maximum sensitivity peaks were identified at 1.23, 1.45, 1.64, 1.91, 2.21, and 2.45 eV,
respectively (Figure 2).

As seen in Figure 2, the primary Gaussian curve's (dashed line 1) onset at 0.98 eV suggests a shallow level, which
can be explained by covalent bonding resulting from a partial substitution of ZnSe molecules and Ge: atomic pairs during
the early stage of the Ge buffer layer crystallization and the latter epitaxy portion [7]. Also, research works [8] has pointed
out that atoms of Zn, in particular, which are constituent of the germanium layer, as well as the other Zinc along with
Molecule of Selenium, are able to act as recombination centers bearing acceptor type features, which corresponds with a
very large increase of sensitivity to the spectrum starting at approximately 1.0 eV. Also, in another study [9], it was noted
that minor atomic substitution between the molecules of ZnSe and pairs of Ge: causes the spontaneous formation at
nanocrystals with variable dimension and shape positioned in regions of the crystal lattice with a high density of defects.
Related study [10] reported an energy level in the 1.23 eV region in the bandwidth of absence of (GaAs)i—xy(ZnSe)x
structures. This energy matches with what has been identified as the first maximum of the first Gaussian component in
our work. In addition, other literature [11] has also indicated that nanocrystals of ZnSe implanted in monocrystals of
germanium produce levels of energy which are similar to acceptor.
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Figure 2. Photosensitivity spectrum of n-Si—p-(Gez)1-x-y(ZnSe)x(GaAs1-sBis)y heterostructures in Gaussian approximation;
- experimental points — solid line — general Gaussian approximation line; continuous (dotted) lines — general Gaussian
approximation line organizers

The maximum of the second Gaussian component (Figure 5.4.2, dashed line 2) was observed at a photon energy of
1.53 eV. This corresponds to the known photoluminescence range of p-GaAs crystals, typically within 1.35-1.65 eV, and
confirms their spectral contribution to the heterostructure’s response [12]

The third Gaussian component showed its peak sensitivity at 1.64 eV (Figure 2, dashed line 3), which can be
attributed to the formation of isovalent Ge—Se valence-band-related impurity states in the GaAs layers. The study [13]
reported three distinct photoresponse peaks in GeSe-doped GaAs layers at 1.43, 1.63, and 2.25 eV, all of which were also
observed in the current study. Among these, the first peak in our sample shifted toward longer wavelengths, while the
second peak matched the third Gaussian component at 1.64 eV.

Two additional Gaussian components were identified in the photosensitivity spectrum of the
n-Si-p-(Gey)1x-y(ZnSe)x(GaAssBis)y heterostructure within the 1.34-3.71 eV photon energy range, showing maximum
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photoresponse at 1.91 eV and 2.21 eV (Figure 2, dashed lines 4 and 5). According to [14] the photoluminescence spectrum
of (GaAs) x(ZnSe)y solid solutions grown by liquid-phase epitaxy spans almost the entire visible spectrum (400—760 nm).
Moreover, [15] identified deep energy levels associated with GaSe (hvmax = 1.88 eV), ZnAs (hvmax = 2.15 €V), and ZnSe
(hvmax = 2.69 €V). In the present study, three photoresponse peaks were detected at 1.91 eV and 2.21 eV, suggesting that
atomic-scale modifications of GaSe and ZnAs within the crystal lattice may be responsible for the observed spectral shifts
toward shorter wavelengths.

Furthermore, a sixth Gaussian peak was observed at 2.45 eV. Although the bandgap energy of pure ZnSe is
Egznse = 2.70 €V, in these solid solutions, covalent bonds within ZnSe molecules are weakened due to interaction with
Ge: and GaAs,sBis components. This interpretation is consistent with findings by Zainabidinov et al. [16], who reported
that in such solid solutions, tetrahedral ZnSe crystal structures undergo partial substitution with GaAs or Gez, thereby
weakening Zn—Se bonds due to interactions with Ga, As, and Ge atoms. Additional support comes from Saidov et al. [17],
who observed that continuous substitution in (GaAs)i«(ZnSe)x(Ge»)y leads to the emergence of impurity states below the
valence band edge (AE; = E,x — Eg,..r) of ZnSe. Given ZnSe’s direct bandgap nature and its molar concentration in the
present material (~10%° cm™), these structures exhibit photosensitivity at photon energies above 2.4 eV.

CONCLUSIONS

The n-Si—p-(Ges)i-xy(ZnSe)«(GaAsi;Bis)y heterostructures showed results of spectral photosensitivity analyses
which suggest that the (Ge»)1-«y(ZnSe)«(GaAsi-3Bis)y solid solutions have selective photosensitivity because of integrated
ZnSe and Ge constituents and the ionic bond covalent energies’ differences in their ionization. The energy band diagram
reveals the presence of impurity-related states that indicate the existence of nano-objects based on on GaAsi;Bis
compounds within the films. In conclusion, these results prove that the obtained solid solutions are likely barrier-layer
structures and can also be utilized as selective photoactive materials for hyper/MW and visible optoelectronic devices in
the infrared radiation spectrum.
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®OTOEJEKTPUYHI BTACTUBOCTI TETEPOCTPYKTYP n-Si-—p-(Ge2)1-xy(ZnSe)x«(GaAsi-5Bis)y
Axpammxon M. Bo6oes, Yayréek P. Kapim6epaies, Hypitain M. FOnycasie, Jkammuaéex C. Magaminos
Anoudicancokuii depocasnuil yuigepcumem imeni 3.M. Babypa, Anousican, Y3b6exucman

VY wifi crarTi JOCHIKYIOThCS (OTOCTCKTPUYHI BIAaCTUBOCTI TBepaux po3unHiB (Gez)ixy(ZnSe)x(GaAsisBis)y, BupomeHHX Ha
KpEeMHi€BHX mMifKiankax. BeranosieHo, mo TBepai pozunHu (Ge2)ixy(ZnSe)x(GaAsisBis)y MaroTh cenekTuBHY (OTOUYTIHBICTH
¢dorompoBigHOCTI B TeTepocTpykTypax n-Si-p-(Gez)ixy(ZnSe)x(GaAsi-sBis)y Oynmm mpoaHanmizoBaHi Ha OCHOBiI 3Ha4deHb FEi, ski
3a0e3neuniy HalKkpaile HaONMKEHHS N0 EKCIePUMEHTAIBHOTO CIEKTPy Ta KPHBUX TrayccoBoro HaOmmwkeHHS. Dotomiku, 1o
BiJITIOBIIAl0Th TayCCOBUM KpHBUM Ha piBHsX eHeprii 1,23 eB, 1,45 eB, 1,64 ¢B, 1,91 ¢B, 2,21 e¢B ta 2,45 ¢B, cnocrepiranucs B
niama3oni eHepriit potonis: Epn,1 - 0,98+1,75 eB, Epn2 - 1,01+2,03 eB, Eph3 - 1,15+2,28 B, Epn4 - 1,34+2,52 B, Epns - 1,75+2,71 ¢B
1a Ephe - 2,1+2,77 eB. CnocrepexxeHHs NPOMDKHHX CTaHIB y CHEKTPi ()OTOYYTIMBOCTI I[OTO TBEPAOTO PO3UUHY ITiATBEPIIIIO
HAsBHICTh HAHOOO0'€KTIB, COPMOBAHUX Ha OCHOBI Mosieky1 ZnSe Ta Gez, a Takox cnoiyk GaAsi-sBis y 1ux miiBkax. byio BusBIieHO,
o tBepai po3untu (Ge2)1x-y(ZnSe)x(GaAsi-sBis)y MatoTh MOTEHIiaN AJIsi BAKOPUCTAHHS SIK CENICKTUBHI ()OTOAKTUBHI MaTepiaju, 1o
MPAaLIOIOTh y Jiana3oHax iHPpauepBOHOTO Ta BUAMMOTO BUIIPOMiHIOBaHHSI.

KunrodoBi cnoBa: kpemniti; meepouii posuun, cnoayka GaAsi sBis, kosanenmuuii 36’130k, pomouymuugicme
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The surface morphology of undoped ZnO as well as 3 at. % sulfur-doped ZnO (ZnO:S) thin films were examined utilizing atomic
force microscopy (AFM). Surface characteristics evaluations and comparisons were made based on 2D and 3D AFM images, line
profile analyses, and roughness parameters; Ra, Rq, Rz, Rt Rsk, and Rku. The undoped ZnO medium showed a smooth surface, with
moderate height fluctuations and a comparatively narrow Gaussian-like height. On the other hand, ZnO:S film showed much higher
surface roughness and topographical alternation with larger and more symmetrical height histograms. Both the Rq/Ra ratios for both
started at around the theoretical Gaussian value (~1.25) with the skewness and kurtosis parameters showing distinctly different degrees
of surface symmetry and texture. Sulfur incorporation was shown to change the grain morphology, to introduce peak-to-valley contrast
and to increase the overall surface area. The morphological improvements further show that ZnO:S thin films could be more adequate
for applications where high surface activity is essential, provided by gas sensing and catalysis. This study presents a quantitative and
qualitative evaluation of the influence of sulfur doping on the surface morphology of ZnO at the nanoscale level.

Keywords: Morphology; Histogram; Atomic force microscopy; Roughness; Doping; Sulfur
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INTRODUCTION

Thin films of zinc oxide (ZnO) have been extensively studied for their diverse applications in optoelectronics, gas
sensors, catalysts, and so on, because of their excellent optical, electrical, and catalytic properties [1-3]. The surfaces
have a key influence on their performance as they affect surface area, grain boundaries, and active sites for surface
reactions [4,5]. Atomic force microscopy (AFM) is a proven dominant tool for the morphological characterization of
surfaces that offers the images of surface textures in nanoscale and also allows a quantitative determination of surface
roughness parameters [6,7]. Dopants like Al, S, and N into ZnO thin films were also studied which had considerable
implications on the structural, electrical, and optical properties [8—11]. Especially, the sulfur doping can increase the
surface area and modify the grain boundaries of ZnO, which can improve the gas-sensing property and catalytic activity
[12,13]. Zainabidinov et al. investigated the influence of gamma radiation on the electrophysical characteristics of sulfur-
doped ZnO films, noting that irradiation caused structural changes [14]. Likewise, structural and morphological properties
of Al-doped ZnO films have been studied and it has been exhibited that the doping in ZnO causes a change in the grain
size and its distribution [15]. Additional studies performed in our laboratory focused on elucidating structural properties
by means of X-ray diffraction and electron microscopy, demonstrating significant morphological changes produced by
sulfur doping in ZnO films synthesized by ultrasonic spray pyrolysis [16]. Moreover, Zainabidinov et al. have tuned an
ultrasonic spray pyrolysis system for the deposition of metal oxide films with improved uniformity and structure [17].
Other investigations have elucidated defect formation in metal-insulator-semiconductor (MIS) structures based on silicon
doped with rare-earth elements, potentially up to moderate concentrations, opening the pathway for understanding how
doping modifies morphological and electrophysical properties. However, notwithstanding a number of studies, a broad
statistical description of the morphological differences amongst undoped and sulfur-doped ZnO thin films at the nanoscale
is undocumented. More advanced characterizations employing amplitude parameters like average roughness (Ra), root
mean square roughness (Rq), skewness (Rsk), kurtosis (Rku), and peak-to-valley height (Rt) are required to provide a
complete understanding of surface structure—function relationships. This paper studies the influence of sulfur doping on
those surfaces using atomic force microscopy (AFM), in an effort to fill this gap in the literature. In summary, by carefully
analyzing statistical parameters of surface roughness and relating them with probable functional dynamism, this work
sheds valuable light in pathways for future exploration and evolution of ZnO materials for emerging technological
domains.

MATERIALS AND METHODS
As the base material, monocrystalline n-type silicon (Si) wafers with a (100) crystallographic orientation were selected
due to their high purity and compatibility with thin film deposition. The wafers were cut into rectangular pieces measuring
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approximately 2 mm X 2 mm % 5 um for experimental use. To improve surface smoothness and cleanliness, a multi-step
treatment was performed. Initially, the substrate surface was mechanically polished using abrasive papers with 3 pm and 0.5
pum grit sizes, sequentially. This process significantly reduced the surface roughness. After polishing, substrates were rinsed
with deionized (DI) water. To remove organic, inorganic, and metallic contaminants, the wafers were subjected to standard
RCA cleaning. In the RCA-1 step, substrates were immersed in an NH+«OH:H202:H-O (1:1:5) solution at ~75 °C for 15
minutes, followed by thorough DI water rinsing. The RCA-2 step involved immersion in HCI:H202:H20 (1:1:6) at the same
temperature and duration to eliminate metal ions. Finally, the native SiO: oxide layer on the wafer surface was etched in a
5% HF solution for 1 minute, and the cleaned substrate was immediately rinsed and dried to prevent reoxidation. Zinc acetate
dihydrate (Zn(CHsCOO)::2H-0, >99%, Sigma-Aldrich) was used as the zinc source. For the undoped ZnO films, precursor
solutions of 0.5 M and 1 M concentrations were prepared by dissolving the appropriate amount of zinc acetate in deionized
water and stirring until complete dissolution. Specifically, 10.97 g of Zn(CHsCOO).:2H-0 was dissolved in 100 mL of DI
water to obtain a 0.5 M solution. For sulfur doping, thiourea (CH4N-2S, >99%, Sigma-Aldrich) was used as the sulfur source.
A doping concentration of 3 atomic percent (at%) was targeted by calculating the required thiourea amount relative to the
total anion content in the solution. Based on a 1:1 molar ratio of Zn to O in ZnO, 0.0015 mol of sulfur atoms were needed
for 3 at% doping, which corresponds to approximately 0.114 g of thiourea for 0.05 mol of Zn precursor. Thiourea was added
to the prepared zinc acetate solution and stirred thoroughly to ensure homogeneity. Thin films of ZnO and sulfur-doped ZnO
(Zn0O:S) were deposited on the prepared Si substrates using the ultrasonic spray pyrolysis technique [17]. The deposition
was performed under controlled conditions, with optimized parameters for spray rate, substrate temperature, and carrier gas
flow (not detailed here). Immediately after the HF etching step, substrates were transferred for coating to minimize surface
reoxidation and maintain chemical reactivity.

Atomic Force Microscopy (AFM) was used to analyze the surface morphology and topography of the deposited
films. 2D and 3D AFM images were acquired over a 500 x 500 nm scan area. Roughness parameters such as Ra, Rg, Ry,
and R, were calculated, along with statistical descriptors like skewness (Rsk) and kurtosis (Rk,). Additionally, line profiles
and histogram analyses were used to assess height distribution symmetry and uniformity across the samples.

RESULTS AND DISCUSSION

2D AFM Images of Surface Morphology for Undoped ZnO and 3 at. Topography images of ZnO:S thin films with
a concentration of 3 at.% sulfur, obtained on an area of 500 nm x 500 nm scale (Figure 3 but with two samples showed
in comparison), show fundamental differences in surface structure. The surface of undoped ZnO film is smoother and
more uniform, with larger grains available, lacking noticeable grain boundaries. This means that the crystallites merged
into a surface with a much lower height difference during the film growth. This sample shows low surface roughness,
suggesting that the height across the scanned point is not fluctuating heavily. In sharp contrast to this, the ZnO:S sample
shows a highly textured surface and well separated fine nanograins that are very densely packed. You have multi-grain
with smaller size, which can lead to a surface structure that is more heterogeneous and complex. The improved
nanostructuring is probably a result of the effects of sulfur doping on the nucleation kinetics during the formation of the
film, leading to a higher amount of nucleation centers. The distinct morphologies suggest that the sulfur doping has a
strong influence on the surface growth of the ZnO films, which results in denser coalescence of the grains, sharper grain
boundaries, and higher surface area. In-contrast to pure ZnO, where the surface activity is depicted by a relatively low
rate of charge reaction, several such modifications have been reported introducing higher surface-related functionalities,
making ZnO:S more favorable in the context of high surface activity applications.
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Figure 3. 2D AFM surface morphology images of thin films scanned over a 500 nm x 500 nm area. a) ZnO; b) S doped ZnO

Figure 4 shows 3D AFM topography images will reveal even more details of the surface features for each sample.
The 3D perspectives give a better sense of peak-to-valley height differences as well as surface texture roughness.
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A typical moderately textured surface can be seen in the undoped ZnO film featuring a clear grain elevation although the
features seem less defined and broader. There are fewer grain peaks which are also more widely separated from each
other, which is consistent with the earlier identification of a relatively smooth, low-roughness morphology. Contrasting
with it, the rough surface of ZnO:S film, with an arrangement of sharp peaks and valleys uniformly in the scanned area,
is very noticeable. The nanograins are smaller, denser, and well separated which assists in better vertical variation in the
Z-axis. Higher density of nucleation sites during film growth arising from incorporation of sulfur leads to again higher
surface roughness as indicated here. ZnO:S provides a highly complex surface with an increased surface area which
should have functional benefits. The enhanced light scattering, increased surface reactivity and better sensitivity of the
rougher and rougher morphology in optoelectronic and sensing applications [18].

.

Z: 80.01"‘1'n

Figure 4. 3D AFM topography of ZnO and ZnO:S thin films over a 500 nm x 500 nm area, revealing differences in vertical
surface features and roughness. a) ZnO; b) S doped ZnO

Before delving into the quantitative surface profile results, it is essential to understand the key amplitude parameters
used in AFM surface topography analysis. These parameters provide critical insights into the statistical features of a
surface, including average height levels, asymmetry, and extreme height variations. One of the most widely used metrics
is the average roughness (R,), which quantifies the mean deviation from the central line and serves as a general indicator
of surface uniformity and quality. The root mean square roughness (Rq) provides a more sensitive measure by considering
the squared deviations from the mean line and is particularly important in high-precision optical surface evaluation. The
maximum peak-to-valley height (R;) defines the total relief of the surface and indicates the full vertical range of
topographic variation. In contrast, the ten-point height roughness (R,) calculates the average difference between the five
highest peaks and the five deepest xvalleys, making it suitable for assessing local irregularities. To evaluate the shape and
symmetry of the height distribution, skewness (Rg«) and kurtosis (Rk,) are employed. A negative Ry implies a surface
dominated by valleys, while a positive Rsk suggests dominant peaks. The kurtosis Ry, indicates whether the surface
texture is spiky (Rx, > 3), flat and bumpy (Ri, < 3), or normally distributed (Rk, = 3). Together, these parameters form a
comprehensive statistical framework to evaluate and compare surface characteristics across thin film samples.

Table 1 demonstrates that the changes in average roughness (R,) and ten-point mean height (R;) correspond closely
with the variations observed in RMS roughness (Rq) across all examined samples. The maximum peak-to-valley height
(R¢) remains a key indicator of surface topography, as it effectively captures the overall vertical relief of the surface.
Furthermore, it is evident from Table 1 that higher R; values are typically associated with increased R, values, indicating
a strong relationship between R, and the extreme height differences in the surface profile. The mathematical expression
for R, is given below:

R, =~ (Sly P = B0y V) (1)

where n is the number of sampling points along the assessment length, which is 5 in this study, P; is the height of the i
peak and V; is the depth of the i valley with respect to the line profile. In addition, Ry values for all the samples are
higher than Ra values, which can be mathematically explained according to the following equation:

R, =1 [}ly(0)| dx @

Rq = /ff:|<y(x))2| dx 3)

where L is the length of the profile on the x-axis used for measurement and y(x) is the variation of the height from the
profile line for each data point.
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For surfaces exhibiting Gaussian height distributions, theoretical models suggest that the ratio of root mean square
roughness (Rg) to average roughness (Ra) approaches a value of 1.25. According to Ward [19], many engineering surfaces
can be reasonably approximated by a Gaussian distribution, with typical R¢/R, ratios extending up to around 1.31. In our
study, as shown in Table 1, the calculated R¢/R, values for all three materials—Si, ZnO, and ZnO:S—are in close
agreement with the theoretical prediction, indicating that the surface profiles follow an approximately Gaussian
distribution at the nanometer scale. his finding validates the use of standard statistical surface roughness descriptors in
characterizing the samples. Additionally, the skewness values provide insight into the asymmetry of the height
distribution. Negative skewness reflects a surface dominated by valleys, while positive skewness indicates a prevalence
of elevated features. In our results, skewness variations between the samples suggest different degrees of surface
uniformity and grain structure. Furthermore, the kurtosis (Rk,) parameter reveals the nature of surface texture—whether
it is spiky or bumpy. A value of Ry, less than 3 corresponds to a bumpy surface with fewer extreme features, while Ry,
greater than 3 indicates a spikier texture with pronounced peaks and valleys. For instance, the ZnO:S sample demonstrated
a Ry, value close to 3, suggesting a balanced distribution of surface features, whereas undoped ZnO exhibited a higher
Ry, indicative of a more irregular and spiky morphology. These trends are consistent with the R and R, values, as kurtosis
is strongly influenced by the amplitude of surface extremes.

1
Riew = T2z OXER Y “)

Where Ry, is the RMS roughness parameter and Y is the height of the profile at point number i

Table 1. Roughness parameters.

Materials Ranm Rqnm Rinm R,nm Rq/Ra Rsk Rku
ZnO 2.5976 3.7144 79.9983 43.6536 1.4299 -0.6842 8.2098
S doped ZnO 8.4809 10.8674 100.0075 49.9415 1.2814 -0.005 3.3892

Such observation is confirmed by the computed roughness parameters presented in Table 1. The S-doped ZnO
sample has much larger average roughness (R.) and root mean square roughness (Rq) values than undoped ZnO as the
incorporation of sulfur clearly increases the complexity of the surface (no flake-like structure). For both samples, the
Ry/Ra ratio approaches the theoretical limit of the nominal Gaussian distribution (~1.25), as evident by the ratios of
1.4299 for ZnO and 1.2814 for ZnO:S, confirming that both surfaces yield approximately the same Gaussian distribution.
Values for skewness (Rq) also indicate asymmetry of surface features. The ZnO film shows a negative skewness value
of -0.6842, indicating a surface with deep valleys predominating. On the other hand, the near zero skewness (-0.005) of
the ZnO:S film reflects an approximately even topographical structure without a strong dominance of peaks or valleys.
Another parameter is kurtosis (Ri,), which enhances the interpretation. The high value of Ry, = 8.21 of ZnO sample
indicates that this surface is also spiky and irregular with very extreme value of height variation. In contrast, the ZnO:S
display a kurtosis value of 3.39, which is significantly closer to the Gaussian ideal (R, = 3) indicating a distribution that
has more uniformity, morphology-wise, which is bumpier. This, in addition to the maximum peak-to-valley height (R;)
and ten-point roughness (R-), confirms the topographically balanced and statistically homogeneous surface resulting from
sulfur doped Si core. Such surface features can improve selected functions, like an increased surface area for sensing or
catalytic interactions.
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Figure S. Height distribution histograms. a) ZnO; b) S doped ZnO

In an effort to gain insight into the statistical behavior of the surface morphology, we analyzed the height
distribution histograms and numerical roughness parameters of both the ZnO and S-doped ZnO thin films. The histogram
(Figure 5) provides a visual clear depiction of the distribution of topographical features on the scanned surface.
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The crystalline particle size distribution of the ZnO gives a very narrow and sharply peaked distribution centered
around 55 nm which means a relatively less rough surface with a relatively more even distribution. In comparison, the
histogram of the S-doped ZnO sample displays a wider, more symmetrical distribution centered around 50 nm, implying
a surface with more topographical deviation and a greater diversity of nanostructures.
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Figure 6. Line profile analysis showing the surface height fluctuations. a) ZnO; b) S doped ZnO

The line profile analysis for the as-deposited ZnO and S-doped ZnO thin films are depicted in Figure 6 and is useful
to evaluate the vertical surface height variations within a span of 100 nm. Moderate variations in height (4 nm to 10 nm)
can be seen in the ZnO film (Figure 6a), indicating a relatively smooth and uniform surface with minor topographical
irregularities. This was also observed in the histogram data, as we saw a narrow and symmetric height distribution
centered at 50 nm, indicating an overall less complex surface morphology. Compared to the ZnO:S film (Fig. 6b), which
exhibits obviously bigger vertical fluctuations with a thickness of 5 nm to 25 nm. It implies that the water bodies could
adjust to an increase in surface roughness indicating a surface with a more intricate structure featuring peaks and valleys.
These results help confirm the above observations, as also evidenced by the broader and more symmetrical histogram
distribution of the S-doped sample, indicating the more complex feature of the surface brought by the nitrogen doping.
The increased height fluctuations of the ZnO:S film are due to sulfur incorporation and modification of the grain structure,
increasing the surface roughness. In summary, analysis of the line profiles supports the histogram results and confirms
the higher surface complexity of the ZnO:S thin films. The enhanced roughness values indicate that sulfide doping
increases the surface area, potentially useful for applications such as gas sensors or catalysis, where high surface reactivity
is favorable.

CONCLUSIONS

In this study, the surface morphology of ZnO and S-doped ZnO thin films was analyzed using atomic force microscopy
(AFM) and key statistical parameters such as average roughness (R,), root mean square roughness (Rg), peak-to-valley height
(Ry), and skewness (Rq). The results indicate a clear contrast in the surface characteristics between undoped ZnO and S-
doped ZnO films. ZnO films exhibited a relatively smooth and uniform surface with moderate height variations ranging from
4 nm to 10 nm. These results were supported by the narrow height distribution observed in the histograms, indicating a less
complex surface morphology. On the other hand, the ZnO:S films demonstrated significantly higher surface roughness, with
height variations reaching up to 25 nm. The broader and more symmetrical histogram distribution confirmed the increased
surface complexity brought about by sulfur doping. The analysis of the line profiles and histograms indicated that sulfur
incorporation into ZnO modifies the grain structure and increases surface roughness. The R¢/R, ratio for both films
approached the theoretical Gaussian value, confirming the Gaussian distribution of surface height. The skewness and kurtosis
values further highlighted the differences in surface symmetry and texture. ZnO:S films exhibited more pronounced surface
features with balanced peaks and valleys, while ZnO films showed a dominance of valleys.

These results suggest that sulfur doping enhances the surface area and complexity of ZnO films, making them
potentially more suitable for applications that require high surface reactivity, such as in gas sensing or catalytic processes.
The findings provide a comprehensive understanding of how surface morphology can be tailored through doping and
offer valuable insights for optimizing functional thin film applications.
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MOP®OJIOI'TA NOBEPXHI TA HIOPCTKICTbh TOHKHUX IIVIIBOK ZnO, IETOBAHHX CIPKOIO:
AHAJII3 HA OCHOBI ATOMHO-CHJIOBOI MIKPOCKOIII{
Axpamuxon WM. Bo6oes?, Hypitain M. FOnycanies?, Xympoii A. Maxmynos®, daiizynox A. AGay.1xaes?,
Iaiioysio I'. Toxzku6oes?, Moxaapoim O. I'odpypa:konosa*
Anouarcancoruil Oepocasruil yuisepcumem imeni 3.M. Babypa, Anoudican, Yzbexucman
bAnouscancoxa inia Koxanocvkozo yuisepcumemy, Anousican, Ysbexucmar

Mopdonorito nmoBepxHi HeneroBanoro ZnO, a Tako TOHKUX IDTBOK ZnO (ZnO:S), neroBanoro 3 at.% cipkoro, JOCHIIKYBaIH 3a
JIOTIOMOTOI0 aTOMHO-CHIIOBOI Mikpockorii (ACM). OniHKy Ta IOpiBHSHHS XapaKTEPUCTHK OBEPXHI IIPOBOIIM Ha ocHOBI 2D Ta 3D
ACM-300pakeHb, aHalizy mpodisito JiHiil Ta mapamerpiB mopctkocti; Ra, Rq, Rz, Rt Rsk ta Rku. Henerosane cepenosuiie ZnO
MaJIO IJIaJKy HOBEPXHIO 3 IIOMIPHUMH KOJHMBAHHSIMHU BHCOTH Ta HOPIBHSIHO BY3bKOIO rayCiBCBKOIO BUCOTOIO. 3 iHIIOTrO OOKY, IUTiBKa
Zn0O:S nokasaia 3HaYHO BHIILY IIOPCTKICTh MOBEPXHI Ta TomorpadidHe 4epryBaHHs 3 OLTBIIMMHU Ta CHMETPHYHIIINMH TiCTOrpaMaMu
Bucotu. Ob6uzaBa cmiBBigHomenHs Rqg/Ra moumnamucst nmpuOIM3HO 3 TEOPETHYHOrO rayciBcbkoro 3HaueHHs (~1,25), npudomy
rapaMeTpH aCUMETPil Ta eKCIeCy IEMOHCTPYBAIM YITKO Pi3HI CTYIIEHI CUMETPIi MOBEPXHi Ta TEKCTYpH. ByIo mokaszaHo, 1110 BBEACHHS
CipKH 3MiHIOE MOP(DOJIOTiIO 3epeH, BBOAWUTH KOHTPACT MDK IMiKaMH Ta 3alaJMHaMU Ta 30UIBIIYE 3arajbHy IUIONLY IMOBEPXHI.
MopdosmoriuHi TOKpanieHHs! TaKOK MOKa3yIOTh, 0 TOHKI IUIBKA ZnO:S MOXyTh OyTH OLNBII aJeKBAaTHUMH Ui 3aCTOCYBaHb, /1€
Ba)KJIMBa BHCOKA IIOBEPXHEBA aKTHBHICTH, 10 3a0e311e4yeThCsl TA30BUM 30HIYBaHHIM Ta KaTaiizoM. Lle nociipkeH s 1ae KiTbKiCHy
Ta SKICHY OLIIHKY BIUIUBY JIETYBaHHS CipKoIo Ha Mopdoriorito moBepxHi ZnO Ha HaHOPIBHI.

KuruoBi ciioBa: mopghonoeis; cicmozpama, amomMHo-cunoga MikpoCKonis, wWopCmKicmy, 1e2y8aHHsl; CIpKa
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The possibility of fabricating a heterosystem based on A?B® compounds with potential barriers (Au)CdS/Si/CdTe(Au) with a
minimum density of surface states is presented, confirmed by measurements of the potential barrier height based on capacitance-
voltage methods. Various exponential dependences of the current on the voltage at forward biases associated with a change in the
kinetic parameters of the CdS/Si/CdTe structure base are determined, and it is revealed that at current densities of
2.1x107+0.35x107® A/cm? in the studied CdS/Si/CdTe structure, the current is limited by recombination in the space charge layer.
It is shown that when a reverse bias is applied to the structure, the structure base is completely covered by the space charge
accompanied by electron injection from the rear contact, which in turn determines the mechanism of current transfer of the structure.
Keywords: Heterosystem; Deposition; Base; Layer; Barrier; Photodiode; Current density; Capacity; SEM, Band diagram

PACS: 64.70.kg, 73.40.Kp, 68.37.Hk

INTRODUCTION
The prospect of using phenomena occurring in the volume of a semiconductor to increase the functional
capabilities, improve the reliability of semiconductor and microelectronic devices and expand the ranges of their
operating frequencies and powers allows for a significant simplification of the technology of semiconductor instrument
making [1]. In recent years, there has been particular research interest in the creation of heterojunctions based on A?B®
compounds, in particular based on cadmium sulfide and telluride. Heterostructures based on these materials are
proposed as photoelectric converters of solar energy [2-4], photodetectors [5-7], and detectors [8-11, 28].

However, for high-quality optoelectronic devices (photodetectors), such heterojunctions are combined with silicon
in the CdTe-Si and CdS-Si systems. These heterojunctions are difficult to manufacture, since the crystal lattice
parameters of CdS, CdTe and Si differ by 15%, which leads to the formation of a high density of surface defects at the
Si-CdTe, Si-CdS interfaces. Nevertheless, the possibility of obtaining high-quality Si-CdTe-CdS heterojunctions with
low surface density by forming an intermediate transition layer that acts as a buffer in the nSi-pCdTe, pCdTe-nCdS,
CdTe-Si structure has been demonstrated in [12, 13].

For A?B® semiconductors, including CdS and CdTe, it is technologically difficult to obtain a p-i-n structure on its basis
due to the self-compensation effect. As is known, when manufacturing heterojunctions, a high-resistance i-layer is often
formed at the heterointerface due to mutual diffusion of atoms of one semiconductor into another [14, 32]. To avoid this
problem, we created a two-side sensitive thin-base structure (Au)CdS/Si/CdTe(Au) with heterojunctions grown by
compositionally differentiated layers of CdTe and CdS on n-type Si substrates, with certain layer compositions depending on
their thickness. It is well known that thin films of CdTe and CdS can be grown on various substrates using different methods
[15,16]. Basically, such films are obtained by thermal deposition in vacuum, that is, by growing from the vapor phase [17].

In this work, CdTe and CdS layers were grown using this method because it allows obtaining various
photosensitive structures with fast response.

There is no information in the sources about the creation of two-way sensitive photodiodes with CdS/Si/CdTe with a
heterosystem with internal amplification, which are tuned to the required wavelengths of optical radiation by external
action, i.e. with different supply of bias voltage. Their production is a topical task, since such a photodiode replaces several
photodetectors that are sensitive in different regions of the wavelength of optical radiation and are rigidly connected with
the width of the forbidden zone. In the CdS/Si/CdTe semiconductor system, the counter currents of nonequilibrium carriers
are regulated, due to which the inversion of the sign of photosensitivity occurs at different base thicknesses [18, 19]. This
paper presents the results of studies to identify the role of high-resistance and low-resistance heterolayers in the current
transfer mechanism in the CdS/Si/CdTe heterosystem by studying the electrophysical characteristics of heterosystems.
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EXPERIMENTAL PART

The investigated heterosystem CdS/Si/CdTe photodiode structure [20, 28] was fabricated by successive vacuum
thermal evaporation [21] of CdS and CdTe powders onto a substrate - the surface of a wafer of single-crystal n-type
silicon. During deposition of the CdS film onto the surface of the silicon substrate, the evaporator temperature was
850+950°C, which is necessary for congruent evaporation of CdS particles, and a CdTe film was deposited on the back
side of the substrate at an evaporator temperature of 580 °C. During film deposition, the substrate temperature was
270+290°C, the film growth time was 5 min. at a rate of 16.7 A/s, at which the thickness of each film was 0.55 um. To
obtain a rectifying contact on the surface of the film layers of the heterosystem, metal-semiconductor junctions made of
Au with a thickness of 70 A were formed in the vacuum post VUP-4 at a temperature of 435°C. The contact area of Au
on the surface is 0.29 cm? The technological route for manufacturing the heterosystem is given in [22, 23]. The
manufactured structure of a photodiode based on the CdS/Si/CdTe heterosystem with contacts made of Au is shown
in Fig. 1.

Anode

Contact layer (Au)

nCdS layer

Active layer

nSi substrate
pCdTe layer

Contact layer (Au)

Cathode
Figure 1. Design of a lateral bidirectional photodiode based on (Au)CdS/Si/CdTe(Au)

ELEMENTAL ANALYSIS OF SAMPLES

The morphology of the CdS/Si/CdTe heterostructure samples based on silicon substrates was studied using a
scanning electron microscope SEM EVO MA 10 (Carl Zeiss, Germany). The elemental composition was studied using
an energy-dispersive analyzer EDX (Oxford Instruments) - Aztec Energy Advanced X-act SDD. During the
measurements, an accelerating voltage of 15 kV was applied to the filament of the device, while the working distance
from the structure was 8.5 mm.

Fig. 2-4 show the surface morphology of a sample of a two-side sensitive CdS/Si/CdTe heterosystem.
Measurements were carried out on both sides of the heterostructure.
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Figure 2. SEM images of the surface (a) and elemental analysis (b) of single-crystal n-type silicon heterostructure CdS/Si/CdTe

The results of the scanning electron microscope (SEM) analysis, presented in Figure 2, confirm that silicon is the
predominant element in the sample composition, as evidenced by the intensity of its main peak. The presence of
low-intensity oxygen peak (O) indicates the formation of oxide compounds or surface contamination, which may have
occurred during sample growth or storage. Quantitative analysis shows that the mass fraction of silicon is 99.4%,
oxygen — 0.6%.

Fig. 3 shows an image of a thin-base CdS film grown on a silicon substrate of an n-type heterostructure.
According to the quantitative analysis, it is clear that the mass fraction of cadmium (Cd) is 52.9%, sulfur (S) is 15.1%,
silicon (Si) is 32.1% and, accordingly, the amount of Cd significantly exceeds the amount of S. However, point defects
can form near the boundary of Si and CdS [24,25].
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Figure 3. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on CdS of the n-type CdS/Si/CdTe

heterostructure

Fig. 4 shows an image of a thin-based CdTe film grown on a silicon substrate of an n-type heterostructure. The
mass fractions of cadmium (Cd) and tellurium (Te) are 47.8% and 52.2%, respectively, the amounts of these elements
are almost identical. It can also be seen that the back side of the sample, consisting of silicon, is completely covered
with a thin CdTe film, as evidenced by the absence of Si in the spectra.
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Figure 4. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on CdTe p-type heterostructure
CdS/Si/CdTe

The CdS/Si/CdTe heterosystem structures obtained by vacuum thermal evaporation in a quasi-closed volume are a
simple, effective and inexpensive method for microelectronic devices. However, intensive research is required to fully
reveal its potential. The presented results demonstrate compactness, the ability to grow in one direction and obtain rod-
or columnar-type grains with normal properties for growing substrates [26,27].

The current-voltage characteristics (CVC) of the manufactured CdS/Si/CdTe photodiode heterosystem were
measured with forward and reverse current directions in the dark and in the light at room temperature. The operating
voltage was supplied from a B5-48 and B5-50 power supply with a step of 0.05 volts. The voltage and current were
recorded with a B7-21A and B7-35 universal voltmeter. The minimum current was 2 nA, the relative measurement error
was 0.2+0.4%. The structures were illuminated with a JDSUS850 laser with a radiation power of 2.3 W and a wavelength
of 850 pm, as well as with a SIRSh 6-100 incandescent lamp with a power of N=100 W, which in its parameters is
identical to the reference white light lamp [23]. In such a lamp, the power of electromagnetic radiation in the visible
spectrum in one lumen is 9.1x1073 W [28].

The capacitance-voltage characteristics of the studied CdS/Si/CdTe heterosystems were measured with a
capacitance value within the range of (0.1+50 nF) at a room temperature of 300 K in the forward and reverse switching
modes in the frequency range f=0.4+50 kHz, since in this frequency range they are identical in shape. A detailed
description of the CVC measurement technique for the studied structure is given in [23].

RESULTS AND DISCUSSION
Establishing the patterns and processes of current flow through homo- and heterojunction structures is the initial
stage of studying semiconductor devices based on them. Under the condition of electrical activity of defects, the
analysis of the current-voltage characteristics allows us to draw conclusions about the defectiveness of the
heterostructures formed [29].
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Fig. 5 shows the forward and reverse branches of the CVC of the CdS/Si/CdTe heterosystem with potential
barriers. The dependence is plotted on a semi-logarithmic scale. The conducted analysis of the CVC indicates that the
structure has pronounced rectifying properties. At a voltage of 18 V, the rectification coefficient is ~ 10, which confirms
the presence of diode-like behavior of the structure [30, 31].
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Figure S. Forward (I) and reverse (II) branches of the CVC of the CdS/Si/CdTe heterosystem with potential barriers at t=20 °C

Analysis of the direct branch of the CdS/Si/CdTe heterosystem current-voltage characteristic shows that the curve
consists of four characteristic sections (Fig. 6). Each of the sections: the first, second, third and fourth — is described by
an exponential dependence of the current on the applied voltage and is represented by an analytical equation [32]:

I = Io[exp(qV/ckT)-1] (1)
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Figure 6. Direct branch of the CdS/Si/CdTe heterosystem with potential barriers on a semi-logarithmic scale in the dark

As can be seen in Fig. 6, in the first section of the direct branch of the I-V characteristic at a current density within
the range of [=2.02x1078+0.52x1077 A/cm?, an exponential dependence is observed with the exponent c,= 1.028 and
the pre-exponential factor I9;=2.2x1077 A/cm?. The current flowing in this section of the structure is caused by
thermionic emission [32]. Such a current transfer mechanism is typical for structures with a Schottky barrier and metal-
insulator junctions. The thermionic current is described by the following equation [33, 39]:

I = ATzexp(—VD/kT) (2)

Using the experimentally determined value of the pre-exponential factor 15,=2.2x10"7 A/cm?, obtained from the
analysis of the first section of the I-V characteristic based on expression (2), the value of the potential barrier height was
calculated: Vp=0.843 £ 0.02 ¢V. The obtained value is in good agreement with the barrier value determined from the
results of the I-V characteristic given below. From the given data, it can be said that in the first section of the direct
branch of the I-V characteristic, the main current mechanism is thermionic emission, which is caused by the emission of
electrons from the gold contact Au into the CdTe (or CdS) layers.

In the second section of the current-voltage characteristic, at current densities 1=2.1x1077+0.35x107® A/cm? for
the Si/CdTe heterojunction, the dependence of the current on the voltage is also exponential. In this case, the exponent
is c,=1.98, and the pre-exponential factor is I;=6.1x10~7 A/cm? (Fig. 6, straight line 2).

The value ¢, = 2 indicates that the current in this mode is limited by carrier recombination in the space charge
layer [34]. In wide-gap semiconductors, especially at low temperatures, recombination processes have a significant
effect on the shape of the current-voltage characteristic even at forward voltage.
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The carrier concentration, including nonequilibrium, in the space charge layer changes by a factor of e over a
characteristic distance 1, at which the potential changes by kT/q. At a low injection level, the recombination rate is
determined by the product of the electron and hole concentrations, and maximum recombination occurs at the boundary
of the p- and n-regions.

Calculations show that the bulk of carriers in the space charge layer recombine into a layer less than 0.55 um thick,
located near the geometric boundary of the CdTe (Au) potential barrier. The expression I=kT/qEmax is used to determine
the diffusion displacement length in neutral regions. For the structure under study, the maximum electric field strength is
5.23x10*> V/em [32]. Recombination processes are especially noticeable in semiconductors containing metastable
complexes [35]. Similar patterns are observed in A2B® compounds, where excitation causes chemical reactions that lead to
the disintegration of complex complexes, such as a shallow donor — vacancy [36]. Despite the differences in the
mechanisms, the following remains common to all cases: the recombination of nonequilibrium carriers occurs with a delay,
and the inertia of the electron exchange within the recombination complex leads to the appearance of an additional term in
the denominator of formula (3), which, at a high level of excitation, can become the dominant factor [37, 38].

cncp(pn—n;?)
U = NR e 2 - .
cn(n+nq)+cp(p+p1)+atipn

(€))

Since at sufficiently high values of forward voltage the recombination current increases with increasing bias more
slowly than the diffusion current, the main contribution to the current begins to be made by carrier diffusion in the
quasi-neutral regions of the base. In such a situation, the applied voltage is redistributed between the potential barrier
and the quasi-neutral part of the base, which is reflected in the value of the exponent ¢ in the I-V equation. The value of
the exponential factor depends on the ratio of the base thickness to the diffusion length of minority carriers. For
different ratios of these parameters, the exponent can take different values, which allows us to judge the dominant
mechanism of current transfer in the heterosystem.

In Fig. 6, sections 3 and 4 of the I-V characteristics are described by the dependence: I=exp(qV/ckT), where the
values of the exponent c¢ significantly exceed 2 and are 12.7 for section 3, and 48.3 for section 4, and the pre-
exponential factors are 4.4x107® A/ecm? and 1.1x107° A/cm?, respectively. Such high values of ¢ indicate the presence
of complex recombination processes occurring through several channels. This indicates that at a given injection level,
certain types of recombination centers participate in recombination, probably representing complex formations in which
carriers are retained for a certain time. Such a model is valid for a high-resistance compensated base of the Si/CdTe
heterosystem. Electrons are injected into the quasi-neutral part of the CdS/Si base from the metal contact (Au)CdS, and
the resistance of this contact makes a significant contribution to the shape of the I-V characteristic [39].

It is worth noting that no holes are injected from the CdS/Si heterojunction into the base, as shown in [34], since
this effect is characteristic only of ideal heterojunctions. In real conditions, surface states at the interface of
semiconductors can act as recombination or tunneling centers for holes.

Based on the above, the main contribution to the structure current is made by the flow of electrons injected from
the (Au)CdS contact. At the same time, as the analysis of the second section of the I-V characteristic shows, diffusion
currents flow in the base, caused by non-main nonequilibrium holes coming from the Si/CdTe heterojunction to
compensate for the charge and ensure the electrical neutrality of the injected electrons.

According to literature data [40], with an insignificant accumulation effect, in the diffusion mode only two
characteristic types of current-voltage dependences can be realized: I~exp(qV/kT) and I~exp(qV/ckT).

Under forward bias near the CdTe(Au) contact, electrons and holes accumulate to maintain electroneutrality. This
is due to the presence of a high potential barrier of 0.843 eV, which promotes the accumulation of nonequilibrium
charge carriers and the formation of a positive concentration gradient: dn/dx>0. As a result, diffusion and drift carrier
flows directed in opposite directions arise in this region. Upon reaching a certain bias level (about 1.5 V), these flows
mutually compensate, which leads to an increase in the base resistance and the appearance of a sublinear dependence of
current on voltage [28, 41].

The CdS/Si/CdTe heterosystem may contain point defects, such as cadmium (Cd), sulfur (S) or tellurium (Te)
atom vacancies. Despite the difference in composition and type, the recombination of nonequilibrium electrons and
holes in the structure occurs with a delay. This behavior is due to the inertia of the electron exchange inside the
recombination complex, which manifests itself at a sufficiently high excitation level. This inertia leads to a
recombination delay, which must be taken into account when analyzing the dynamic characteristics of the structure.

As is known, in CdTe and CdS compounds, cadmium atoms are volatile components, as a result of which
cadmium atom vacancies are easily formed in their crystal lattice: both singly charged Vy and doubly charged VZ;, and
the appearance of interstitial cadmium atoms (Cd;) is also possible. [41-43]. These complexes represent deep acceptor
levels, similar to gold atoms, and probably play an important role in recombination processes. There is a high
probability that such defect-impurity formations form recombination complexes of the type: negatively charged
acceptor - positively charged interstitial ion, positively charged donor - negatively charged vacancy [44, 45].
Recombination of nonequilibrium charge carriers through such complexes occurs with a characteristic delay due to the
inertia of the electron exchange inside the complex. At high current densities, it is these processes that become
dominant in recombination, especially in Si/CdTe base layers.
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As a rule, the height of the potential barrier at the metal-semiconductor interface is determined by the difference in
the work function between the metal and the semiconductor. According to [29], the work function of gold (Au) is in the
range of 4.0+5.2 eV, and its exact value largely depends on the state of the metal surface.

Next, we will analyze the behavior of the reverse branch of the CdS/Si/CdTe heterosystem’s -V characteristic

(Fig. 7).
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Figure 7. I-V characteristics of the reverse-biased CdS/Si/CdTe heterosystem in double logarithmic scale

The geometric parameters of the space charge region, in particular its thickness, as well as leakage currents through
the rectifying contact and the characteristics of the ohmic contact, have a significant effect on the formation of the
spectrometric parameters of the photodiode [46]. In this regard, it is of interest to study the electronic processes occurring
in the space charge layers formed in the base layers of the CdS/Si/CdTe heterosystem with potential barriers. An important
task of the study is to study the influence of the properties of the rear ohmic contacts on the nature and intensity of these
processes, since they also significantly affect the overall efficiency and stability of the photodiode structures [47].

Analyzing the reverse branch of the current-voltage characteristic (Fig. 7) by power dependences of the type - [FAV*®
with different values of the exponent a, at room temperature, we have three clearly defined sections: in the voltage range
from 0 to 0.01 V — JexV®7 (recombination process) in section 1, in the range from 0.02 V to 3 V — JecV2# (injection
depletion effect) in section 2, in the range from 4 to 13 V — JcV>33 (pre-breakdown) in section 3.

According to the theory [48], diode structures have a power-law dependence of current on voltage of the type JxV?,
(0>2), including a section of sharp current growth when, in addition to point defects, complex defect-impurity complexes
participate in recombination processes, within which electron exchange occurs, determined by formula (3).

According to the theory presented in [41], in structures with developed accumulation, the sublinear section of the -V
characteristic appears when the conditions Jad>2 is met. This shows that for samples of structures based on CdS/Si/CdTe,
the value of Jad=3 at T=300 K.

This section of the I-V characteristic can be well described within the framework of the above-described theory of
the injection depletion effect [40]:

V =Vyexp(ajd) @)

where, a = is a parameter that depends only on the mobility of the majority carriers — electrons (u,) and the

2KT iy Ne
concentration of deep impurities — N;. Using expression (4), the value of the parameter “a” can be determined directly from
the sublinear section of the current-voltage characteristic, as shown in Fig. 5. With forward and reverse bias on a
logarithmic scale:

a= S-n(V2/V1) (5)

(Ip—11)d ’

[73%1]

The value of the parameter “a” in expression (5), determined on the basis of the experimental data of the
CdS/Si/CdTe structure 1-V characteristics, was at room temperature a=5.22x10* cm/A, then, accordingly,
nXN=2.31x10" V-'-cm™-s”!, The mobility of the majority carriers was py=500 cm?* Vs, and that of the minority carriers
Hp=60 cm?/V-s, therefore, the concentration of deep impurities leading to the appearance of the injection depletion effect
was N=4.62x10'2 cm™ [30,31].

In section 1 of the current-voltage characteristic, the dependence of the current on the voltage is close to I ~ V'/2,
Such a dependence is typical for cases when, with an increase in the reverse bias, the expansion of the volume charge
region occurs [36]. When the diode operates with potential barriers in the reverse direction, the reverse current density can
be described by the following expression [34]:

Io = gLa(np/Tn) + qd(ni/279), (6)
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The first term of expression (6) describes the current resulting from thermal generation of charge carriers at a rate
ny/Ty in a base layer of width L, behind the space charge region, and the second part of formula (6) represents the current
resulting from generation of charge carriers in the space charge region. Since the space charge region is depleted of
carriers, p, < n% and the Shockley-Read statistics [49] are written as r-g=-n;/21y, i.e., under reverse bias, carrier generation
in the space charge region predominates over recombination. In semiconductors with a large band gap, such as silicon,
gallium arsenide, and cadmium telluride, n; is small, and therefore the generation current clearly predominates.

In section (1) of the reverse [-V characteristic (Fig. 7), the current is indeed limited by the generation of carriers in
the space charge layer, and the contribution to it of the current of the space charge region is insignificant. Further on the
I-V characteristic, there is section (2), where the dependence of the current on the voltage has the form [=AV®, 0=2.44.
Such a section of the I-V characteristic can take place in long diodes at low and high levels of injection of minority
carriers. Consequently, electrical neutrality is ensured at each point in the base of such diodes. However, the studied
diodes with a Schottky barrier are connected in the reverse direction, and the space charges in them are quite thick.
Therefore, it is assumed that there is an injection of nonequilibrium electrons into the space charge layer. The injection
of electrons into the space charge layer can occur from the interlayers of the grain boundary, as in [50], or from the rear
contact made of Au, when a negative bias is applied to this contact. The appearance of the linear section of the current-
voltage characteristic is because the thickness of the volume charge is filled with injected nonequilibrium electrons. As
a result, the resistance of the entire part of the base is equalized. However, the concentration of nonequilibrium
electrons injected from the rear contact (Au) is still less than the concentration of equilibrium carriers in the quasi-
neutral part of the base layer of the structure.

After the section I ~V2# on the I-V characteristic (Fig. 7) there is a section I ~V>°. With further increase in voltage,
as can be seen from Fig. 7, a sharp increase in current is observed, and the exponent 0~5.55. Such a section is called pre-
breakdown. The section of sharp current growth appears with monopolar injection [51], when the sticking levels intersect
with the Fermi quasi-level, or are at a very close distance. Electrons injected from the rear contact will affect the leakage
currents and the noise characteristics of semiconductor devices.

One of the methods for obtaining information on the substantiated electrophysical parameters of semiconductors
(the concentration of charge carriers and its distribution across the thickness of the sample; the concentration of
impurities and defects; the density of surface states; the surface potential; the interface) is the frequency voltage-
capacitance characteristic (VCC) method [52]. In the manufacture of electronic devices, the above-mentioned
parameters of semiconductors are essential.

The capacitance-voltage characteristics of the structure under study show the presence of a metal-insulator-
semiconductor structure (MIS structure) (Fig. 8).
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Figure 8. Volt-capacitive characteristics of the CdS/Si/CdTe heterosystem at a frequency of =50 kHz and t = 20°C

In the CdS/Si/CdTe heterosystem, the CdS layer is a high-resistance and compensated material, therefore this layer
and the oxide layers formed during the deposition of CdS on the surface of the silicon wafer in vacuum behave as a
dielectric, and the surface state densities Ngs in the heterojunction are slow surface states. The surface state density of
the MIS structure is determined by the shift of the experimental VCC relative to the calculated curve at the same
capacitance value [32]. It follows that N=AVC/q. The structure has a high surface state density at positive values of the
surface potential, and the value of Ngs ~ 9.2x10'%m 2.

When CdS type films are deposited on the silicon surface and manifest themselves as a high-resistance i-layer, it
makes it possible to form transition i-layers of the CdS/Si and Si/CdTe interfaces on the boundary layer.
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In Fig. 8.a it is seen how the thickness di=0.011 um was determined from the capacitance C;=217 nF using the
formula for a flat capacitor C=eg(S/d. The thickness of the space charge W~0.103 um was determined from the minimum
capacitance of the structure Cpin=23.3 nF. At thermodynamic equilibrium, its thickness, which was calculated from the
capacitance of 31.7 nF in the absence of bias voltage, is equal to ~ 0.073 pm.

As is known, the thickness of the space charge narrows in the forward direction of the current. In the reverse
direction, on the contrary, it expands with an increase in the bias voltage. From these experimental data, it also follows that
the resistance of the space charge is the determining resistance of the entire structure, as evidenced by the coincidence of
the value of its capacitance with the value of the dielectric capacitance in the C(U) characteristic.

The concentration of equilibrium electrons ny is determined by the capacity of flat bands and the steep section of the
VCC characteristic (Fig. 8, b). To determine ny by the VCC characteristic, a steep section with two slopes is constructed in
the C}(U) coordinates: section 1 and section 2 (Fig. 8, b). According to the well-known formula (7) [51]:

2 dVp
qegesS? d(C72)° M

ng =

The concentration of equilibrium electron carriers was determined. The concentrations of equilibrium electron
carriers are N; = 3.3x10" c¢m™ and N, = 4.1x10' cm™. By extrapolating the C*(U) dependence onto the voltage axis U
(Fig. 8, b) with the value of the structure capacitance C = 24 nF, Vp = (0.843 + 0.02) eV was determined for no in nSi. In
addition, the value of the equilibrium electron concentration was estimated from the capacitance of flat bands [32]. The
value of ny determined by VCC is consistent with the value of the equilibrium electron concentration of 3.6-10'? ¢m™
for nSi.

The effective concentration of charged acceptor centers is determined from the smoothly decreasing section of the
volt-capacitance dependence C%(U) of the heterostructure under study (Fig. 8, b), which has kinks and consists of three
straight lines. This indicates the non-uniformity of the surface layer of the CdTe thin-base layer. The values of the lifetime
To1 and T2 of nonequilibrium charge carriers are in agreement with the data given in the literature [36] for the lifetimes of
carriers in CdTe with intrinsic conductivity.

The value of the lifetime of nonequilibrium carriers is determined by formula (8) [32]:

_ ni2qeeg) /2 (13 -v)"?)
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and is 191=3.13x1077 s, 102=0.52x1077 s. The appearance of two values of 1o is due to two concentrations of charged local
immobile centers. These centers were determined from the rapidly decreasing section of the dependence C2(U), consisting
of two straight lines 2 and 3 (Fig. 8, b), which indicates the inhomogeneity of the base layer of the CdTe film structure.
The obtained results show that with an increase in the specific resistance of the base of the structure, the lifetime of
equilibrium current carriers increases, therefore, the concentration of unfilled recombination centers decreases.

For the calculated C(U) characteristic, the concentration of equilibrium holes po was determined by the capacitance of
flat bands and by the steep section of the C"(U) characteristic (Fig. 8, b), using the well-known formula (9) [53].

2 av
0~ qegesS2 d(C2) (9)

and it is 8.3x10'° cm™ and 2.6x10'> cm . The capacity decreases with increasing reverse voltage (Fig. 8, b), which
confirms the expansion of the space charge layer. This C 2(U) characteristic reaches a plateau at voltages of ~ 2+2.5 V.
This means that the space charge already at these voltages completely covers the entire thickness of the base (Si/CdTe) of
the structure. When applying reverse bias to the thin-base CdS/Si heterojunction, the process of space charge expansion is
compensated by the process of electron injection from the heterojunctions.

The experimental results confirm the formation of a CdS/Si heterojunction with a comparatively low density of
surface states, despite the fact that the lattice constants of cadmium sulfide and silicon differ by more than 7%. The
experimental results obtained become explainable if we take into account that an intermediate layer is formed in the
heterojunction, which smooths out the difference in the lattice constants of cadmium sulfide and silicon [54]. Such
intermediate layers can be solid solutions of these semiconductors or thin oxide layers that are present on the silicon
surface during the formation of the CdS/Si heteropair.

Based on these data, a band diagram of the structure of (Au)CdS/Si/CdTe(Au) was constructed, shown in Fig. 9 (a
complete description and calculated data of the band diagram of the structure are given in [28,31]).

The calculations of the electronic band structure performed are based on the density functional theory [29,55]. It is
evident from the diagram that the reverse and forward currents at the interface of the CdS/Si and Si/CdTe heterojunction
are limited by the resistance of the space charge layer. The space charge contains negatively charged mobile and immobile
donor centers located at the interface between the layer and silicon due to the donor concentration in nSi, which is ten
orders of magnitude greater than the carrier concentration in the chalcogenide layers. The isotypic CdS/Si junction has a
contact potential difference with a value of Ap=0.204 eV. Consequently, an enriched space charge layer appears at the
interface of the CdS and Si junction, since the value of the metal work function Axwy=4.9 eV located in the CdS layer is
less than the work function Ai=5.01 eV.



333

Current Transfer Mechanism in a Thin-Based Heterosystem Based on A’B* Compounds EEJP. 3 (2025)
%
= a
= T -
i 3 2
L I ﬁ
Evac 4 v ¥ -
. . =y Evac
[}
o U1
L]
3 o
=% A
| =+
s L
- .-FI
] F
E‘- '} . :E‘.' 1
+—— Au — 4—0CdS—» +—n5i —» 4+—P-CdTe +! o— Au —p

Figure 9. Energy band diagram of the heterosystem (Au)CdS/Si/CdTe(Au) [22,23]

From the band diagram of the structure (Au)CdS/Si/CdTe (Au) it is seen that the forward and reverse currents are
limited by the resistance of the space charge layer at the interface of the heterojunction CdS/Si and Si/CdTe. This space
charge consists of positively and negatively charged fixed donor (acceptor) centers, mobile holes and electrons, which
are located in the surface layer of CdS and CdT. Since the concentration of electrons in nSi is ten orders of magnitude
greater than the concentration of holes in the layer of CdS and CdT. Therefore, the external potential applied to the
structure, including the contact potential difference, mainly falls on the space charge layer formed between Si and
CdTe, and the surface states of Nss at the interface of the contacting semiconductors cadmium telluride and silicon can
affect the height of the potential barrier, the nature of which is due to the difference in the constants of the crystal
lattices of the heteropair and the technological conditions during the creation of heterojunctions [39,55-57]. The results
of the VCC show that the structure under study behaves as an MIS structure and in it the main potential barrier is
created in the near-surface layer of CdS at the interface of the CdS/Si heterojunction. These data also show that one of
the reasons for the high concentration of nonequilibrium electrons in the high-resistance base (CdS) in the forward
direction of the current is the relatively low density of surface states in the lower half of the silicon band gap, which is
explained by the fact that in the forward direction of the current, nonequilibrium charge carriers interact with N located
in the lower half of the band gap, and in the reverse direction - with surface states located in the upper half of the silicon
band gap.

CONCLUSIONS

Thus, the possibility of obtaining a heterosystem based on A?B® compounds with potential barriers —
(Au)CdS/Si/CdTe(Au) with a minimum density of surface states is shown, which is confirmed by measuring the height
of the potential barrier, volt-capacitance methods. It is established that at current densities of
2.1x1077+0.35x107° A/cm? in the studied CdS/Si/CdTe structure, the current is limited by recombination in the space
charge layer. In this case, the difference of almost an order of magnitude between the calculated value of the lifetime of
nonequilibrium carriers and its experimental value is explained by the participation of complex centers in the
recombination processes, inside which the carriers are retained. Using the study of the current-voltage characteristics, it
was determined that the CdS/Si/CdTe heterosystem has three sections at a constant temperature caused by the
recombination process: a power-law section - IocV2# (the effect of injection depletion), a sublinear section - IocV78
(the recombination process), and a pre-breakdown section - IocV3-3, which are explained by the fact that at low current
densities the recombination of nonequilibrium carriers occurs through local centers, while complexes with internal
electron exchange are responsible for recombination processes at high current densities. It was established that the
CdS/Si heterojunction has a low density of surface states at the interface, which is evidenced by the high value of the
rectification coefficient of the CdS/Si/CdTe structure and the appearance of a sublinear section in the reverse current-
voltage characteristic in a wide range of bias voltages.

By studying the VC characteristics of the structure when turned on in the reverse direction, it was shown that after
the complete coverage of the structure base by the space charge, electrons are injected from the rear contact, which
determine the mechanism of charge transfer of the structure. In the compounds, Si is the source of electron injection.
The results of VCC measurements of CdS/Si/CdTe heterostructures showed that the thickness of the space charge
narrows in the forward bias, and in the reverse bias, it expands with increasing bias voltage. In addition, the resistance
of the space charge is the determining resistance of the entire structure, since the CdS layer in the heterosystem is a
high-resistance and strongly compensated material, which is evidenced by the fact that the structures belong to
semiconductor MIS structures.
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MEXAHI3M IEPEHOCY CTPYMY B TOHKOCHOBHIN TETEPOCUCTEMI HA OCHOBI CITOJIVK A?B¢
IIL.B. Yramypanosa?, ®.A. Tiscosa®, X.H. Baxponos®, M.A. IQuagomes’, M.P. Gekuanosa!, B. IcmaTos®
“Tncmumym ¢hizuku Hanienpogionuxie ma mikpoenexmponixu Hayionanvnozo ynieepcumemy Vsbexucmany. Tawxenm, Y36exucman
bMisicnapoonuii ynisepcumem Kivvo 6 Tawenmi, Y36exucman
Tawkenmcokuil ynigepcumem ingpopmayiiunux mexnonocii imeni Myxammaoa anv-Xopesmi, Y3bexucman
dMisicnapoonuii ynisepcumem Typan, Hamanzan, Vsbexucmar
cTawkenmcvKuil iHcmumym iHdcenepis ipueayii ma mexanisayii cinbcoko2o eocnooapcmea Hayionanonuii docnionuybkuii
yHuigepcumem, Y3oexucman
IVuisepcumem 2pomadcwioi besnexu Pecnybrixu Ysbexucman
IIpeacTapieHO MOMJIMBICTH CTBOPEHHS I€TEPOCHCTEMH Ha OCHOBI cnoiyk A’B° 3 morenuiiinumu Gap'epamu (Au)CdS/Si/CdTe(Au) 3
MIHIMaJIbHOIO TYCTHHOIO MOBEPXHEBHX CTaHIB, WI0 MiATBEPIXKEHO BHMIPIOBAHHSMU BHCOTH IIOTCHLIHHOrO Oap'epy Ha OCHOBI
BOJIT)KHUX METONIB. BH3HA4YeHO pi3HI EKCIOHEHIiaJIbHI 3aJI€KHOCTI CTPyMy BiJ HAampyrd NpU NPSIMHUX 3MILIEHHSX, MOB's3aHi 31
3MIHOIO KiHeTHYHHX napametpiB 6a3u cTpykrypu CdS/Si/CdTe, i BusiBieHo, o npu rycTuHax cTpymy 2,1x107 + 0,35%x10¢ A/em? y
nocmipkyBaHiii ctpyktypi CdS/Si/CdTe ctpym oOMmexyeTbcss pexoMOiHAIli€l0 B IIapi mpocTopoBoro 3apsiay. [lokazano, mo mpu
HPUKIAZCHHI 10 CTPYKTYPH 3BOPOTHOrO 3MIILlGHHS 0a3a CTPYKTYpH HOBHICTIO IIOKPUBA€ETHCS HPOCTOPOBHM 3apsjioM, IO
CYNPOBOJIKYETBCS IHXKEKIII€IO EIEKTPOHIB 3 THIBHOTO KOHTAKTY, 1110, Y CBOIO Yepry, BUSHAYAE MEXaHI3M Iiepesiadi CTpyMy CTPYKTYPH.
KurouoBi ciioBa: cemepocucmema; ocadicenns, basa; wap; 6ap’'ep; pomooiood, sycmuna cmpymy,; emuicms, SEM; 30una oiacpama
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The article investigates the structural, optical, and electrical properties of silicon n*-p structures. The experimental samples were made
from high-resistance single-crystal silicon using two-stage phosphorus diffusion from solid-state planar sources. It was found that the
introduction of phosphorus impurities with a concentration of 1.2:10% ¢cm™ provokes the formation of dislocations with a surface
density of 2-103-3-10% cm™? due to the formation and relaxation of mechanical stresses. The formation of a lightening oxide film on the
silicon surface reduces the reflection coefficient by 25%. However, the formation of an n*-layer reduces the transmittance coefficient
of the structure. It was established from the voltage-current characteristics of the n*-p structure under forward and reverse voltage bias,
that in the temperature range 7'=295-346 K, these structures have rectifying properties. At room temperature, the height of the potential
barrier is 0.6 eV and decreases with temperature and its height at 0 K is 1.32 eV. At low forward biases, the dominant mechanism of
current transport in the structure is superbarrier emission. With an increase in forward voltage from 0.1 V to 0.6 V, the generation-
recombination mechanism prevails, and with an increase in temperature, an increase in the contribution of tunnel current is observed.
At low reverse voltages, the I-V characteristics of diodes are well described by the formula for the generation current. The depth of
occurrence of donor energy levels, from which thermal generation of charge carriers occurs is 0.15 eV.

Keywords: Semiconductors; Thin film; SEM; Electrical conductivity; Structural defects; Reflection; Electromagnetic field sensor;
Sensors; lon implantation, Doping

PACS: 61.72.Ji, 61.72. Lk, 85.60. Dw

The functioning of virtually all semiconductor devices is based on the physical phenomenon of p-# junction — the
boundary between two semiconductor regions with different types of conductivity. Silicon n*-p junctions are one of the
fundamental elements of modern electronics and photonics, due to the high technological capabilities and widespread
availability of the base material [1, 2]. Thanks to the combination of a heavily doped n-region (n") with p-type silicon, this
structure provides unique electrophysical properties that are widely used in power semiconductor devices such as
rectifiers [3, 4], thyristors [5, 6], and Schottky diodes [7, 8]. At the same time, n'-p structures are important for photovoltaic
devices, particularly in solar cells [9, 10] electromagnetic field sensors, photodetectors or another sensors [11, 12]. This
structure creates an electric field in the depletion region, which allows for effective control of charge carrier movement [13].
Special attention to n*-p junctions is due to their important role in reducing energy losses, increasing device speed, and
improving energy conversion efficiency.

With the growing demand for energy-efficient and compact electronic components, as well as the development of
micro- and nanofabrication technologies, n"-p junctions remain the focus of scientists and developers. Current research
focuses on improving doping technologies [14], reducing surface defects [15], passivation [16], and integrating silicon
structures with new materials — particularly in the context of creating high-efficiency solar cells and powerful
new-generation electronics [17].

Silicon n'-p junctions can be formed by various methods, including ion implantation and thermal diffusion doping.
We have established that the method of doping silicon substrates to create n*-p junctions and the concentration of the dopant
significantly affect the photovoltaic properties of the final products [18]. In particular, phosphorus diffusion from solid-state
planar sources [19] allows for low structural defects densities even at high impurity concentrations compared to doping
from liquid-phase sources [20]. However, the kinetic and electrical properties of silicon n*-p structures based on high-
resistance base material have not been studied, since most of the work is devoted to low-resistance silicon, which is mainly
used for solar cells [9,10, 14, 17]. Thus, the aim of this work is to study the electrical properties of planar n'-p structures
based on high-resistance silicon obtained by phosphorus diffusion from solid sources, and also to investigate the change in
the optical and structural properties of silicon after doping.

EXPERIMENTAL
The base material was monocrystalline p-Si with a resistivity of p=18-19 kQ-cm and crystallographic
orientation [111]. The experimental samples were silicon substrates with an n*-p junction formed by two-stage
phosphorus diffusion from solid planar sources using the modes given in [18]. The area of the substrates was 28.3 mm?
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and 500 um thick. Surface resistance (Rs) was measured using a four-probe method. The surface resistance after
phosphorus pre-deposition reached Rs=~4.1-4.2 Q/o, and after phosphorus driving-in reached Rs~2.7-2.8 Q/a. The
antireflective SiO, on the surface of the experimental samples was formed by oxidation in a dry oxygen atmosphere
during phosphorus driving-in and reached dsio, = 180-200 nm.

The depth of the diffusion layer (x,+.,) was measured using scanning electron microscopy (SEM, Tescan Lyra 3).
To investigate the defective structure of the silicon substrates chemical treatment was performed in selective Sirtle's
etchant [20] with the following composition: HF—100 ¢cm?, CrOs 50 g, H,O—120 c¢m?®. The density of dislocations was
calculated by the metallographic method [21]. The transmission spectra were investigated using NIKOLET 6700 and SF-
2000 spectrophotometer at room temperature. For measuring reflection (R) UV-Vis spectrophotometer Specord 210 plus
was used. Reflection spectra were measured in total reflection geometry using additional equipment — an integrating
sphere. The I-V characteristics (at 7' = 295-346 K) of the samples were measured using a hardware-software complex
implemented on the basis of the Arduino platform, an Agilent 34410 A digital multimeter and a Siglent SPD3303X
programmable power source, which were controlled by a personal computer using software created by the authors in the
LabView environment. Experimental studies of kinetic phenomena in silicon n*-layers were conducted in the temperature
range 7= 290-380 K based on measurements of the Hall effect in film structures [22], considers that the n*-layer is a thin
film.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Structural and optical properties of silicon n*-p structures

After phosphorus pre-deposition, the depth of the diffusion layer reached x,+., = 0.8—1 pm, and after driving-in, it
reached x,+, = 4.2-4.4 pm (Fig. 1). The measurements correlate well with the values obtained by the layer-slab method.

The density of dislocations in the base silicon reached about N = 10-20 cm (Fig. 2a). After phosphorus diffusion,
the density of structural defects increased to Nus = 2:10°-3-10° cm™ (Fig. 2b). The increase in the density of structural
defects is caused by the introduction of an impurity with a larger atomic radius than silicon, which leads to the emergence
of mechanical stresses. Accordingly, their relaxation during heat treatment occurs with the formation of dislocations [23].
However, such an increase in defect density does not lead to a significant deterioration in the electrophysical
characteristics of structures [24].

Figure 1. SEM photo of a silicon a ) ) . b .
substrate chip with an n*-layer Figure 2. Images of dislocations on the surface of p-Si (a) and n*-Si (b)
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Figure 3. The transmission spectrum of silicon and its n*-p Figure 4. Reflection spectrum of Si and SiO2

structure (without SiO2) (inset the range of A = 1-1.1 pm)
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The formation of n*-layers on the Si surface causes a significant decrease in the transmission coefficient of structures
(Fig. 3), which is negative in the case of the need to ensure radiation absorption in the high-resistance region of the
structure, for example, in the manufacture of p-i-n photodiodes [25]. Thus, in the range of A = 1-1.1 um (Fig. 3 inset), the
difference in the transmittance coefficients of Si and silicon n*-p structure reaches about 30%. This difference increases
with increasing wavelengths.

However, the formation of SiO, on the surface of n*-p structure significantly reduces the coefficient of radiation
reflection compared to the case without thin film of oxide (Fig. 4). Thus, in the case under study, the difference in
reflection coefficients in the range of 950-1050 nm reached about 25%, since the obtained thickness of SiO» corresponds
to the condition of minimum reflection for these wavelengths [26].

B) Kinetic properties of silicon n*-layers

Studies of silicon n*-layers at 7=290-380 K showed that the Hall coefficient in this temperature range remains
practically unchanged (Fig. 5). This indicates that at these temperatures, the concentration of charge carriers does not
change (Fig. 5 inset), due to the depletion of impurity levels at these temperatures [22]. The electron concentration reached
about n = 1.2-10% cm?, which correlates well with the phosphorus concentrations determined in [19].

With increasing temperature, a decrease in electrical conductivity is observed (Fig. 6) due to a decrease in Hall
mobility (Fig. 6 inset), since in this temperature range, charge carriers are scattered by thermal vibrations of the crystal
lattice.
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Figure 5. Temperature dependence of the Hall coefficient and Figure 6. Temperature dependence of electrical conductivity
electron concentration (inset) in a silicon n*-layer and Hall mobility (inset) of a silicon n*-layer

C) Electrical properties of silicon n*-layers
From the voltage-current characteristics of the n*-p structure at forward (Fig. 7) and reverse (Fig. 8) bias voltages,
it can be seen that in the temperature range 7'= 295 — 346 K, these structures have rectifying properties. The rectification
coefficient determined at T'= 295 K and voltages |V] = 0.6 V is equal to RR ~ 10°.
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Figure 7. I-V characteristics of the n*-p junction at forward Figure 8. I-V characteristics of the n*-p junction at reverse
biases in the temperature range from 297 K to 346 K biases in the temperature range from 297 K to 346 K

The height of the potential barrier (qpr) was estimated by extrapolating the linear sections of the /-V characteristics
in the forward voltage bias region. At room temperature, the height of the potential barrier is gpi ~ 0.6 eV and decreases
with temperature (Fig. 9).
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When the temperature is increased from 7'=295 K to 7= 346 K (Fig. 9), there is a linear decrease in the energy gox
from 0.6 eV to 0.49 eV. This dynamic change occurs as a result of a decrease in the height of the potential barrier and is
described by the equation [27]:

qoi(T) = qpi(0) - B,T (1

where f, is the temperature coefficient of the potential barrier height, and g@(0) is the value of the potential barrier height
of the n*-p structure at absolute zero temperature.

Using equation (1) and Fig. 9, we find the temperature coefficient of change in the height of the potential barrier
and its height at 0 K, which are equal to d(qgp; )/dT =—2.45-107 eV/K i gpi(0 K) = 1.32 eV, respectively.

Based on the values of the sequential resistance Rs of the structure determined at different temperatures along the
linear sections of the direct branches of the I-V curve, the temperature dependence /nRs = f{10%/T) was constructed
(Fig. 10) and the activation energy E4 = 0.25 eV was determined, which characterizes the temperature dependence of the
electrical conductivity of the structure components.
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Figure 9. Temperature dependence of the height of the potential Figure 10. Temperature dependence of series resistance
barrier

To determine the mechanism of current flow through the junction at forward bias, the /-V characteristics are plotted
in the coordinates /n/ = f(V) (Fig. 11). Fig. 11 shows two straight segments with different angles of inclination to the
voltage axis. Based on the tangents of these angles, we determine the coefficient of n*-p junction imperfection n (Fig. 12).
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Figure 11. Temperature dependencies of InI = f(V) n*-p Figure 12. Temperature dependence of the imperfection
junction at forward bias coefficient at forward bias:
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At small forward biases 3kT/g < V' < 0.1 V, the slope to the voltage axis of linear dependencies Inl = f(V) is
characterized by the value of the imperfection coefficient n = 1 (Fig. 12-1), accordingly, the dominant mechanism of
current transport is superbarrier emission. With an increase in direct voltage 0,1 V < ' < 0.6 V, the imperfection
coefficient is equal to n = 2.5-3 (Fig. 12-2), which indicates the predominance of the generation-recombination
mechanism of current transport at room temperatures and an increase in the contribution of the tunnel current with
increasing temperature.

It can be assumed that, in some approximation, the /- characteristics of diodes are described by the equation for
the recombination current density [23]:

j:%wi(e%—l)z%\/%(e%_l)’ )
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where ¢ is the charge of electron, #; is the value of the intrinsic concentration of charge carriers, ; is the thickness of
the depleted region, 1 is the lifetime of charge carriers in this region, and N, is the concentration of acceptor impurities.
At low reverse voltages, the I-V characteristics of struscures are well described by the formula for the generation
current (the multiplier before the brackets in expression 2), which is confirmed by the linear nature of the dependencies
1= flow V)" (Fig. 13).
Determined from the dependence /nl..,= f{10°/T) (Fig. 14), obtained at a constant voltage value, the depth of the
acceptor energy levels from which thermal generation of charge carriers occurs was AE~0.15eV at-100<V <0 V.
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Figure 13. Reverse branches of /-J characteristics in Figure 14. Dependence of Inl.v= f(10°/T) at reverse bias

coordinates I = f{pi- V)" at different temperatures

The reverse branches of the /-J characteristic at temperatures 7' = 295-346 K are described by the equation for
tunnel current [27]:

Iy =ay 3xP(_bo(¢k - V)_l/z), 3

where ay is a parameter, whose value is determined by the probability of filling the energy levels from which electron
tunneling occurs, by is determined by the rate of change of the current with voltage.

According to (2), the reverse I-V curves in the coordinates /n(l.. ) = f{¢ & -qV)"? will be linear, as observed in
Fig. 15.
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Figure 15. Dependence of tunnel current on reverse external Figure 16. Dependence Igao = f(10°/T) at reverse bias

displacement in the temperature range 7= 295-346 K

The energy level value at large reverse biases (-100 < V), from which electron tunneling occurs, was calculated from
the temperature dependence of the parameter ay, which in the coordinates Igay = f(10°/T) is approximated by a straight
line (Fig. 16). The parameter ap was determined by extrapolating the straight sections ln(Tev ) = f{or -qUsy) " to the
current axis. The established depth of the energy level was 0.2 eV.

CONCLUSIONS

The structural, optical, and electrical properties of n*-p structures of high-resistance silicon were investigated. The
following conclusions were made during the research:

1. The introduction of phosphorus impurities with a concentration of 1.2:10%° ¢m™ provokes the formation of
dislocations with a surface density of 2-103-3-10° cm™

2. The formation of anti-reflective SiO; on the silicon surface reduces the reflection coefficient by 25%.

3. The formation of an n*-layer reduces the transmittance coefficient of the structure relative to the transmittance
coefficient of silicon.
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4. At room temperature, the height of the potential barrier of the n*-p structure is 0.6 ¢V and decreases with
increasing temperature, and its height at 0 K is 1.32 eV.

5. At low forward voltages, the dominant mechanism of current flow in the structure is superbarrier emission. With
an increase in forward voltage, the generation-recombination mechanism prevails, and with an increase in temperature,
an increase in the contribution of tunnel current is observed.

6. At low reverse voltages, the generation mechanism of current transport prevails.
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EJEKTPUYHI, OITUYHI TA CTPYKTYPHI BJJACTUBOCTI KPEMHIEBUX n*-p CTPYKTYP
Mukoua C. Kykypymssax®P, imurpo I1. Kossipcokuii?, Isan I1. Kosspcokuii?, Exyapx B. MaiicTpyk?,
Mapis 1. Inamyxk?, iImurpo B. Kuciiab®
*Yepuigeyvkuili HayioHanvruil yHisepcumem imeni FOpis @edvkosuua, 58002, m. Yepnisyi, eyn. Koyrobuncokozo, 2, Yxpaina
bAT «l{enmpanvue xoncmpykmopcuoke 610po Pummy, 58032, m. Yepnisyi, eyn. ['onoena, 244, Yipaina
“Incmumym @hizuxu nanienposionuxis im. B.E. Jlawkapvosa, HAH Yxpainu, 03028, m. Kuis, np. Hayxu, 41, Yxpaina

VY cTaTTi JOCIIIKEHO CTPYKTYPHI, ONTHYHI Ta €IEKTPUYHI BIACTUBOCTI KPEMHIEBUX n'-p CTPyKTYyp. ExcriepuMeHTasbHi 3pa3ku Oyau
BUTOTOBJICHI 3 BUCOKOOMHOTO MOHOKPHCTAJIIYHOTO KPEMHII0 3 BUKOPUCTAHHSIM IBOCTamiiHOT Audys3ii docdopy 3 TBEpAOTINEHHX
IJIaHAPHUX JUKepesl. Byjo BCTaHOBJIEHO, IO BBEAEHHSA AOMIIIOK (ocdopy 3 koHueHTpamicto 1,2:10%° ¢cM™ mpoBokye yTBOpeHHs
JUCIOKAIlIH 3 TIOBEPXHEBOKO IycTUHO0 2-103-3-10° cM? BHACIINOK YTBOPEHHS Ta peakcallii MEXaHiuHUX HAMPYKEHb. Y TBOPEHHS
HPOTHBIAOMBAOY0] OKCH/IHOI IUTIBKM Ha MOBEPXHI KPEMHIiI0 3MeHInye KoedimieHT BinOutTs Ha 25 %. OqHak yTBOpeHHs n'-miapy
3MEHIIy€e KOSDILiEHT MPOMYCKAHHS CTPYKTYPH. 3 BOJIBT-aMIICPHUX XapaKTEPHCTHK 77 -p CTPYKTYp NMPH MPSIMOMY Ta 3BOPOTHOMY
3MIIICHH] HAPYTH OYJI0 BCTAHOBJICHO, IO B Jiama3oHi Temmeparyp 7 =295-346 K 1i cTpyKTypu MatoTh BUNIPSIMHI BiacTuBOCTi. [Tpn
KIMHATHIH TeMIepaTypi BUcoTa noteHuiiHoro 6ap'epy cranoBuThb 0,6 €B 1 3MEHIIY€ETHCS 3 IIBUIIIEHHSM TEMIIEpaTypH, a HOro BUCOTa
mpu 0 K cranoButs 1,32 eB. [Ipu HU3bKKX HPSIMUX HApyrax JOMiHYIOUMM MEXaHi3MOM CTPYMOIIEPEHOCY B CTPYKTYpi € Haabap'epHa
emiciga. 3i 30impmeHHsM npsmoi Hampyru Bix 0,1 B no 0,6 B mepeBakae MexaHi3m reHeparii-pekoMOiHalii, a 31 301IbIICHHIM
TEMIIepaTypH CIIOCTEPIraeThCsi 30UIBIIEHHS BHECKY TYHENBHOTO cTpyMy. IIpM HHM3BKHX 3BOPOTHHX HAIpyrax BOJIBT-aMIEpHI
XapaKTepUCTHKH Ai0/iB 100pe OMHCYIOThCs (HOPMYJIOI0 JUTS CTpyMY reHepaitii. [ TnbuHa 3ansranHs eHepreTHYHOr0 JOHOPHOTO PiBHS,
3 SIKOTO BiZI0OYBa€ThCs TEIIOBA TeHepallist HOCIiB 3apsiay, cranoBuTh 0,15 eB.

KurouoBi ciaoBa: wuanienposionuxu; mouxi niieku; SEM; enexmponpogionicms, cmpykmypHi Oeghexmu, i0Oumms, Oamuux
ENeKMPOMASHIMHO20 NOSA;, OAMYUKU, IOHHA IMIJIAHMAYIs, 1e2Y6aHH S
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In this study, the formation and reduction mechanisms of radiation defects resulting from the incorporation of dysprosium (Dy) atoms
during the growth process of silicon crystals (FZ) were investigated. Deep-level defects formed after doping n-type silicon with
dysprosium and irradiating it with ®°Co y-rays were analyzed using Deep Level Transient Spectroscopy (DLTS). The research revealed
that in the presence of dysprosium, the concentration of defects such as A-center (vacancy-oxygen complex) and E-center (vacancy-
phosphorus complex) decreased significantly - by 2-4 times - compared to control samples. EDS spectral analysis was conducted to
determine the concentration of surface element atoms in the sample, which demonstrated that the Dy element was uniformly distributed
on the silicon surface and present in sufficient concentration. These results substantiate that Dy atoms in silicon play a passivating role,
inhibiting the kinetics of radiation defect formation, consequently increasing the radiation resistance of silicon-based structures.
Keywords: Dysprosium-doped silicon; Radiation defects; Gamma radiation; DLTS (Deep-Level Transient Spectroscopy); Neutron
activation analysis; EDS (Energy Dispersive Spectroscopy); A-center; E-center; Crystal growth; Oxygen-vacancy complex; Radiation
stability

PACS: 61.72.Cc, 61.80.Ed, 61.82.Fk, 68.37.Lp

INTRODUCTION

With the rapid advancement of modern electronics, particularly in the fields of micro- and nanoelectronics, there is
a growing demand for materials with enhanced physicochemical, structural, and electrical properties. In this context,
silicon (Si) holds a leading position as the most widely used primary semiconductor material. Silicon crystals are utilized
to produce highly integrated circuits, high-speed photodiodes, radiation-resistant detectors, memory elements, as well as
solar cells and numerous other electronic devices. One of the key factors determining the reliability and stability of such
devices is the nature of internal and external defects in the material [1-3].

Defects that directly affect the performance of semiconductor materials, especially in silicon, are formed as a result
of the interaction between vacancies (V) created by high-energy particles (such as y-rays, protons, neutrons, and alpha
particles), substitutional donors and acceptors (P, As, B), and oxygen atoms (O) present in the crystal lattice.
Consequently, complex radiation defects with deep energy levels emerge. These defects lead to the recombination of
electron-hole pairs and significantly impact the sensitivity, noise level, and operational lifespan of devices [4-5].

Modern scientific research is exploring numerous approaches to reduce the formation of radiation defects, decrease
their stability, or neutralize them completely. One such approach is the method of doping silicon with rare earth elements
(REE) [6-11]. This approach aims, in particular, to limit the activity of defects by gettering them, that is, removing them
from the active parts of the crystal lattice and binding them in structural voids or peripheral regions. Due to their large
ionic radius and chemical inertness, REE atoms do not actively bond with oxygen atoms or donor elements [7]. However,
they strongly interact with existing defects, reducing their energetic activity. For example, scientific literature reports that
it is possible to reduce the density of A- and E-centers formed in silicon by 2-4 times using elements such as Sm, Gd, Er,
and Tm [12-14].

Among rare-earth elements, dysprosium (Dy) stands out with its unique physical properties. Primarily, Dy possesses
a relatively large magnetic moment, which makes it a potential material for spintronic devices. Additionally, Dy atoms
easily oxidize in the crystal lattice of silicon, forming oxide nanophases in the form of Dy,0s[2]. These phases bind
oxygen atoms to themselves, preventing the formation of vacancy oxygen complexes. As a result, the crystalline structure
of silicon becomes more stable, the occurrence of defects decreases, and its radiation resistance increases. However, the
new defect states that arise during the Dy doping process and their kinetic behavior have not been thoroughly studied,
necessitating further research in this direction [9].

The results of this study can be applied in the development of radiation-resistant electronic devices based on silicon,
including optoelectronic detectors, photodiodes, and high-reliability integrated circuits [15-18]. Additionally, through in-
depth analysis of the properties of defects arising from Dy doping, new possibilities for the application of rare-earth
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elements in silicon materials science are identified. This holds significant importance not only for fundamental science
but also for applied device technologies.

MATERIALS AND METHODS

For the study, samples of ultra-pure n-type monocrystalline silicon were used. Their resistivity ranged from 10 to
65 Qxcm, and the concentration of optically active interstitial oxygen atoms in the crystal lattice was in the range of
(5%10' - 7x10') cm™. The element dysprosium (Dy) was introduced into the silicon structure as a dopant during the
growth process - at the stage of crystal growth from the solution. The samples were irradiated at room temperature (300
K) using y-quanta emitted from the ®Co isotope [16,19]. The radiation intensity was 3.1x10'? quanta/cm?xs. For
comparison, silicon samples (control samples) with the same oxygen content, but without dysprosium introduction, were
irradiated under the same conditions.

Deep-level capacitance spectroscopy (DLTS) was used to detect radiation defects [8,10,21]. Schottky barriers were
formed by evaporating gold (Au) onto the silicon surface under high vacuum conditions. Chemically deposited nickel
(Ni) was used as the ohmic contact, and in some cases, antimony (Sb) or aluminum (Al) was additionally evaporated [20].
DLTS measurements were conducted in constant capacitance and constant voltage modes.

In addition, energy-dispersive X-ray spectroscopy (EDS) techniques were employed to evaluate the surface
morphology and elemental composition of silicon samples doped with dysprosium [22,24,25].

RESULTS AND DISCUSSION

The energy characteristics of deep levels in silicon samples doped with dysprosium and in undoped control samples,
both obtained by growth from solution, were determined using the DLTS method before and after each irradiation stage.
The analysis revealed that the oxygen concentration differs significantly depending on the silicon composition: in oxygen-
free silicon samples, the amount of optically active oxygen (No®*) was approximately 5x10'® cm™, while in oxygen-
containing crystals, this amount reached up to 7x10'7 cm™. This is considered an important factor directly influencing
the formation of radiation defects and the emergence of deep levels.

Fig. 1 (curve 2) shows a newly identified deep-level defect revealed by DLTS spectra of y-irradiated n-Si<Dy>
samples. This level exhibits an ionization energy of Ec — 0.17 eV and an electron capture cross-section of approximately
on = 1x1071* cm?. Based on the extracted parameters, this defect is attributed to the well-known A-center, corresponding
to a vacancy—oxygen (V—O) complex [15,23].

As shown in Fig. 1 (curve 1), the presence of A-centers was observed in oxygen-containing n-Si control samples
after gamma irradiation. Notably, the concentration of these centers in undoped silicon changes linearly with increasing
radiation dose, while doped samples do not exhibit this characteristic. Additionally, comparative analysis revealed that
the quantity of A-centers in the control samples is significantly higher compared to samples doped with dysprosium.

DLTS analysis of oxygen-free control silicon samples revealed the formation of an additional radiation defect - an
E-center - in these samples under the influence of y-radiation. The ionization energy of this defect is Ec-0.43 eV, and its
electron capture cross-section is 1.8x107'> cm?. Interestingly, in silicon doped with dysprosium, a significant decrease in
the concentration of E-centers was observed compared to the control samples - almost tenfold (Fig. 2, curves 1 and 2).
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Figure 1. DLTS spectra of n-Si and n-Si<Dy> samples after y-  Figure 2. DLTS spectra of n-Si and n-Si<Dy> samples after y-
irradiation (No®2=7x10'" cm™): 1 - control sample (n-Si); irradiation (No®2=7x10'" cm™): 1 - control sample (n-Si);
2 - dysprosium-doped sample (n-Si<Dy>) 2 - dysprosium-doped sample (n-Si<Dy>)

Based on the obtained samples, neutron activation analysis and EDS analysis were conducted to determine the
concentration of Dy atoms on the surface and in the volume of the sample. The results of neutron activation analysis
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indicate the presence of dysprosium atoms in the silicon sample at a high concentration - approximately
(3x10'° — 4x10'8) cm.

In Fig. 3, the concentration of elements on the surface of an oxygen-free silicon sample was studied using the energy-
dispersive X-ray spectroscopy (EDS) method.
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Figure 3. Image of the EDS spectral analysis for the n-Si sample.

Based on the analysis results, we can conclude that dysprosium atoms are evenly distributed on the surface of the
silicon sample and in its adjacent regions. The mass fraction of dysprosium was found to be 0.16%, while its atomic
fraction was 0.02%, which corresponds to the neutron activation analysis results (Table 1). These findings indicate the
presence of Dy atoms both on the surface and within the volume of the silicon sample, demonstrating that their distribution
is sufficiently homogeneous.

Table 1. Elemental composition of the surface of the n-Si<Dy> sample as determined by energy-dispersive X-ray spectroscopy (EDS).

C K 10.27+0.10 21.09+0.20
o K 0.37+0.01 0.57+0.02
Si K 89.20+0.09 78.32+0.08
Dy L 0.16+0.02 0.02+0.00
Total 100.00 100.00

CONCLUSIONS

In this work, a thorough analysis was conducted on the incorporation of dysprosium (Dy) as a dopant into ultra-pure
n-type single-crystal silicon samples during the crystal growth stage (solution growth method) and its effect on radiation
stability. The study utilized silicon samples with specific resistivity ranging from 10 to 65 Qxcm and concentrations of
optically active interstitial oxygen atoms between (5%10'¢ - 7x10'7) cm™.

Deep levels of samples exposed to gamma radiation (®°Co, 3.1x10'? quanta/cm?xs) were studied using the DLTS
method. The results showed that in silicon doped with Dy, after y-radiation, A-centers with an ionization energy of
E-0.17 eV were detected. These centers correspond to oxygen-vacancy (O-V) complexes. Additionally, the concentration
of A-centers in silicon with Dy doping was significantly lower compared to the control samples, indicating a decreased
formation rate of radiation defects.

In oxygen-free silicon, E-centers with an energy of E.-0.43 eV were detected as a result of irradiation. The quantity
of these centers was observed to be up to 10 times higher compared to samples doped with Dy. This clearly demonstrates
the inhibitory effect of the Dy element on the mechanisms of defect formation.

EDS and neutron activation analyses confirmed the incorporation of the element dysprosium into the silicon
structure. According to the EDS results, Dy atoms are uniformly distributed on the silicon surface with a mass fraction of
0.16% and an atomic fraction of 0.02%. Neutron activation analysis showed that the Dy concentration is in the range of
(3x10' - 4x10'%) cm™. Despite such high concentration, it was determined that Dy atoms are electrically passive and are
positioned in the crystal lattice without forming deep energy levels.
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In general, the conducted research indicates that doping silicon with a rare-earth element such as dysprosium during
the growth stage from solution enhances its radiation stability and significantly reduces the probability of deep-level
defect formation under the influence of y-radiation.
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VY npoMy JOCIiKEHHI IIPoaHalli3oBaHO MeXaHi3MH ()OPMyBaHH Ta 3MEHIICHHS paialifHux nedeKTiB, 0 BUHUKAIOTh Y Pe3yJbTaTi
BIIPOBAKEHHS aToMiB auctposiro (Dy) mij yac BUpOIyBaHHSI KPHCTATIB KPEeMHi0 MeTooM 30HHOTO uiasieHHs (FZ). [nmu6oxi piBHi
nedexTiB, 0 yTBOPHINCS MICIs JIETYBaHHS N-THIy KPEMHIIO AUCIIPO3ie€M 1 ONPOMiHEHHs HOro y-mpoMmeHsMH i3otomy “°Co, Oynn
[IpOaHaIi30BaHi MeTOAOM TIJIMOOKOpiBHEBOI eMHicHOI crnektpockomnii (DLTS). BcraHoBieHO, 10 y NPUCYTHOCTI IHCIPO3it0
KOHILIEHTpalisl Ae(eKTiB TUIy A-IeHTp (BakaHCiHHO-KHCHeBMH KoMiuiekc) i E-nentp (BakaHciitHo-pocdopHuil KoMIUIeKC) 3HaYHO
3MEHINY€EThCI — Y 2—4 pas3u y MOPIBHIHHI 3 KOHTPOJILHUMH 3paskamu. CriekTpasibHuil aHaniz Metogom EDS mokasas, 1o aromu Dy
PIBHOMIPHO PO3IOJIiJIeH] 10 TIOBEPXHi KPEMHIIO Ta MPUCYTHI B JOCTaTHII KoHIeHTpanii. OTpuMaHi pe3yabTaTH HigTBEPIKYIOTb, 0
aromu Dy y KpeMHIl BiIirpaloTh MacUBYIOUy POJIb, YIIOBUIGHIOIOUH KiHETHKY (POPMYBaHHS papianifHuX Ae(eKTiB i MiIBHITYIOUH
panianiiiHy CTIKiCTh KPEMHIEBUX CTPYKTYP.
Kuntouosi ciioBa: kpemniil, necosanuil oucnposiem, padiayiiini oepexmu, camma-eunpominiosanna; DLTS (eaubokopisnesa emmicna
cnekmpocKkonis); Heliimponno-akmugayiunuii ananiz; EDS (enepeemuuno-oucnepciiina penmeeniécbka cnekmpockonis);, A-yenmp;
E-yenmp; supowysanus kpucmanis; KUCHEB0-8AKAHCIUHUL KOMNIIEKC, padiayiina cmitkicms
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This study presents the fabrication and resistive switching (RS) performance of bilayer SnO2/ZnO thin films deposited via ultrasonic
spray pyrolysis on p-type silicon substrates. The heterostructures were post-annealed at 450°C to enhance crystallinity and interfacial
contact. Electrical characterization using -V measurements revealed clear bipolar RS behavior without the need for an initial
forming process. The devices exhibited a stable high resistance state (HRS) and low resistance state (LRS) across multiple cycles,
with an ON/OFF ratio exceeding 10%. The switching mechanism is attributed to the formation and rupture of conductive filaments
likely induced by oxygen vacancies at the SnO»/ZnO interface. Bandgap estimation using Tauc plots showed values of approximately
3.17¢eV and 3.41 eV for ZnO and SnO:, respectively. These findings confirm the potential of SnO2/ZnO heterojunctions as efficient
materials for next-generation non-volatile memory applications.

Keywords: SnO:; ZnO; Resistive switching;, Memristor; Thin films; Heterojunction;, Non-volatile memory; Oxygen vacancies
PACS: 73.40.-c; 85.30 Tv; 73.6 Ga

INTRODUCTION

In recent years, memristors have become a highly relevant research topic due to their potential in neuromorphic
computing, artificial intelligence hardware, and next-generation non-volatile memory systems. Memristors are
considered the fourth fundamental passive circuit element—alongside resistors, capacitors, and inductors—and are
capable of remembering their resistance state based on the history of electrical charge passed through them. This unique
feature enables memristors to retain information even when the power is turned off, making them ideal candidates for
low-power, high-density memory devices [1-3].

Metal oxide-based memristors, particularly those formed from binary oxides such as ZnO and SnO-, have drawn
substantial interest due to their low fabrication cost, ease of synthesis, and compatibility with flexible substrates. Both ZnO
and SnO: are wide-bandgap n-type semiconductors, with bandgaps of approximately 3.4 eV and 3.6 eV, respectively. ZnO
offers high electron mobility and good surface reactivity, while SnO: is chemically stable and exhibits strong electrical
conductivity in its doped forms [4,5]. Combining these materials into a bilayer or heterojunction structure can enable new
resistive switching mechanisms, such as interface-modulated filament formation and oxygen vacancy migration.

Prior investigations by Pant et al. [6] have revealed strong bipolar resistive switching and pronounced negative
differential resistance (NDR) characteristics in SnO2/ZnO heterojunctions synthesized via magnetron sputtering. These
effects were attributed to enhanced grain boundary diffusion and the emergence of quantum confinement phenomena at
the nanoscale interface. In a more recent study, Saha et al. [7] demonstrated reliable resistive switching in one-
dimensional SnO: nanofiber-based memristors, where switching dynamics were effectively analyzed and predicted
using artificial neural network (ANN)-based computational models, further supporting the applicability of data-driven
approaches in oxide-based memory device engineering. Furthermore, Co-doped SnO: memristors fabricated on p-type
silicon substrates have been shown to exhibit tunable negative differential resistance behavior, highlighting the role of
doping in modulating the electronic properties of oxide-based heterostructures [8].

In this study, we investigate the resistive switching behavior of a p-Si/SnO2/ZnO heterostructure fabricated using
ultrasonic spray pyrolysis (USP), an accessible and scalable thin-film deposition technique. The SnO: and ZnO layers
were sequentially deposited on both p-type silicon and quartz substrates, with post-annealing at 450°C. Current—voltage
(I-V) measurements were performed using a Keithley 2460 SourceMeter. The results show a clear hysteresis loop,
indicative of memristive switching. However, the relatively close bandgap values of ZnO and SnO: may limit the
strength of the switching contrast, as both layers are n-type semiconductors. This study contributes to the ongoing effort
to optimize binary oxide heterojunctions for low-power memory devices.
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METHODS

The p-Si/Sn02/ZnO heterostructure thin films were fabricated using the ultrasonic spray pyrolysis (USP) technique
due to its cost-effectiveness, simplicity, and suitability for oxide thin film deposition. In this study, p-type silicon
substrates were used. Prior to deposition, the substrates were cleaned sequentially by rinsing in deionized (DI) water,
followed by ethanol and then acetone, and finally rinsed again in DI water. This multi-step cleaning process was
performed to remove organic and inorganic contaminants and to ensure uniform and adherent film growth. After
cleaning, the substrates were dried naturally under ambient laboratory conditions.

The schematic structure of the fabricated memristor device is illustrated in Figure 1. The device consists of a bilayer
Sn0./ZnO heterostructure deposited on a p-type silicon substrate. Silver (Ag) top contacts were applied as electrodes.
The ZnO layer serves as the intermediate interface layer, while SnO: is the top oxide layer. The bottom electrode is the
p-Si substrate itself. This vertical "sandwich-like" configuration enables charge transport across the oxide layers under
applied bias, which is essential for studying resistive switching behavior.

After the chemical cleaning steps, the substrates were rinsed

| | thoroughly with deionized (D.I.) water to remove any remaining

I traces of solvents and impurities. Finally, the cleaned substrates

were dried using nitrogen gas. This multi-step cleaning process
was crucial for achieving a uniform film morphology and
ensuring reproducible electrical performance of the memristor
devices. Compared to a simple rinse method, this procedure

SnO, significantly reduced surface contamination, thereby improving

7n0 ‘ the quality and reproducibility of the SnO. and ZnO films
deposited via ultrasonic spray pyrolysis (USP) [9].

The SnO: precursor solution was prepared by dissolving 15

mL of stannous chloride dihydrate (SnCl:-2H20) in double-

Figure 1. Schematic illustration of the distilled water. For the ZnO layer, 15 mL of zinc acetate
Ag/Sn0>/ZnO/p-Si memristor device structure dihydrate [Zn(C2H302).-2H-0] was similarly dissolved in double-

distilled water. Each solution was atomized using a 2.5 MHz
ultrasonic transducer and carried toward the heated substrates using oxygen gas as the carrier.

The deposition process was conducted at a substrate temperature of 450 °C, which was maintained using a
controlled hotplate. The SnO- layer was deposited first, followed by the ZnO layer, forming a bilayer heterostructure.
This sequence was designed to promote appropriate band alignment and interfacial contact between the n-type
semiconductors. Following deposition, the films were annealed in ambient air at 450 °C to improve crystallinity and
stabilize the interface. Silver (Ag) top contacts were applied using silver paste for electrical measurements, and the p-Si
substrate served as the bottom electrode in the case of silicon-based structures.

Electrical characterization of the memristor devices was performed using a Keithley 2460 SourceMeter. A voltage
sweep protocol of 0 —» +5V — 0 — -5 V — 0 was applied to examine the current—voltage (I-V) characteristics. The
presence of a hysteresis loop in the I-V curve confirmed the resistive switching behavior of the fabricated structures.

RESULTS

A. Current—Voltage (I-V) Characteristics

The electrical response of the p-Si/SnO2/ZnO heterostructure was evaluated through current—voltage (I-V)

measurements using a Keithley 2460 SourceMeter. A voltage sweep in the range of 0 > +5V —- 0 — -5V — 0 was

applied. As shown in Figure 2, the device exhibits a pronounced hysteresis loop, which is characteristic of bipolar

resistive switching behavior. Notably, the switching occurred without the requirement of an initial forming voltage,

suggesting the presence of intrinsic defect states — most likely oxygen vacancies — within the oxide layers that facilitate
the conductive filament formation.

0.0008 T T T T

Sn0,/ZnO
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Figure 2. Linear-scale [-V characteristics of the SnO2/ZnO heterostructure, showing memristive switching.
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This behavior is consistent with the findings of Pant et al. [6], who observed similar bipolar switching in
Sn0O-/Zn0O interfaces attributed to the diffusion of ZnO into SnO: at the grain boundaries, forming a resonant tunneling-
like interface. The observed switching behavior here can be explained by the formation and rupture of conductive
filaments in the oxide layers, likely modulated by the applied electric field and the associated drift of oxygen vacancies.

However, due to the small bandgap difference between ZnO (~3.4 eV) and SnO: (~3.6 eV), and the fact that both
are n-type semiconductors, the overall barrier height at the interface may be low. As a result, the current contrast
between the high resistance state (HRS) and the low resistance state (LRS) is moderate, though stable. The ON/OFF
current ratio was estimated to be >102, which is suitable for low-power memory applications.

B. Optical Bandgap Estimation
The optical bandgaps of the individual ZnO and SnO: layers were estimated using Tauc plot analysis derived from
UV-Vis absorbance spectra (see Figure 3). By plotting (ahv)? versus photon energy (hv) and extrapolating the linear
region to the energy axis, the direct bandgap values were determined. The estimated optical bandgaps were found to be
approximately: ZnO layer (3.17 ¢V), SnO: layer (3.41 eV)

T T T
—=— Sn0,/Zn0O a
B /.
341eV,,,
=
S
E
3.17eV,
. J
T T T T T v T T
2 3 4 5 6 7
hv (eV)

Figure 3. Tauc plot used for bandgap estimation of ZnO (3.17 ¢V) and SnO: (3.41 eV)

These values closely match literature-reported data [6,7], confirming the successful synthesis of phase-pure oxide
layers. The slight narrowing of the SnO. bandgap compared to the nominal 3.6 eV may be attributed to oxygen
vacancy-related subgap states, which can affect the switching performance by serving as electron trapping centers.

C. Structural Characterization (XRD Analysis)

——%ozo T T T T . The .crystallograph.ic prqperties o.f the synthf:;*sized. Sn02/Zn0O

bilayer thin films were investigated using X-ray diffraction (XRD).
L 4 Figure 4 presents the XRD pattern of the heterostructure deposited on
a p-type Si substrate. The diffraction peaks observed at 26 = 31.7°,
34.4°,36.2°, 47.5°, 56.6°, and 62.8° are assigned to the (100), (002),
i 7 (101), (102), (110), and (103) planes of hexagonal wurtzite ZnO,
respectively (JCPDS Card No. 36-1451). Additional peaks located at
approximately 26.6°, 33.9°, 37.9°, 51.7°, and 54.8° correspond to the
(110), (101), (200), (211), and (220) planes of the tetragonal rutile
phase of SnO: (JCPDS Card No. 41-1445).

These results confirm the successful formation of a
polycrystalline bilayer structure containing both ZnO and SnO: phases
without detectable secondary impurities. The predominance of ZnO
peaks is attributed to its top-layer placement in the heterostructure,
‘ P Do ‘ which contributes to stronger X-ray signal intensity. The sharp and
- b Lo P well-defined diffraction peaks indicate good crystallinity, while the
. b ; absence of unidentified peaks affirms the high phase purity of the
P b | deposited films.

b Lo The confirmed crystallographic structure supports the electrical
- - measurements, as high crystallinity and structural integrity at the
Al N A DN A‘n\d\ A interface are known to influence the stability and reproducibility of
25 30 35 40 45 50 55 60 65 resistive  switching behavior. The SnO./ZnO heterointerface,
therefore, provides a favorable platform for the formation and rupture
Figure 4. XRD pattern of the Sn0»/ZnO of conductive filaments, modulated by oxygen vacancy migration, as
heterojunction thin film discussed in the preceding electrical characterization section.

Intensity (a.u)
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D. Mechanism Interpretation
The resistive switching mechanism in this heterostructure is likely governed by oxygen vacancy migration and
associated filament formation at the SnO-/ZnO interface. When a positive bias is applied, oxygen ions drift away from
the anode, leaving behind oxygen vacancies that accumulate to form conductive paths (filaments). The application of a
reverse bias disrupts these paths, returning the device to the high-resistance state.

1st I(mA) 1

v -0.002

Figure 5. Multi-cycle -V measurements demonstrating reproducibility and stability of resistive switching behavior

Figure 5 shows multi-cycle -V measurements, clearly demonstrating the reproducibility and stability of the
resistive switching behavior over several cycles. The overlapping hysteresis loops indicate consistent switching between
high-resistance and low-resistance states, confirming the non-volatile nature and endurance of the memristor device.

T T T T T

T T
Sn0,/Zn0

Figure 6. Log-scale [-V curve showing clear bipolar switching characteristics of the SnO2/ZnO heterojunction

Figure 6 presents the log-scale -V characteristics of the SnO2/ZnO heterojunction device. The plot clearly
illustrates the bipolar switching behavior, with distinct transitions between the high-resistance and low-resistance states
under opposite bias polarities. This logarithmic representation helps to highlight the exponential nature of current
conduction and the stability of the switching behavior across several orders of magnitude.

The heterointerface, supported by a p-type Si substrate, may also induce additional band bending or depletion
effects, modulating the switching threshold. Although both oxide layers are n-type, their slightly different work
functions and bandgaps still create an asymmetric potential barrier that contributes to the observed resistive switching
(RS) behavior.

CONCLUSION

In this study, a p-Si/SnO2/ZnO heterojunction thin film was successfully fabricated using the ultrasonic spray
pyrolysis technique. The electrical analysis of the device revealed clear bipolar resistive switching behavior with a
stable hysteresis loop observed in the [-V characteristics. The switching occurred without the requirement for a forming
step, suggesting that oxygen vacancies and interface effects play a critical role in the RS mechanism.

Tauc plot analysis showed that the optical bandgaps of ZnO and SnO: were approximately 3.17 ¢V and 3.41 eV,
respectively, consistent with reported values in the literature. Although the small band offset between the two n-type
oxides may reduce the overall switching contrast, the device demonstrated repeatable ON/OFF cycles and reasonable
resistance state separation.
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These findings confirm that the p-Si/SnO2/ZnO heterostructure is a viable platform for exploring low-cost,
oxide-based memristors. Future studies may focus on interface engineering, doping, or inclusion of buffer layers to
enhance RS characteristics and device scalability for neuromorphic and non-volatile memory applications.
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PE3UCTHBHA NIEPEMUKAJIBHA ITIOBEAIHKA TOHKOIIVIIBKOBOI'O TETEPOIIEPEXO/Y SnO:/ZnO
JJI1 3ACTOCYBAHb B EHEPTOHE3AJIEJKHII ITAM'SITI
Jxamounipnin X. Myponos*?, lllaskar V. FOunames®, Azamat O. Apcnanos®, Hoii6a Y. Boriposa®,
Iaxasoxip L. Xynoiikyios®¢, Pano L. [lapinosa®, Pagaenn A. Hycperos?, Auapiii A. HeGecumuii®,
Myxamman I Iipimmaros?
“"Tawikenmcwbkutl epoicasHuti mexuiynuil yuisepcumem imeni Icnama Kapimosa, Tawkenm, Y36exucman
bIJenmp poseumxy nanomexnonozii, Hayionanonuii ynieepcumem Ysbexucmany, Tawxenm, Y3bexucman
‘Hayionanvuuil ynieepcumem Y3b6exucmany imeni Mipzo Ynyebexa, Tawxenm, Y3b6exucman
d[Hcmumym @isuxu ma mexnonoeiti, Tawxenm, Y36exucman
¢[Jenmpanvroasziamcokuil ynigepcumem, Tawxenm, Y30exucman

Y 1pOMy JOCHIIKEHHI MPECTABICHO BUTOTOBJICHHS Ta BIIACTHBOCTI pe3uCcTHBHOTO nepeMukanHs (PC) qBomapoBux TOHKHX IUTiIBOK
Sn0O»/ZnO, HaHeCeHHX 3a JOIOMOTOI0 YIBTPa3BYKOBOTO PO3IIIIIOBATGHOTO MIPOJi3y HAa KPEMHI€BI MiAKIAAKH pP-THILY.
I'erepoctpykrypn Oynu Bigmaneni mpu 450°C 1 MOKpaIleHHS KpUCTAIIYHOCTI Ta Mik(a3sHOro KOHTakTy. Enexrpudna
XapaKTepUCTHKA 3a JIONOMOIOI0 BOJbT-aMIIEPHHX BHMIpPIOBaHb BUsBWIA d4iTKy OinomsapHy PC-moBeminky 6e3 HeoOXigHOCTI
MOYaTKOBOTO mporecy dopmyBanHs. [Ipuctpoi neMoHcTpyBany crabinbHuil ctan Bucokoro onopy (HRS) Ta cran Husekoro omnopy
(LRS) mpoTsiroM KigbKOX LUKJIIB, 31 CHIBBIAHOIICHHSIM YBIMKHEHHs;/BUMKHEHHs, 110 mepeBuinye 102, MexaHi3M nepeMUKaHHS
MOSICHIOETHCSI YTBOPEHHSIM Ta PO3PHBOM MPOBIAHUX HUTOK, HMOBIPHO, BUKIMKAHNUX BaKaHCIIMHU KHCHIO Ha Mexi po3ainy SnO2/ZnO.
Ominka mupuHA 3200pOHEHOT 30HU 3a JomoMoror rpadikis Tayka mokasana 3HaueHHA npuomu3Ho 3,17 eB ta 3,41 eB mis ZnO Tta
SnO: sigmosigHo. Lli pe3ympraTH MiATBEPIKYIOTH HOTeHmian reTeporepexomiB Sn02/ZnO sk edekTHBHHX MartepiamiB Uit
3aCTOCYBaHHS B €HEProHE3aICKHIH ITaM'aTi HaCTYITHOTO ITOKOJIHHSI.
Kunrouosi cioBa: SnO:; ZnO; pesucmushne nepeMuKkanHs, mMemMpucmop,; MoHKi naieKu, semeponepexio; eHepeoHe3anedlcHa nam'sames,
KUCHeBI 6aKaHCii
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EFFECT OF GATE OXIDE AND BACK OXIDE MATERIALS ON SELF-HEATING EFFECT
IN FinFET
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The self-heating effect on the fin field effect transistor (FinFET) is investigated. The dependence of the lattice temperature in the
channel center of the transistor on the thickness of the gate oxide, as well as the back oxide, is simulated. Different types of the most
used oxide materials (SiO2, HfO2, and Si3N4) and their combination, SiO2+SisN4, are considered for gate and back oxides. 3D
simulation is performed using Sentaurus TCAD. It is shown that the lattice temperature slowly and monotonically decreases with
increasing gate oxide thickness. However, the lattice temperature is monotonically increasing with the thickness of the back oxide.
This behavior of the lattice temperature depends on the relation between heat generation and dissipation rates in the transistor channel.
A difference in the heat conductivity of the oxide materials explains the obtained behavior of the lattice temperature. Also, the lattice
temperature dependence on the gate oxide thickness is explained by the increase in the contact area between the gate oxide and the gate
with increasing gate oxide thickness. Besides this, it is accounted that the Joule heat generation rate depends on the drain current, which
also depends on the oxide materials.

Keywords: 3D simulation; FinFET; Self-heating effect; Gate oxide; Back oxide

PACS: 85.30.Tv

INTRODUCTION

One of the main tasks of nanoelectronics is to reduce power consumption and increase the degree of integration of
integrated circuits (ICs). This task is connected with the considerable reduction in size of the transistors that make up the
integrated circuit. Along with other elements, metal-oxide-semiconductor field-effect transistors (MOSFETSs) are one of
the most important components of ICs. The reduction in the size of MOSFETs leads to the appearance of various
degradation effects, including short-channel effects (SCE), self-heating effect (SHE), Negative Bias Temperature
Instability (NBTI), etc.

SCE:s are strongly manifested in MOSFETs based on planar technology, which is one of the initial technologies for
manufacturing MOSFETs. To increase the resistance of MOSFETs to short-channel effects, a structure of a vertical (or
Fin) MOSFET (FinFET) was proposed instead of planar MOSFETs, with gate lengths of the order of 20 nm and lower,
which operate in the inversion mode [1]. FInFET has three gates and, as a consequence, has a high degree of electrostatic
integrity that ensures high immunity against short-channel effects [2].

One of the features of the FinFETs is that they are based on silicon-on-insulator technology. This feature is
characterized by the fact that the channel of the transistor borders an oxide layer, the so-called back oxide layer (BOX).
This feature leads to the manifestation of a self-heating effect in FinFET due to the low thermal conductivity of the oxide
layer, leading to a low dissipation rate of heat generated in the channel of the transistor [3], [4], [5]. As a result, increasing
the temperature in the transistor channel leads to changing the drain current and, as a consequence, degradation of the I-
V characteristics of the FinFET.

Therefore, finding the oxide materials that increase the immunity of the transistors against SHE and that are
compatible with FInFET fabrication technology is a very important task. In this work, the impact of the BOX materials,
as well as gate oxide materials, on the temperature in the transistor channel is investigated [6], [7]. SiO, HfO», SizN4, and
combination SiO»+Si3N4 are mainly used in FInFET fabrication technology, and therefore, in this research, these materials
are considered as BOX as well as gate oxide materials.

TRANSISTOR STRUCTURE PARAMETERS AND SIMULATION MODELS

The cross-section along the channel of the 3D structure simulated in this work, a silicon-based FinFET, is shown in
Fig. 1. The silicon-based transistor’s channel is n-type. TiN is used as a gate material. Geometrical sizes of the different parts
of the transistor and channel doping level are presented in Table 1. In the simulation, the gate oxide thickness varies between
1 and 1.5 nm, while the back oxide thickness varies between 10 and 1000 nm.

In the simulation, Sentaurus TCAD software is used. For the estimation of the self-heating effect, the drift-diffusion
transport model in conjunction with the thermodynamic transport model was used. To account for quantum effects, the
quantum correction Density gradient was also used. The doping-dependent mobility model and velocity saturation in the
high field are taken into account. Coulomb and phonon scatterings are included in the simulation model to consider the

Cite as: M.M. Khalilloev, B.O. Jabbarova, F. Eshchanov, A.E. Atamuratov, East Eur. J. Phys. 3, 353 (2025), https://doi.org/10.26565/2312-4334-2025-3-35
© M.M. Khalilloev, B.O. Jabbarova, F. Eshchanov, A.E. Atamuratov, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-3-35
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0000-0001-5497-6410
https://orcid.org/0000-0003-1181-5195
https://orcid.org/0000-0003-2173-3783
https://creativecommons.org/licenses/by/4.0/

354
EEJP. 3 (2025) M.M. Khalilloev, et al.

mobility degradation at the interface as the high-k material HfO, is used as the gated oxide. A simulation drift-diffusion
transport model was calibrated by comparing the I-V characteristics of the simulated transistor with experimental results
presented in [8], [9], [10]. The results of the comparison given in Fig. 2 show a good agreement.

Table 1. Geometrical and physical parameters of the considered transistor

Parameter Designation Value
Source and drain doping level Nd 5%10'® cm (n-type)
Channel doping level Na 1x10'% ¢cm? (p-type)
Gate oxide (HfO2, Si3N4) thickness fox teor = 1.0-1.5 nm
Channel thickness Tsi 9 nm
Channel width Whs 22 nm
Back oxide layer (SiO2, HfO2, SiO2+Si3N4) thickness Thox 10-1000 nm
Gate length Legate 10 nm

10° F
10°F
Fate Gate oxide =
Source (HIO,)/(SiaN,) Drain E 107k
n(Si) N E Measurement
= = ® Simulation
E 10°®
q a
Back oxide
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Gate voltage [V]
Figure 1. Simulated FinFET cross-section structure Figure 2. Comparing the I-V characteristics of the simulated and

experimental transistors for Lgate = 25 nm and Vg¢s = 50 mV

SIMULATION RESULTS AND DISCUSSION

The dependence of the temperature in the channel center on the thickness of gate oxide in FinFET for HfO, and
Si3Njy as gate oxide, and SiO,, HfO,, and SiO,+Si3N4 as back oxide is simulated. The results of the simulation are shown
in Fig. 3. Results show, that the lattice temperature very slowly decreased with increasing the gate oxide thickness for all
considered oxide materials, while the contact area between the gate oxide and the channel increased monotonically with
increasing the gate oxide thickness (Fig. 4). Increasing the contact area lead to increasing heat dissipation rate, however
drain current, and as consequence heat generation rate, practically is not changed with increasing the gate oxide thickness.
Obviously, in this case, the heat generation rate has a greater effect than the heat dissipation rate.
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Figure 3. Dependence of the lattice temperature in the Figure 4. Contact area and drain current dependence on the gate
channel center on the gate oxide equivalent thickness for oxide equivalent thickness. BOX is HfO2

different gate oxide and back oxide materials.

It is seen in Fig. 3 that in the case of using HfO, as gate oxide, the lattice temperature is lower than at using SizNa,
for all BOX materials. This dependence correlates with drain current dependence on the gate oxide thickness (Fig. 4).
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The temperature dependence on the gate oxide thickness is the result of the combined effect of the dielectric constant,
thermal conductivity, and the thickness of the gate oxide
Lattice temperature dependence on the BOX thickness Tpox is monotonous, and the temperature grows with
increasing BOX thickness for all considered BOX materials. This dependence is in agreement with [11], [12] and at higher
thicknesses is expressed by the formula (1).
AT = (Pt'Tbox)’
Kp A

“)

where P; stands for the heat power generated by the current in the channel, Ky is the heat conductivity of the oxide layer,

and A represents the area of the contact surface between the oxide layer and the channel.

Fig 5 shows the dependence of the lattice temperature in the FInFET channel center on the back oxide thickness
(TBOX) for different oxide materials. It can be seen that the lattice temperature increases monotonically with increasing
TBOX, regardless of the material type. This is explained by the fact that a thicker BOX layer increases the distance
between the heat source (channel) and the heat sink (metal contact), thereby reducing the heat dissipation efficiency.
Among the considered materials, the combination SiO»+SisNa shows the lowest temperature values, which can be
attributed to its highest thermal conductivity, as indicated in Table 2.

Gate oxide (HfO,) tyo;=1.2 nm

501 v, =075 V; V=15V
) 500- Table 2. Thermal Conductivity of the oxide materials
2
g
£ 450+
E. —&— HfO,
2 400 —A—Sio,
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£ LN Oxide Material Thermal Conductivity
S 3504 Kp (W m! K1)
HfO> 2.3
3004 Si02 1.4
0 200 400 600 800 1000 SisN4
. . 18.5
Back oxide layer thickness, Tgoy [nm] (S102+Si3N4)
Figure 5. Lattice temperature dependence on the thickness of the
BOX for different materials
CONCLUSION

Results of the simulation show that the lattice temperature in the center of the FInFET channel depends on the gate
oxide as well as the back oxide material. More considerable dependence on the temperature of the materials is seen for
back oxide, where the maximal difference in the temperatures lies in the range between 50 and 170 K for BOX thicknesses
from 100 to 1000 nm. The maximal temperature difference in using different considered gate oxide materials is
approximately 10K in all considered ranges of oxide thicknesses. The material of the oxide layers influences the drain
current, but a substantial influence on the temperature is the thermal conductivity of the back oxide material.

The highest immunity against the self-heating effect is achieved using HfO, as gate oxide material and SiO>+Si3Ny4
as back oxide material in the considered range of oxide materials in this work.
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BIIJIUB MATEPIAJIIB OKCHUAY 3ATBOPY TA OKCHUAY 3BOPOTHOI'O IIAPY HA E®EKT
CAMOPOSIT'PIBY VY FinFET
M.M. Xagimioes?, B.0O. [Ixxa66aposa?, ®. €manos®, A.€. Aramyparos?
4V peenucvruil Oeparcagrutl yHisepcumem, imeni AOy Paiixana bepyni, Ypeenu, Y3oexucman
b4eenmemeo 3 oyinxu snans ma nasuuox, Xopesmcoke pecionanvie 6iodinenns, Ypeenu, Ysbexucman

HociipkeHo edekT caMopo3irpiBy nosiboBoro tpansucropa 3 peopamu (FINFET). MonemnroeTbes 3aexHiCTh TeMIEpaTypH PEIIiTKH B
LIEHTPi KaHaly TPaH3UCTOpPA BiJ TOBIIMHM 3aTBOPHOTO OKCHIY, a TAKOX OKCHIY 3BOPOTHOrO miapy. J[iis 3aTBOPHUX Ta 3BOPOTHHX
OKCHJIIB PO3IIISAAIOTECS Pi3HI THITM HAHOUIBII BUKOPHCTOBYBaHMX OKcumHMX MatepianiB (SiO2, HfO2 ta SisN4) Ta X xomOiHamis
Si02+Si3Na. 3D-monemnoBanHsa BUKOHaHO 3a fonomoroto Sentaurus TCAD. ITokasaHo, 10 TeMmepaTypa pELIiTKH IOBUIBHO Ta
MOHOTOHHO 3MEHILIYETbCS 31 30UIBLICHHSIM TOBIIMHM 3aTBOPHOrO okcuay. OnHaK, Temmeparypa PelliTKH MOHOTOHHO 3pOCTae 3i
30UTBIICHHSM TOBIIMHU 3BOPOTHOTO IIapy OKCHAy. Taka MOBeNiHKA TEMIEpaTypH PEIIiTKH 3aJeKUTH Bifl CIIBBIAHOLICHHS MiX
MIBUIKICTIO TEIIOBUALICHHS Ta PO3CiIOBaHHSA B KaHall TpaH3ucTopa. OTpHMMaHa MOBEIIHKA TEMIEPATypH PEUITKH MOSCHIOETHCS
PI3HHIIECIO B TEIUIONPOBITHOCTI OKCUAHHUX MarepiaiiB. Takok 3aJIeKHICTb TEMIIEpaTypH PELITKU BiJ TOBIIMHU 3aTBOPHOTO OKCHIY
TIOSICHIOETHCST 30UTBIICHHSM IUIOMII KOHTAKTy MiXK 3aTBOPHHM OKCHJIOM Ta 3aTBOPOM 3i 30UIBIIEHHSM TOBIIMHH 3aTBOPHOTO OKCHIY.
KpiMm TOro, BpaxoByeThCs, L0 LIBUAKICTH IKOYJIEBOI TEIUIOBHIUICHHS 3aJIe)KUTh BiJl CTPYMY CTOKY, SIKHH TaKOX 3aJIe)XUTh BiJ
OKCH/IHUX MaTepiaiB.

Kuarouosi cinoBa: 3D-vooenosanns,; FinFET; epekm camonazpisy, 3ameopHuil OKCUO; 360pOMHULL OKCUO
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In this work, the influence of the local oxide trapped charge on the transfer /; — V,, characteristics and capacitance of the gate-to-source
(drain) connection of the silicon-on-insulator (SOI) structure-based FinFET is simulated. I; — V, characteristics are simulated by
using the drift-diffusion transport model. Capacitance-Voltage characteristics of the gate-to-source capacitance are simulated by using
a small AC signal method. The I; — V, characteristics and gate-to-source (gate-drain) capacitance are investigated at different linear
sizes and positions of the local oxide trapped charge along the channel. The results of the simulation show that the threshold voltage
monotonically decreases with an increase in the linear size of the local charge, and gate-to-source capacitance monotonically increases
with an increase in the distance between the source-channel border and the center of the local charge.

Keywords: FinFET; Lokal charge; Gate-to-source capacitance; p-n junction; C-V dependence
PACS: 85.30.Tv, 73.40.Qv, 85.30.De

1. INTRODUCTION

One of the main devices of nanoelectronics is field effect transistors, particularly Fin Field Effect Transistors (FinFET),
which is continuously scaled over the last several decades. As a result of scaling, the characteristics of the transistors are
being degraded due to short channel effects [1], [2], self-heating effect [3], [4], impact of oxide (interface) trapped charge
[51, [6]. Among these degradation effects can be noted as appreciable the effects of hot carrier injection [7], [8], bias
temperature instability [9]-[11], off-stress [12], and the impact of the radiation-induced charge [13]. These degradation
effects are mainly connected with injection or/and generation charges in the oxide layer or at the oxide-semiconductor
interface. In nanoscale FETs the random telegraph noise, induced by a single oxide (or interface) trapped charge, can also
be considerable [14], [15]. The impact of these effects should be taken into account at designing and using analog as well
as digital integrated circuits based on FETs.

The oxide trapped charge can affect MOSFET parameters such as threshold voltage and subthreshold slope of the
transfer characteristics. Consequently, it leads to degradation of the transistor characteristics. Therefore, to determine
the mechanisms and reasons of the charge trapping it is expediently develop the methods of estimation the position and
distribution of the trapped charge along the channel.

Well-known methods for detecting the oxide and interface trapped charge in planar MOSFETs are methods con-
nected with measuring current-voltage and capacitance-voltage dependencies [16]-[18]. Particularly, for this purpose,
measurements of subthreshold drain current [16] and gate-to-substrate capacitance-voltage dependence [17], [18] are used.
However, these methods should be modified in the case of SOI FinFET, because of specific features of the transistor’s
structure connected with the presence of the back oxide layer between channel and substrate. Therefore, it is important to
consider and study the features of the impact of trapped charges on I-V and C-V dependences in SOI FinFET.

One of the simple and fast methods of diagnostics to detect the charge trapped in the oxide layer or at the interface
is based on measurements of the capacitance-voltage characteristics of lateral source (drain)-channel p-n-junctions [19].
Experimental evidence of this method is presented in [13], [20], [21]. It is shown that the non-uniform distribution of
the charge in the oxide layer or at the semiconductor-oxide interface is appropriately reflected in source-channel (drain-
channel) p-n-junction capacitance [13], [19], [20], [22]. Thus, the distribution along the channel of the trapped charge
should also be reflected in other capacitances connected with lateral source-channel (drain-channel) junctions.

In this work, dependencies of the drain current and threshold voltage on linear size and position of the oxide trapped
charge, along the channel, are considered for SOI FinFET. The capacitance method mentioned above and first suggested
for planar MOSFET [19] is modified for application in SOI FinFET. The modified method will be used to simulate the
dependence of the gate-to-source capacitance, Cgs, on the position of the local oxide trapped charge.
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This paper is organized as follows. In Section 2, we present the description of the considered transistor parameters,
simulation conditions, and approaches used. Simulation results with discussions are presented in Section 3. Finally, some
concluding remarks are formulated in Section 4.

2. TRANSISTOR PARAMETERS, SIMULATION CONDITIONS, AND APPROACHES

The structure of the simulated SOI FinFET is shown in Figure 1. The geometry and parameters of the simulated
FinFET are shown in Table 1.

Lo —
t ox
S TS.*
,dl’—'ﬁ/__),/’

Figure 1. 3D structure of the simulated SOI FinFET

3D simulation were conducted using Advanced TCAD Sentaurus software. Transfer characteristics of the FinFET
were simulated by using drift-diffusion as well as thermodynamic transport models to choose an adequate transport model.
The results of the simulation are shown in Figure 2. It is shown in the figure that at gate voltages up to V, — 1V, both
I4 — Vg curves are the same. And at higher gate voltages drain current is lower at using the thermodynamic transport
model, which is connected with increasing the temperature in the channel. In simulation, the range of the gate voltages
was limited to 1V; therefore, the use of the drift-diffusion and thermodynamic transport models is equivalent. We used a
simple drift-diffusion transport model to save resources (power and time).

Table 1. Here is the caption of your table

Parameter Designation | Value

Channel doping level (p-Si) N, 1-108¢em™3 (n-type)
Source and drain doping level (n-Si) Ny 1-10%cm™3 (n-type)
Gate oxide (H f O,) thickness tox 2.5 nm

Channel thickness Ts; 30 nm

Channel width w 12 nm

Back oxide layer (Si0,) thickness Trox 100 nm

Gate length Lgate 25 nm

Density gradient quantum corrections were used to account for quantum effects because transistor sizes are on the
nanometer scale. In the mobility model, the doping dependence and velocity saturation at high fields were taken into
account. The model used in the simulation was calibrated by comparing I, — V, characteristics with experimental results
presented in [23] (Figure 3). The experimental /; — V, curve presented in [23] was normalised to the width of the channel;
therefore, to compare with the simulation results, it was recalculated for the whole transistor width.

In this work, the dependencies of the drain current Id and threshold voltage Vth on the position, L, and width, D,
along the channel of the local oxide trapped charge were considered. The dependence of the capacitance Cyg of the
gate-to-source (drain) connection on the position L was also considered. At considering the dependence on the position L,
the width of the local oxide trapped charge D is fixed and equal to 5 nm. At considering the dependence on the width, the
local oxide trapped charge is located at the drain end of the gate oxide layer and expands to the center of the oxide layer
(Figure 4). The homogeneously charged area models local oxide trapped charge in the oxide layer. Charge density in the
charged areais 1 - 10"2¢m=2 (or 4 - 10"8¢cm=3), and it corresponds to the value that can take place in MOSFETs [18].

The choice for consideration of the gate-to-source capacitance Cgg is based on the following. The main idea of
the capacitance method suggested in [20] to detect the oxide (interface) trapped charge is connected with the impact of
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Figure 2. Transfer /; — V, characteristics simulated using Figure 3. Calibration of the simulation model by compar-

thermodynamic (TD) and drift-diffusion (DD) transport ing simulated and experimental [23] I -V, characteristics
models. of the SOI FinFET transistors with Lgg:e = 25 nm and Vg
=50 mV.

the oxide or/and interface trapped charge on lateral source-channel (drain-channel) p-n-junction capacitance, Cp,_,, in
planar MOSFET. In the case of SOl FinFET, C,,_,, capacitance can not be measured directly because of the presence BOX
layer between the source and substrate. However, this capacitance is included in the capacitance of the gate-to-source
(gate-to-drain) connection (Figure 5). Therefore, changes in Cp,_, capacitance due to oxide trapped charge should be
reflected in Cg capacitance.

Goe
Lgar*
Cox ==
== p-S
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Figure 4. Cross-section of the FinFET showing local oxide

Figure 5. Cross-section of the simulated SOI FinFET with
trapped charge.

pictured capacitances between contacts.

The gate-to-source connection as well as the gate-to-drain connection contains the following capacitances connected
in series: gate oxide capacitance Cox, oxide-semiconductor interface depletion layer capacitance, Cqe p,, source-to-channel
p-n-junction capacitance, C,_,. Only in depletion mode, the depletion layer capacitance, Cq.p, significantly contributes
to C, capacitance. However, in the considered case, a transistor is in accumulation mode, because in the simulation, the
p-type source (drain) region is biased by the positive pole of the voltage source relative to the gate. Thus, establishing
the accumulation mode at the semiconductor surface, near the oxide-semiconductor interface, results in dismissing the
capacitance C4.p. Consequently, the resulting capacitance Cq can be expressed by the following formula (1):

Cpfn : Cox

Cpy = =21 2%
8 Chop + Cox

(D

here, C, is gate oxide capacitance per unit area, which does not depend on the applied voltage. Estimations show,
that Cp,_, is significantly less than Cox because width of the depletion layer of the source-to-channel (drain-to-channel)
p-n-junction is approximately 0.1 pm while gate oxide thickness 7, = 2.5 nm. Thus, in accordance with the formula
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(1) Cgs is determined mainly by C,_,, which is very sensitive to the distribution of oxide trapped charge [13], [20].
Consequently, in this work, it is simulated the dependence of the Cq, on the position of the local oxide trapped charge
along the channel.

C-V dependence of the gate-to-source (gate-to-drain) capacitance were simulated with using the small AC signal
method. Signal with frequency 1 MHz is used in simulation. The capacitance Cgy is simulated at different position of the
local oxide trapped charge along the channel.

The local charge with fixed width D=5 nm, in the oxide layer at a distance L from the source-channel border (Figure
4) impacts on the carrier distribution in the channel. Consequently, this impact should be reflected in the source-to-channel
junction capacitance and hence in the C-V dependence of the gate-to-source capacitance.

FinFET has symmetry relative the channel center, hence the gate-to-source and gate-to-drain capacitances should be
same. Therefore, in the following, mainly the gate-to-source capacitance is considered.

3. SIMULATION RESULTS AND DISCUSSIONS
3.1. Impact of the local charge on electrical characteristics

Figures 6 and 7 illustrate the simulation results regarding the dependence of drain current on the gate voltages at
different positions and the width of the local oxide trapped charge. The figures demonstrate that the local oxide trapped
charge considerable influence on the transfer /; — V, curve, especially in the region above the threshold voltage.

Figure 6b presents the simulation results depicting the dependence of the drain current above threshold voltage on
the position L of the local oxide trapped charge. The figure demonstrates that the dependence is nonmonotonic. The
drain current is maximal at the position of the local charge near the channel center. However, the dependence of the drain
current on the width D is monotonic with saturation at higher D (Figure 7b). The observed behaviors of the drain current
can be attributed to the appropriate behavior of the threshold voltage (Figure 8).
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Figure 6. (a) /5 — V,; characteristics at various position, L, of the local oxide trapped charge. (b) Dependence of the drain
current, at V=1V, V;4=0.75V, on the position, L, of the local oxide trapped charge. Point A corresponds to the case of
without oxide trapped charge.

The behavior of the drain current at the change of the position and linear size of the local oxide trapped charge is
correlated with the behavior of the threshold voltage. A decrease in the threshold voltage leads to an increase in the drain
current and vice versa; an increase in the threshold voltage leads to a decrease in the drain current. The observed changes
of threshold voltage with change of the position and width of the local oxide trapped charge can be understood in terms
of the change of the distribution of channel surface potential and the corresponding inversion layer carrier concentration
along the channel, induced by the field of the local trapped charge.

Originally, in case of absence, the local oxide trapped charge, potential distribution along the channel surface has a
bell-shape with a maximum in the middle of the channel and with approximately zero value near the metallurgical border
of the source-channel and drain-channel p-n junctions [25]-[27]. Hence, the maximal impact of the local oxide trapped
charge on potential distribution and consequently on threshold voltage, can take place at the position of the local charge in
the center of the channel. Figure 8a illustrates an appropriate relationship between threshold voltage and position of the
local oxide trapped charge.

The threshold voltage shows a monotonic dependence on the linear size of the local charge, D (Figure 8b). This
behavior of the threshold voltage is the same as the dependence of threshold voltage on the value of oxide trapped charge in
planar long-channel MOSFET [15]. Hence, determining the shift of threshold voltage allows estimating the value of oxide
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trapped charge in SOI FinFET using the method suggested in [16]. In case of a change in the slope of the subthreshold I-V
curve, it also should be accounted for in estimating the change in threshold voltage.

3.2. Impact of the local charge on gate-to-source (gate-to-drain) capacitance

Figure 9 illustrates the simulation results regarding the C-V dependence of the gate-to-source capacitance, Cgg, for
different position, L, of the local oxide trapped charge. The figure demonstrate that the capacitance Cgy, at high applied
voltages is significantly and monotonically depends on L (Figure 10). The position corresponding L=2.5 nm (point B in
Figure 10) is an exception in this dependence. This is attributed to the fact that in this position the local charged area
is in contact with the end of the oxide layer. Consequently, the edge effect is manifested, leading to a considerably high
capacitance Cgy,

The observed increase in the capacitance Cy, is linked to the impact of the local trapped charge on carrier concentration
within the channel. Indeed, Figure 11 demonstrates that trapping of the charge in the oxide layer leads to an increase in
the carrier concentration near the channel surface at all positions of the local charge. In accordance with the definition of
capacitance, this results in higher capacitance Cq,. In fact, by definition, the capacitance is defined in accordance with
formulas (2),

_doy

Cos =y 2
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where dQy is a change of the charge in the capacitor Cgy at a change in the applied voltage by dy. Trapping of

the local charge into the gate oxide layer leads to adding a charge dQ ¢ in capacitance Cyy, besides dQy Therefore, the
formula (2) can be rewritten by the following expression (3)

dQvy +d
Cos = Ov dVQLC 3)

It follows from this expression that the capture of local charge leads to an increase in the capacitance Cgg
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The charges dQv and dQ ¢ are caused by applied voltage and trapped charge, respectively, which are proportional
to the change of carrier concentration in the channel. Figure 12 illustrate dependence of the electron density in the channel
at a depth 2 nm from the surface on position of the local oxide trapped charge. This dependence correlate with dependence
of Cgy on the position of local trapped charge shown in Figure 10.
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The structure of FinFET has symmetry relative vertical axis passing through the channel center, therefore dependence
of gate-to-drain capacitance, Cgq, on position L should be the same as the dependence of Cgg on position L, but with
reversed character. It means that Cgy should decrease with increasing L. Indeed, such a character of the dependence is
seen in the dependence of Cggq on L, carried out from simulation (Figure 13). The relationship between Cgy and Cgy
dependences on the L can be used to estimate the position of the local trapped charge along the channel. For this purpose,
the dependence of the ratio Cgy/Cgq on L can be used (Figure 14).
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Figure 13. Dependence of Cgy and C,q on the position of ~ Figure 14. Dependence of the ratio Cgs/Cga on the posi-
the local oxide trapped charge, L, along the channel. tion of the local oxide trapped charge, L, along the channel.

Figure 14 demonstrates that in the case of trapping the local charge at the source side relative to the channel center,
the ratio Cgq/Cgs is less than 1. Value of the ratio Cgq/Cy is more than 1 in case of localisation the trapped charge at
drain side relative the channel center. In case of localization the trapped charge in the center between source and drain
end, the value of the ratio Cgq/Cy, is equal to 1.

4. CONCLUSIONS

Simulation results show, that the threshold voltage monotonically depends on the linear size, D, along the channel of
the charge trapped at drain end of the oxide layer. It allows to estimate integral value of trapped charge in oxide layer in
the SOI FinFET as well as in planar MOSFET.

At high applied voltages, gate-to-source capacitance, Cgg, monotonically depends on the position of the local oxide
trapped charge along channel. Cq monotonically increase with increase distance between source and center of the local
charge. Such dependence is explained by the influence of the local charge on the carrier distribution at the surface of the
channel. The position of the local charge at the end of the oxide layer is an exception in the mentioned above dependence
due to edge effect.

It is shown that the ratio Cqq/Cgs depends linearly on the position of the local oxide trapped charge along the
channel in SOI FinFET. This dependence allows to develop a method to detect the charge in oxide layer and to estimate
the distribution of the oxide trapped charge along the channel.

Acknowledgments

The authors are thankful to Prof. R. Aliev from the Andijan State University for participating in discussing the
results.

ORCID
Atabek Atamuratov, https://orcid.org/0000-0003-2173-3783; (& Ibroximjon Karimov, https://orcid.org/
0009-0002-5714-8658; () Mirzabahrom Foziljonov, https://orcid.org/0009-0005-0073-1713; (>} Azamat Abdikarimov,
https://orcid.org/0000-0003-1220-7482; () Odilbek Atamuratov, https://orcid.org/0000-0002-5010-2692; (©) Makhkam
Khalilloev, https://orcid.org/0000-0001-5497-6410

REFERENCES

[1] A.E. Atamuratov, M.M. Khalilloev, A. Abdikarimov, Z.A. Atamuratova, M. Kittler, R. Granzner, and F. Schwierz, Nanosystems:
Physics, Chemistry, Mathematics, 8(1), 75 (2017). https://doi.org/10.17586/2220-8054-2017-8-1-75-78

[2] A.E. Atamuratov, A. Abdikarimov, M. Khalilloev, Z.A. Atamuratova, R. Rahmanov, A. Garcia-Loureiro, and A. Yusupov,
Nanosystems: physics, chemistry, mathematics, 8(1), 71 (2017). https://doi.org/10.17586/2220-8054-2017-8-1-71-74

[3] A.E. Atamuratov, B.O. Jabbarova, M.M. Khalilloev, A. Yusupov, and A.G. Loureriro, in: Proceedings of the 2021 13th Spanish
Conference on Electron Devices (CDE), (Sevilla, Spain, 2021), pp. 62-64. https://doi.org/10.1109/CDE52135.2021.9455728


https://orcid.org/0000-0003-2173-3783
https://orcid.org/0009-0002-5714-8658
https://orcid.org/0009-0002-5714-8658
https://orcid.org/0009-0005-0073-1713
https://orcid.org/0000-0003-1220-7482
https://orcid.org/0000-0002-5010-2692
https://orcid.org/0000-0001-5497-6410
https://doi.org/10.17586/2220-8054-2017-8-1-75-78
https://doi.org/10.17586/2220-8054-2017-8-1-71-74
https://doi.org/10.1109/CDE52135.2021.9455728

364
EEJP. 3 (2025) Atabek Atamuratov, et al.

[4] R.P. Nelapati, and K. Sivasankaran, Microelectron. J. 76, 63 (2018). https://doi.org/10.1016/j.mejo.2018.04.015

[5] A.E. Atamuratov, M.M. Khalilloev, A. Yusupov, J. Garcia-Loureiro, J.Ch. Chedjou, and K. Kyandoghere, Appl. Sci. 10, 5327
(2020). https://doi.org/10.1016/j.cpc.2015.01.024

[6] B. Kaczer, J. Franco, P. Weckx, P.J. Roussel, V. Putcha, E. Bury, M. Simicic, et al., Microelectronics Reliability, 81, 186 (2018).
https://doi.org/10.1016/j.microrel.2017.11.022

[7] J. Martin-Martinez, S. Gerardin, E. Amat, R. Rodriguez, M. Nafria, X. Aymerich, et al., IEEE Transactions on Electron Devices,
56, 2155 (2009). https://doi.org/10.1109/TED.2009.2026206

[8] A. Jaafar, N. Soin, S.F Wan Muhamad Hatta, S.I. Salim, and Z. Zakaria, Appl. Sci. 11, 6417 (2021). https://doi.org/10.3390/
appl1146417

[9] B. Kaczer, T. Grasser, P.J. Roussel, J. Franco, R. Degraeve, and L.A. Ragnarsson, et al., in: 2010 IEEE International Reliability
Physics Symposium, (Anaheim, CA, USA, 2010), pp. 26-32. https://doi.org/10.1109/IRPS.2010.5488856

[10] M.K. Bepary, B.M. Talukder, and M.T. Rahman. Appl. Sci. 12, 4332 (2022). https://doi.org/10.3390/app12094332
[11] J. Lee, Appl. Sci. 11, 356 (2021). https://doi.org/10.3390/app11010356

[12] N. Lee, H. Kim, and B. Kang, Appl. Sci. IEEE Electron. Device. Lett. 33(2), 137 (2012). https://doi.org/10.1109/LED.2011.
2174026

[13] A.E. Atamuratov, A. Yusupov, and K. Adinaev, Inorganic Materials, 37(8), 767 (2001). https://doi.org/10.1023/A:1017918911606

[14] K.S. Ralls, W.J. Skocpol, L.D. Jackel, R.E. Howard, L.A. Fetter, R.W. Epworth, and D.M. Tennant, Physical Review Letters, 52,
228 (1984). https://doi.org/10.1103/PhysRevLett.52.228

[15] M.M. Khalilloev, B.O. Jabbarova, and A.A. Nasirov, Technical Physics Letters, 45(12), 1245 (2019). https://doi.org/10.1134/
S$1063785019120216

[16] PJ. McWhorter, and P.S. Winokur, Applied Physics Letters, 48(2), 133 (1986). https://doi.org/10.1063/1.96974
[17] E.H. Nicollian, and J.R. Brews, MOS Physics and Technology, (Wiley-Interscience, New York, 2003).

[18] L. Boyer, B. Rousset, J. Notingher, S. Agnel, and J.L. Sanchez, in: Proceedings of the 2010 IEEE Industry Applications Society
Annual Meeting, (Houston, TX, USA, 2010). pp. 1-8. https://doi.org/10.1109/1AS.2010.5614500

[19] A.E. Atamuratov, A. Yusupov, Z.A. Atamuratova, J.C. Chedjou, and K. Kyamakya, Applied Sciences, 10(21), 7935 (2020).
https://doi.org/10.3390/app10217935

[20] A.E. Atamuratov, D.U. Matrasulov, and P.K. Khabibullaev, Doklady Physics, 52(6), 322 (2007). http://doi.org/10.1134/
S$1028335807060080

[21] U.I. Erkaboev, S.A. Ruzaliev, R.G. Rakhimov, and N.A. Sayidov, East European Journal of Physics, (3), 270 (2024). https:
//doi.org/10.26565/2312-4334-2024-3-26

[22] A.E. Atamuratov, M.M. Khalilloev, A. Yusupov, J.C. Chedjou, and K. Kyandoghere, Applied Sciences (Switzerland), 10(15),
5327 (2020). https://doi.org/10.3390/app10155327

[23] V.S. Basker, T. Standaert, and H. Kawasaki, et.al., in: Proc. Symp. VLSI Technol. (Honolulu, HI, USA, 2010), pp. 19-20.
[24] A.S. Starkov, Microelectron. Reliab. 54, 33 (2014). https://doi.org/10.1016/j.microrel.2013.08.015

[25] A. Asenov, R. Balasubramaniam, A.R. Brown, and J.H. Davies, IEEE Transactions on Electron Devices, 50(3), 839 (2003).
https://doi.org/10.1109/TED.2003.808465

[26] M.G. Dadamirzaev, M.O. Kosimova, S.Boydedayev, and A.S. Makhmudov, East European Journal of Physics, (2), 372 (2024).
https://doi.org/10.26565/2312-4334-2024-2-46

[27] J.S. Abdullayev, and I[.B. Sapaev, East European Journal of Physics, (3), 344 (2024). https://doi.org/10.26565/
2312-4334-2024-3-39

BIIJINB JIOKAJIBHOTI'O 3APANY, 3AXOIIJIEHOI'O B OKCU I, HA EJIEKTPUYHI TA EMHICHI
XAPAKTEPUCTHUKMU SOI FinFET
ATabex Atamyparos?, Iopoxiv:kon Kapimos®, Mip3a6axpom ®o3imxonos®, Azamar A6aikapiMos?,
Opninoex Atamyparos®, Maxkam Xaiyuroes?
4 lepacasnuii ynisepcumem Ypeenuy imeni A6y Paiixana Bipyni, eya. X. Animoocana, 14, Ypeenu, 220100, Y3b6exucman
b Anoircarncokuii Oeporcasnuli ynigepcumem, sya. Yrieepcumemcoka, 129, Anodiscan, 170100, Y3oexucmar
Tawkenmcokuii incmumym iHdicenepie ipuzauii ma Mexanizayii ciabcbkozo 2ocnodapcmea — Hayionanvhuti 0ocaionuybkuti
ynieepcumem, eyn. K. Hiesis, 39, Tawkenm, 100000, Y3bexucman

VY wiit podOTi MOAEIIOETHCS BILIUB JIOKAJIBHOTO 3apsiLy, 3aXOIUICHOTO B OKCH]I, Ha TiepelaBalibHi XxapaktepucTuku Id-Vg Ta eMHICT Mix
3aTBOPOM i BUTOKOM (cTOoKOM) TpaH3uctopa FinFET Ha ocHOBI cTpyKTypH KpeMHito Ha i3oisaTopi (SOI). Xapakrepuctuku 1d-Vg mozemo-
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MOHOTOHHO 3pOCTA€ 31 301JIbIICHHSAM BiCTaHI MiK MEXKOI0 BUTOK-KaHaJ i IEHTPOM JIOKAIBHOTO 3apsy.
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On the basis of density functional theory, the structural, electronic, magnetic and thermoelectric properties of the d0 new quaternary
Heusler alloys RbCaYF (Y= C and N) have been analyzed by means of first-principles calculations. The results predict a stable atomic
arrangement in Y-type (III) phase with a ferromagnetic order. The two compounds were found to be half-metallic ferromagnets (HMFs)
with an integer magnetic moment of 2up for RbCaCF and 1us for RbCaNF. The ferromagnetism observed is originated from the
polarization of the p-Y orbitals with an sp-hybridization. In addition, RbCaCF and RbCaNF display large half metallic (HM) gaps of
0.879, 0.672 eV using Generalized Gradient Approximation (GGA), and 1.730, 1.934 eV with Generalized Gradient Approximation
Modified Becke and Johnson (GGA-mBJ) respectively demonstrating stable half metallic features. Besides, thermoelectric properties
were computed over a wide range of temperatures. The two Heusler alloys exhibit high values of electric conductivity and figure of
merit especially at high temperatures. RbCaCF and RbCaNF d0 Heusler alloys present high spin polarization, robust half-metallicity
and high thermoelectric coefficients, which makes them good candidates for spintronic and thermoelectric applications leading to
promising enhancements for embedded systems in telecommunications.

Keywords: Half-metallic;, d0 Heusler Alloys; Embedded systems; Thermoelectric Properties; Telecommunications; Wien2k

PACS: 71.20.Be; 75.50.Cc; 07.07.Df; 73.50.Lw; 42.79.Sz; 71.20.-b

1. INTRODUCTION

Human activities such as automotive exhaust and industrial processes, along with the emission of CO,, contribute
significantly to adverse climate changes. Thermoelectric (TE) materials are crucial in global efforts toward sustainable
energy solutions. They are being studied not only for their ability to convert waste thermal energy directly into useful
electrical energy but also for their potential to efficiently mitigate environmental pollution.

In recent years, Heusler alloys have emerged as key materials in spintronic devices [1] due to their high Curie
temperature and 100% spin polarization at the Fermi level [2-4]. They have shown promising advancement in spintronic
applications, offering strong spin transport properties and enabling efficient spin currents manipulation. The greater part of
predicted half-metallic ferromagnets (HMFs) [5, 6] are found among Heusler compounds, particularly ternary X2YZ
materials that crystallize in the L21 structure [7, 8], where X and Y represent transition metals and Z denotes a main s-p
group element. Nevertheless, in some ternary Heusler compounds, disordering effects often compromise their half-metallic
nature and impact the magneto-resistance ratio [9, 10]. In response to this challenge, recent research has focused on exploring
quaternary Heusler alloys to reduce these limitations. The new alloys can be obtained by replacing one of the X atoms in
X2YZ with another atom X', crystallizing in the LiMgPdSn-type crystal structure [11, 12] withF-43m symmetry [13]. In
these compounds, the valence of X’ is lower than that of X, and the valence of Y is lower than that of both X and X’.

Over the past few decades, quaternary Heusler alloys have garnered significant attention for their low toxicity and
unique properties, including half-metallic ferromagnetism (HMF) and high thermoelectric performance. These
characteristics placed them as promising materials for applications in spintronics and thermo-electrics devices. Many
scientists have concentrated on confirming the half magnetic characteristics in quaternary Heusler alloys that include
magnetic transition-metal elements, such as quaternary Heusler ferromagnets CoFeYGe (Y=Cr and Ti) [14], CoFeScZ
(Z=P, As, Sb) [15], CoFeCrZ (Z = Al, Si, Ga and Ge) [16]and VZrReZ (Z= Si, Ge and Sn) [17]. Additionally, Ozdogan
et al. theoretically investigated 60 quaternary Heusler alloys, finding that 41 of them exhibited half-metallic properties.
In today's spintronic research, there is rising attention in materials with high spin polarization at Fermi energy, promising
enhanced magneto-resistance and reduced signal-to-noise ratios in devices. The current trend is to explore new types of
half-metallic (HM) compounds, specifically dO or sp HM compounds, which do not include transition metal elements.
Compared with the traditional (HMF) quaternary Heusler materials containing transition metal elements that often exhibit
large stray magnetic fields, d0 materials are more practical for real-world applications due to their smaller magnetic
moments especially in embedded systems in telecommunication applications. Many d0 quaternary Heusler compounds
have been predicted, including those studied by Bouabga et al [19] who examined the structural, electronic, magnetic,
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and thermal properties of the new quaternary Heusler alloys CsSrCZ (with Z = Si, Ge, Sn, P, As, and Sb), Du et al [20, 21]
investigated the electronic structures and magnetic properties of quaternary alloys KCaCZ (Z=F and Cl) and KCaNZ
(Z=0, S, and Se) where, all the compounds were found to be HM ferromagnetic materials. Rezaei et al [22] studied
RbCaNZ (Z =0, S, and Se) quaternary Heusler compounds. These materials exhibit many interesting features, such as a
rather large HM gap and a high Curie temperature, and are robust to the change of the lattice parameter. Moreover, d0
Heusler materials have excellent thermoelectric (TE) properties [23, 24], since they convert efficiently waste heat into
electricity, offering benefits such as cost-effectiveness, abundance in nature, and environmental friendliness by avoiding
toxic elements.

Nevertheless, to the best of our knowledge, up to now, there is no work on RbCaYF (Y= C and N) compounds on
the basis of quaternary Heusler structure that has been done and reported. This is why, in this article, quaternary Heusler
compounds RbCaYF (Y= C and N) were predicted by means of density functional calculations. We investigated the
structural, electronic, magnetic and thermoelectric properties of the two Heusler alloys to verify the possibility of their
application in the fabrication of embedded systems for telecommunication engineering. The organization of this work is
as follows: Section 1 provides an overview of previous studies on d0 quaternary Heusler alloys. Section 2 offers a brief
description of the crystal structure and computational methods used. Section 3 presents the results and their
interpretations. Finally, Section 4 summarizes the key findings of the study.

2. COMPUTATIONAL DETAILS

The full potential linearized augmented plane-wave (FP-LAPW) [25, 26] method of density functional theory (DFT),
as implemented in WIEN2k code [27] was employed to study the different properties of the new quaternary Heusler alloys
RbCaYF (Y = C and N). The exchange and correlation potential were treated using generalized gradient approximation
within the parameterization of Perdew—Burke— Ernzerhof (GGA-PBE) [28, 29] and generalized gradient approximation
plus Modified Becke and Johnson (GGA-mBJ) [30, 31]. The muffin-tin sphere radii (RMT) were chosen equal to 2 (a.u)
for Rb, Ca, Y = (C and N), and F. The plane wave cut-off (K max) was chosen as 8.0/RMT for the expansion of the wave
functions in the interstitial region. The choice of this value is due to the fact that it is usually sufficient to converge the
total energy to few meV. The Fourier-expanded charge density was truncated at Gmax=12 (a.u)! to allow a correct
convergence of charge density and to keep a reasonable time of calculation. To achieve self-consistency, a k -points in
the irreducible wedge of the Brillouin zone generated from a 14 x 14 x 14 mesh which permit to well describe electronic
properties. The cut-off energy was limited by -6 Ry value, which defines the separation of valence and core states, this
value is the threshold energy below which states are considered core (deep core) and do not participate in chemical bonds.
The energy convergence criterion was set to 10° Ry per formula unit and the criterion for charge convergence was 10~
electrons during self-consistency cycles. These values are used to stop iterations since the system is considered as
convergent with great precision.

The thermoelectric properties are calculated with the BoltzTrap code [32], using 120000 k points.

3. RESULTS AND DISCUSSIONS
3.1. Structural properties
The quaternary Heusler compounds are adopted in LiMgPdSn-type crystal structure designated as Y (space group
216). There are three possible different types of atom arrangement in the quaternary Heusler compound XX’YZ: Y-
type(I): X (0, 0, 0), X” (0.25, 0.25, 0.25), Y (0.5, 0.5, 0.5), and Z (0.75, 0.75, 0.75); Y-type(Il): X (0.25, 0.25, 0.25), X’
(0,0,0),Y(0.5,0.5,0.5), and Z (0.75, 0.75,0.75); Y-type(Il]): X (0.25, 0.25, 0.25), X’ (0.75, 0.75, 0.75), Y (0, 0, 0), and
Z (0.5, 0.5, 0.5). The crystal structures are shown in Fig. 01.

() (b) (©)

Figure 1. Visualization of unit cell structure of the RbCaYF (Y = C and N) compounds for (a) Y-type(I) (b) Y-type(Il) and (c) Y-
type(I1l) structures using VESTA package

In other to verify the structural and magnetic ground states of the three configurations, the total energies of the non-
magnetic (NM) and ferromagnetic (FM) states as a function of the volume were calculated and fitted to the Birch-
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Murnaghan’s equation of state [33]. The obtained curves are shown in Figures 2 and 3. The results show that Y-type (I1I)
phase is the most favorable structure for both RbCaCF and RbCaNF due to the lowest total energies of equilibrium states.
Additionally, the two compounds have the lowest energy in the ferromagnetic state (FM), which indicates that RbCaCF
and RbCaNF compounds are most stable in the ferromagnetic state (FM) with the LiMgPdSn-type (IIT). The energy
differences make obvious the significant FM coupling under normal conditions.
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Figure 2. Total energy as a function of unit cell volume for the RbCaCF (a) and RbCaNF (b) compounds in the type-I, type-II,
and type-III structures
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Figure 3. Total energy as a function of unit cell volume in the type-III structures for non-ferromagnetic and ferromagnetic
structure for the RbCaCF (a) and RbCaNF (b) compounds

In Table 1, we report our calculated equilibrium lattice constant @0, along with bulk modulus B, derivative of bulk
modulus B’ and the total energies Etot in their different structural and magnetic configurations. As we can see, the
obtained equilibrium lattice constant increases with the increase of the atomic radius of anion: 6.49 and 6.74 A, for
RbCaNF and RbCaCF respectively. Moreover, the highest calculated bulk moduli for RbCaYF (Y = C and N) compounds
in FM- Y-type (III) configuration confirm the stability of this structure.

Table 1. The calculated bulk parameters, including lattice parameter ao (A), bulk modulus B (GPa), derivative of bulk modulus B’, and
the total energies Etot (in Ry) per formula unit, of RbCaYF (Y = C and N) compounds in Y-type(I), Y-type(Il) and Y-type(I1l) structures

Alloy Structure Phase ao(A) B(GPa) B Eot(Ry)
Y-type(l) FM 6.76 31.36 4.78 -7599.471666
Y-type(Il) FM 6.67 28.06 549 -7599.428816
RbCaCF Y-type(tIl) FM 6.74 36.09 427 7599.645574
yp NM 6.69 3832 423 7599.605348
Y-type(l) FM 6.51 44.53 510 7632.951160
Y-type(Il) FM 6.52 42.43 4.97 -7632.910680
RbCaNF Y-type(lIl) FM 6.49 49.14 4.52 7633.151506
-type NM 6.48 50.20 4.47 7633.138173

3.2. Electronic properties
Using GGA and GGA-mBJ approximations, the spin-polarized electronic band structures of RbCaCF and RbCaNF
for both spin-up and spin-down with equilibrium lattice parameters considered in the high symmetry directions of the
first Brillouin zone are calculated and shown in Fig. 4 and 5, the Fermi level is set to 0 eV. We can see clearly, that the



368
EEJP. 3 (2025) Kheira Bahnes, et al.

spin-up electronic bands exhibit a semiconducting behavior with an indirect band gap where the top of the valence bands
is at X point and the bottom of conduction bands is at I" point. The spin down energy bands have an overlap with the
Fermi level and show a metallic characteristic. The two approaches give a similar band structure form with a difference
in the gap value. The results obtained, illustrate that the two Heusler alloys are d0 half-metallic ferromagnetic materials
with 100% spin polarization and the spin-specific carriers should be sufficiently mobile.
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Figure 4. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF (b)by using PBE-
GGA. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates the
Fermi energy (Er)

The predicted half-metallic gaps Euw are listed in Table 2. This gap is known to be essential to describe the stability
of magnetism of a half-metal [34]. RbCaCF and RbCaNF display large half metallic gaps of 0.879, 0.672 eV using GGA,
and 1.730, 1.934 eV with GGA-mBJ respectively illustrating stable half metallic features. Unfortunately, no experimental
or theoretical data for the investigated compounds are available for eventual comparison. The calculated density of states
(DOS) and partial density of states (PDOS) of RbCaCF and RbCaNF using GGA and GGA-mBJ approximations are
shown in Fig. 6 and 7. In order to understand the contribution of each orbital in these atoms we have plotted the angular
momentum decomposition of partial density of states. The two compounds have a similar structure. The DOS confirm
that majority spin states show semiconducting nature and minority spin states are metallic demonstrating 100% spin
polarization at the Fermi level, which is in a good agreement with the band structure calculations. For RbCaCF, and using
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GGA the lowest structure extended from -5 eV to -4.5 eV originates mainly from F-p states. The second region from -
2eV to 1eV is due to C-p states with a little contribution of Ca-d states.
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Figure 5. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF(b) by using PBE-
GGA-mBJ. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates

the Fermi energy (Er)
Table 2. The virtual semiconducting gap Eg (eV), the half-metallic gap Ey, (eV) in quaternary Heusler compounds RbCaYF (Y= C
and N)
Alloy Approximations VBM CBM E, Eym
RbCaCF GGA -0.879 1.814 2.693 0.879
RbCaCF GGA-Mbj -2.351 1.730 4.081 1.730
RbCaNF GGA -0.672 1.966 2.639 0.672
RbCaNF GGA-Mbj -1.934 2.800 4.734 1.934

Hence, the spin polarization is mainly attributed to the contribution of p-d hybridization between C and Ca atoms.
The structure from the conduction band minima and above presents a large contribution from Ca-d states. For RbCaNF,
the same trend is observed. To realize more realistic electronic density of states, and to overcome the well-known
deficiency of DFT regarding energy gap underestimation with GGA functional, and to obtain the exact energy gaps, we
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employ the GGA-mBJ as exchange correlation potential and recalculate the spin polarization band structures. The
bandgap values computed according to GGA-PBE and GGA-mBJ are listed in Table 02. The major difference observed
between GGA-PBE and GGA-mBJ calculations is that the GGA-PBE has underestimated the band gap. By using
GGA-mBJ functional corrections, we can see clearly that F-p and C-p states in spin up channels, are shifted downwards
Valence Band Maximum (VBM) (from -0.879 eV with GGA to -2.351 eV with GGA-mBJ for RbCaCF and
from -0.672 eV with GGA to -1.934 eV with GGA-mBJ for RbCaNF) since GGA-mBJ produces better band splitting.
The conduction band still predominantly composed from Rb-d and Ca-d states.
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3.3. Magnetic properties

The calculated magnetic moments of Rb, Ca, Y =(C and N), and F along with total and interstitial magnetic moments
are reported in table 3. So, the total magnetic moments i, of RbCaCF and RbCaNF compounds are integer with 2pg and
1ug values respectively. The integer total magnetic moment is a characteristic of (HMFs). We can easily explain these
values from the electronic configurations of the two compounds. There are 14 (15) valence electrons in RbCaCF and
RbCaNF respectively: (Rb: 5s!, Ca: 4s%, N: 2s%, 2p3, F: 2s?, 2p° and C: 2s2, 2p?) which contribute to the magnetism and
bond formation. So, 4 valence electrons occupy the F-2s states in the lowest energy states. 6 of the remaining 10 (11)
valence electrons occupy the majority spin p states, which results in the 6 fully filled majority spin bands. The remaining
4 (5) valence electrons partially occupy the 6 lowest minority spin bands. The 2 (1) holes remaining are responsible for
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the magnetic moments of 2ug and 1ug, respectively. In addition, the total magnetic moment of RbCaYF (Y = C and N)
contains five contributions: Rb atom, Ca atom, F atom, Y atom and the interstitial region. We can see clearly from Table 3,
that the magnetic moments of the two compounds originate mainly from the p electrons of C and N atoms. The magnetic
moment of the Y atom is parallel to that of Rb atom which confirms the ferromagnetism of the 2 full Heuslers. Since the
total magnetic moments are integer, they verify the Slater-Pauling rule which is described by the following formula:
Urot = 12-Nv; where pro means the total spin magnetic moment and Nv is the total number of valence electrons per
unit-cell. The RbCaYF (Y = C and N) compounds have 10 and 11 valence electrons respectively, so the calculated Lot
for the two compounds satisfy the formula cited above.

Table 3. The calculated atomic magnetic moments M (ug) for the RbCaYF(Y=C and N) alloys

Alloy Mot MRrb Mca My Mr Mint
RbCaCF 2.00 0.048 0.047 1.169 0.039 0.699
RbCaNF 1.00 0.016 -0.004 0.794 0.009 0.184

3.4. Thermoelectric properties

Continuing research focuses on finding new Heusler structures and compositions with enhanced thermoelectric
performance, by exploring different combinations of X, Y, and Z elements, in addition to examining the effects of several
synthesis and processing techniques. Thermoelectric Efficiency is classically measured by the dimensionless figure of
merit ZT, which is given by the formula: ZT=S?cT/k where S is the Seebeck coefficient (thermo-power), ¢ is the electrical
conductivity, T is the absolute temperature, and £ is the thermal conductivity. Heusler alloys can exhibit high Seebeck
coefficients depending on their composition and the temperature range. A high Seebeck coefficient is attractive for
efficient thermoelectric materials as it indicates a large voltage for a given temperature difference. Since quaternary
Heusler materials are regarded as the alternate sources of energy because of their aptitude to convert waste heat into
electricity and are used for power generation as they are abundant in nature, and principally environmentally friendly, we
report in this study and for the first time, Seebeck coefficient: S, electrical conductivity: /1, thermal conductivity: &/t and
figure of merit ZT of the new dO quaternary Heusler compounds RbCaYF (Y= C and N) using BoltzTrap code. The
different parameters are presented on Figures 8 (a), (b), (¢) and (d).
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Figure 8. The variation of total electrical conductivity o/t (a), total thermal conductivity k/t (b), total Seebeck coefficient S (c)
and figure of merit ZT (d) as a function of temperature for RbCaYF (Y= C and N) compounds

The temperature variation of electrical conductivity o/t is reported in Fig. 8 (a). We observe that the electrical
conductivity of the two compounds is nearly zero at room temperature but increases exponentially with increasing
temperature, at 1000 K it attains 4.24x10' /Qms and 102.56x10'* /Qms for RbCaCF and RbCaNF, respectively, so
RbCaNF shows high electric conductivity comparing to RbCaNF which is consistent with the band structure
investigations. In Fig. 8(b), we present the variation of total thermal conductivity 4/t with temperature. It is obvious
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that k/t plots follow a similar trend as those of electrical conductivity o/t. The &/t values show a negligible variation up
to 750 k and increases at higher temperatures. It reaches 5.65x10'°/WK?ms and 77.31x10'°/WK?ms for RbCaCF and
RbCaNF, respectively. Figure 8 (c) displays the variation of Seebeck coefficient with the temperature. As we can see, the
Seebeck coefficient RbCaYF (Y= C and N) of the two Heusler compounds is positive for the entire temperature range
which explains that the holes are dominant charge carriers, therefore RbCaYF are p-type materials essential in
thermoelectric applications, such as power generation from waste heat and energy-efficient cooling devices. S decreases
exponentially with increasing temperature. The values of Seebeck coefficient are 1150 uV/K and 862 pV/K for RbCaCF
and RbCaNF at 1000 K respectively. Finally, we calculated the figure of merit ZT which is an essential parameter for
assessing the efficiency of thermoelectric materials and devices. High ZT value indicates a more efficient thermoelectric
material. A figure of merit ZT equal to 1 signifies that a thermoelectric material has achieved equilibrium between
electrical conductivity, Seebeck coefficient, and thermal conductivity [35]. The variation of ZT with temperature for the
two Heuslers alloys, is shown on Fig. 8(d), ZT decreases slightly in the large temperature range 200-1000 K, it stills close
to the unity for the two compounds. These results suggest the excellent thermoelectric performance of these two dO
Heuslers alloys signifying that they could be promising materials for applications in thermoelectric technologies in
particular at high temperatures for example in industrial processes or power plants, so these materials can convert excess
heat into electrical power which improves efficiency with reducing energy waste or in space Exploration, they can be
very benefit, where they power spacecrafts and rovers.

4. CONCLUSION

To summarize, the structural, electronic magnetic and thermoelectric properties of new d0 quaternary Heuslers
compounds RbCaYF (Y = C and N) are predicted using full-potential linearized augmented plane wave (FP-LAPW)
method of density functional theory (DFT) within the generalized gradient approximation (GGA) and generalized gradient
approximation plus Modified Becke and Johnson (GGA-mBJ). The stable type Y-type (III) configuration structure in the
ferromagnetic state (FM) was energetically more favorable due to the lowest total energies of equilibrium states. The two
systems are predicted to be HM ferromagnets with a large half metallic gap of 0.879, 0.672 eV using GGA, and 1.730,
1.934 eV with mBJ for RbCaCF and RbCaNF respectively. The use of the modified Becke—Johnson exchange potential
approximation (GGA-mBJ) improves the results found by the standard-GGA since it gives an apparent picture of the
electronic structure at the Fermi level. The total magnetic moments pi; of RbCaCF and RbCaNF compounds are integer
with 2ug and 1pg values respectively. The origin of ferromagnetism is the polarization of the p-orbitals of N and C atoms
with an sp-hybridization. Additionally, the transport properties of the two compounds predict that the two compounds
may perform well particularly at high temperatures. These materials exhibit high values of electric conductivity and figure
of merit at 1000K where their application becomes particularly interesting nevertheless, further investigations are required
to minimize thermal conductivity and enhance Seebeck coefficient at high temperatures. RbCaCF and RbCaNF d0
Heusler alloys present high spin polarization, robust half-metallicity and high thermoelectric coefficients which makes
them good candidates for spintronic and thermoelectric applications. In addition, our Heusler alloys have significant
potential for enhancing embedded systems used in telecommunications through their use in spintronics, magnetic sensors,
magnetoresistive devices and high-frequency applications. A good number of the investigated properties are reported for
the first time and are opened for experimental verification.
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MATHITHI TA TEPMOEJIEKTPHUYHI BJACTHBOCTI CILTABIB I'EMCJIEPA RbCaYF(Y = C Ta N):
HNEPCIHEKTUBHI KAHAUJATH AJI5s1 BEBYJOBAHUX CUCTEM ¥ TEJJEKOMYHIKALIAX
Xeiipa Banec*P, Cauixa Pesiuni®, Amenn A66an®?, Biccam Bencraani®?, Hypenuin Caini*?, Omap Beaap6i®P
4Jlabopamopis mexuonoeiti ma enacmugocmeti mgepoux min, Daxyivmem HAYK i mexHono2iu, Yuigepcumem Ab6oenvxamioa Ion
baoica, Mocmazanem, Anorcup

b®daxynemem nayx i mexmonoziti, BP227, Yunieepcumem A6oenvxamioa 16n Badica, Mocmazanem (27000), Ansicup
Ha ocHoBi Teopii ¢yHKIIIOHaTY TyCTHHH OYJIO IIPOAHATI30BaHO CTPYKTYPHI, SICKTPOHHI, MarHiTHI Ta TEPMOEIIEKTPUYHI BIACTHBOCTI
HOBHX 4eTBepTHHHUX ciutaBiB ['eiiciepa d0 RbCaYF (Y = C Ta N) 3a 7omomMororo po3paxyHKiB 3 HepIINX NPUHIMIIB. Pe3ynsTatn
nependavaroTh cTabinbHe po3rainyBanHs aToMiB y ¢asi Y-tumy (IIT) 3 pepomaruitaum nopsiakom. Byio BusiBIIeHO, 1110 JBi CIIOIYKH €
HaniBMertaneBumu ¢epomarHeriukamu (HMF) 3 ninouncensanm marHiTHUM MomeHTOM 2 ps Juisi RbCaCF Tta 1 pup mins RbCaNF.
CnocrepexyBaHuil pepoMarHeTH3M IMOXOAUTH BiJ] Hosipu3anii p-Y opbitainei 3 sp2-ribpuanzaniero. Kpim roro, RbCaCF ta RbCaNF
JIEeMOHCTPYIOTh Benuki HamiBmetaneBi (HM) mimmau 0,879, 0,672 eB 3a 1omomMoror y3araibHEHOTO Tpali€HTHOTO HAOIIDKEHHS
(GGA) Ta 1,730, 1,934 ¢B BiamoBiaHo 3a AOMOMOrOI0 y3araJlbHEHOI0 TPpafi€eHTHOTO HaOImKeHHs MoaudikoBaHoro Merony bekke-
Jxoncona (GGA-mBJ), neMoHcTpyIoun cTabibHI HalliBMETaIeBi XapakTepucTHKU. KpiM TOro, TepMoeneKTpHYHi BIaCTHBOCTI Oyin
po3paxoBaHi B IIUPOKOMY Aiamna3oHi Temreparyp. J[Ba cruiaBu ['eiiciepa JeMOHCTPYIOTh BUCOKI 3HAQUSHHS €JIEKTPOIPOBIIHOCTI Ta
KoedimieHTa sKOCTi, 0coOnmBO 3a BHcOkHX Temmeparyp. CruaBu ['eiicnepa RbCaCF ta RbCaNF d0 maroTe BHCOKY CHiHOBY
MOJISIPU3ALII0, CTIMKY HaliBMETaJeBICTh Ta BHCOKI TEPMOENCKTpUYHI KoedillieHTH, M0 POOHTh 1X XOPOLIMMH KaHIMAATaMH IJIs
CIIHTPOHIKM Ta TEPMOEIEKTPHYHUX 3aCTOCYBaHb, L0 HMPU3BOAUTH N0 0araTooOILSMIOUUX yIOCKOHAJeHb BOYJOBAaHUX CHCTEM Yy
TEJICKOMYHIKaIisIX.
KonrouoBi cioBa: unanismeman; d0 cnaasu Ieiiciepa; 606yo0oeani cucmemu; mepmoeneKmpuyti 81acmueocmi; meniekoOMyHiKayii;
WienZ2k
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The diffusion profile of the RuOz into silicate glass and the electrical resistance distribution across diffusion layer have been studied
by beveled sample method and energy dispersion spectroscopy. The distribution of content of Ru atoms in the diffusion layer is
described by the erfc(x) what means that the diffusion coefficient is independent of the content of Ru atoms. The correlation of the
distribution of Ru atom content and the resistance distribution in the diffusion layer showed that it is the diffusion doping of glass that
is responsible for the conductivity of thick-film resistors. Thickness of the diffusion layer is more than 100 pm while average distance
between RuO: particles is about 0.5-2 pum. It means that all volume of the thick-film resistor comes conductive in firing process at
850°C in 10 minutes.

Keywords: Beveled sample; Diffusion layer; Diffusion coefficient; Resistance distribution, Diffusion profile

PACS: 72.80.Ng

INTRODUCTION

The conduction mechanism of thick film resistors has been the subject of research for more than 50 years [1-15].
The main efforts of researchers were aimed at explaining the mysterious minimum in the temperature dependence of
resistance. Variable range hopping (Mott mechanism), percolation, tunneling through a thin layer of glass between
crystalline dopant particles (conducting phase, mainly RuO, or ruthenates) and combinations of these mechanisms have
been proposed. All these proposals are based on the structure of thick-film resistors observed in an electron microscope
and X-ray diffraction patterns, in which crystalline particles of the conducting phase are distributed almost uniformly in
a glass matrix. Unfortunately, all these proposals could not explain experimentally observed temperature dependence of
resistance, including “metallic” conductivity [13-15].

The maximums of resistance and Seebeck coefficient of thick-film resistors at a temperature of about 1000 K [16]
have not attracted researchers.

In [17, 18], based on a set of experimental data, another conductivity mechanism for thick-film resistors was
proposed, suggesting 1) the existence of nanocrystals in the glass itself; 2) structural transitions in nanocrystals at high
temperatures; 3) diffusion of atoms of the conducting phase into the glass during sintering and the formation of an impurity
zone near the top of the valence band of the glass; 4) the conductivity of a thick-film resistor is the sum of activation
conductivity along the impurity band and hopping conductivity across nanocrystals. This mechanism made it possible to
qualitatively explain the temperature dependence of the conductivity of thick-film resistors in the temperature range from
liquid helium to 1100 K.

However, the assumption about the correlation between the diffusion of atoms of the conducting phase into glass
and the conductivity of the glass itself has not been confirmed experimentally.

The aim of this article is to experimentally confirm the correlation of the diffusion of atoms into glass and the
electrical conductivity of the glass itself.

EXPERIMENTAL METHOD
Sample of glass for experiments has a composition (mass %) SiO» — 33; PbO — 67 and was boiled at a temperature
1773 K for 1 hour and cast into a steel mold with dimensions 20x4x4 mm. Cooled glass sample was annealed at 723 K for
3 hours with cooling in a switched off furnace. The opposite wide faces of the sample were grinded parallel to each other
and polished to mirror finish. A layer of RuO, from an aqueous suspension (1 mass %) was deposited on one of the wide
faces of the glass prism for 1 min and dried at 423 K for 1 hour. RuO, diffusion into glass was carried out at 923 K for 5
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hours (Fig. 1a). This low diffusion temperature was chosen to avoid softening the glass and changing the shape of the sample.
After diffusion, the sample was polished at an angle of 0.5 degrees to the glass surface (beveled sample, Fig. 1b).

At small polishing angles about 0.5° of a beveled sample, the distance x deep into the diffusion layer is related to
the distance / along the surface of the sample as x =/tg ¢ = I'p = [-¢-1/180° = [-0.5°/57.3° = [/115, i.e. the diffusion length
appears to be increased by approximately 115 times, and a displacement of 0.5 mm along the / axis (Fig. 15) corresponds
to a displacement along the x axis of 4.4 um. This makes it possible to correlate the measured resistance distribution R(/)
along the glass surface to the resistance distribution R(x) deep into the diffusion layer and compare the profiles of the
distribution of atoms in the diffusion layer with the resistance distribution there.

RuQ, layer RuQ, layer

Interface ;b P/

Diffusion zone '

X X Diffusion zone

Interface
—

Glass

a b
Figure 1. Sample of the glass after diffusion (a) and the beveled sample ()

The distribution of Ru atoms along and across the glass surface was measured on a JEOL JSM-IT200 scanning
electron microscope with energy dispersive spectrometer (Uzbek-Japanese Innovation Center of Youth, TSTU, Tashkent,
Uzbekistan). The resistance R; distribution along the sample surface (Fig. 2) was measured using a simple-probe
(spreading resistance probe — SRP) method [19, 20] with a digital multimeter Rigol DM3058E. The radius « of the tip of
the tungsten carbide probe was about 50 um. The resistivity p of the diffusion layer was calculated from the measured
resistance Rs as p =4aR, [19, 20].

o —

Diffusion zone

Glass

Figure 2. Simple-probe method.
1 — mobile probe, Q - ohmmeter (multimeter). Noise of the energy dispersive spectra was filtered by Fourier and inverse Fourier
transform in Wolfram Mathematica 13 program, which also used to design all graphs

RESULTS AND DISCUSSION
Two types of experiments were carried out to determine the diffusion profile of Ru atoms into glass. In the first
experiment, the diffusion profile was measured across the interface between the RuO, layer and the glass surface (Fig. 3).

5 Mmm 200 um

a b

Figure 3. The sample of the glass in the SEM chamber (a) and the scanning line (b): 1 — sample holder; 2 — glass sample; 3 — two-
sided conductive scotch tape. The scanning line in the Fig. 35 is perpendicular to the plane of Fig. 3a (along the x-axes in Fig. 2)
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The sample of the glass after diffusion is shown in Fig. 3a in the SEM chamber and the scanning line for EDS
analysis is in Fig. 3b. This experiment is basic for comparison with the profile, obtained in the second experiment — along
the glass surface in beveled sample. Such a comparison is necessary due to the fact that it is impossible to measure the
resistance distribution in a diffusion layer with a thickness of units and tens of micrometers, and to obtain this distribution
we are forced to use a beveled sample.

The original distribution of the EDS spectra of components in the diffusion layer (across the interface between the
RuO; layer and the glass surface, line 001 in the Fig. 3b) are shown in the Fig. 4. Note that the number of counts (intensity)
in Fig. 4 and below is proportional to the concentration of the corresponding atoms (oxygen, silicon, lead and ruthenium).

v
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|
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%3
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0.000 0.500 1.000 1.500
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Figure 4. The original EDS spectra of the sample components along the line 001 in the Fig. 3b

The total content of components in the diffusion layer is given in the Table. The content of SiO, and PbO oxides,
recalculated from these data, corresponds to the initial composition of the glass, while the RuO; content is about 4 wt. %.
Last fact contradicts to conclusion [21, 22], that solvability of RuQ; in a silicate glass is less 10 atomic %, and conforms
results of Abdurakhmanov [23], Flachbart et al. [24].

Table. The total content of the sample components from EDS analyses

Element Line Mass% Atom%
(0) K 44.38+0.15 82.47+0.28
Si K 10.05+0.06 10.64+0.06
Ru L 2.36+0.09 0.69+0.03
Pb M 43.20+0.21 6.20+0.03
Total 100 100
Line 001 wholespectrum Fitting ratio 0.2875

Apparently, the conclusion about the weak solubility of ruthenium dioxide in silicate glass arose from studies of the
solubility of metallic ruthenium in various silicate melts, including those used for nuclear waste disposal [25-27]. Indeed,
pure metals are poorly soluble in silicate melts, but the solubility of oxides of the same metals can be tens of wt. %. For
example, the solubility of metallic lead in a silicate melt is hundredths of a percent, while PbO with SiO, forms
homogeneous glass with a PbO content of up to 90 wt. %. The glass we study in this article contains 67 wt. % PbO

EDS spectrum of Ru with very intensive noise (Fig. 4) after filtration is shown in Fig. 5. The wide double maximum
at 0,25 mm < x < 0,55 mm corresponds to the RuO, layer (see Fig. 3b). Distribution of the Ru atoms in diffusion layer,
described as /(x) = 10 + 320 erfc(1.8 x), indicates that the diffusion coefficient is constant (does not depend on the
concentration of ruthenium atoms at the point in question).

I, counts
501 %
wf i

nf }
10F J::; \~“‘— T L .
J g

Figure 5. Filtered EDS spectrum of Ru across the diffusion layer (see Fig. 4).
The dotted line is the approximation by the function 10 + 320 erfc(1.8 x)

X, mm

It is also seen that the diffusion length in the glass (about 0.335 mm) under diffusion conditions (873 K, 5 h)
significantly exceeds the thickness of the glass layer (about 25 pum) and the diameter of the glass powder particles
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(0.1-0.2 pm) in thick-film resistors. Standard firing duration of the thick-film resistors at peak temperature is zs = 10 min, so
diffusion length s will be shorter: 4 = 0.335,/75/7 = 0.06 mm. This once again confirms the conclusion of our previous
studies [23, 30] that during sintering the entire volume of glass is doped almost uniformly and becomes conductive.

In the second experiment, the distributions of the concentration of ruthenium atoms /(/) and the spreading resistance
R(]) along the beveled sample were measured (Fig. 15 and Fig. 6). Since the length of the beveled sample is more than
15 mm, and the maximal electronic scanning zone in the SEM is 3 mm, the total EMF was compiled by stitching together
5 separate spectra (Fig. 6). This spectrum has been filtered by Fourier transform as well (Fig. 7).

1, counts X, pm
0 44 83 132
T

200[

150

!, counts

100

50

' f, mm

I, mm

Figure 6. The original EDS spectrum of the Ru along the diffusion  Figure 7. The filtered EDS spectrum of the Ru along the

layer, stitched from 5 separate scan sections diffusion layer. The dotted line —function 5 + 1600
erfc(0.195 /). The meaning of the lower and upper scales, see
Fig. 16

One can estimate the diffusion coefficient D(873 K) from the data in Fig. 7, keeping in the mind that erfc(0) = 1 and
erfc(1) = 0.1559. The initial intensity of the EDS spectra Iy = I(x = 0.53) = 55 counts, therefore the intensity
Ip-erfe(1) =55-0.1559 = 8.57 is achieved at the point x = 1.2 — 0.53 = 0.67 mm. Taking into account the fact that the
argument of the function erfc(z) is equal to z = x/2l;, we have Iy = x/2 = 0.335 mm. Then D(873K) =13/t ~
(3.35-107%)2/18000 = 6.2 - 10~12 m?/s, which is in good agreement with data on diffusion in oxide glasses [28, 29].

The rescaled distribution of the Ru atoms in Fig. 7, described as 5 + 1600 erfc(0.195 /), agrees well with the similar
distribution in Fig. 5. The double maximum at 0,25 mm < x < 0,55 mm corresponds to unpolished layer of RuO, (see
above on Fig. 5). This confirms the possibility of using a beveled sample to establish a correlation between the
concentration of ruthenium atoms and the resistivity distribution in the diffusion layer.

Distribution of resistivity in the diffusion layer
Distribution of spread resistance Ry(/) and resistivity p(/) along beveled sample is shown in Fig. 8. This distribution
consists of two parts: 1) a linear part at x < 5 mm, corresponding to the unpolished RuO, layer on the glass; 2) nonlinear
part at x > 4 mm, described by the function Rg(1) = 0.9 + 0.1851/((1 — 0.065 l)erfc(0.023 1)).
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Figure 8. The spread resistance Rs and resistivity p distribution along (lower scale) and across (upper scale) the diffusion layer
(Fig. 2). The dotted line is the function Rs(/)=0.0011+0.551/, the solid line is the function Rg¢(l) =0.9 +
0.1851/((1 — 0.065 l)erfc(0.023 I)). See text for explanations of these functions

We are not interested in the linear part of R(/) in the context of this article, and let us consider its second part in more
detail. The nonlinear function R(/) above may be expressed as
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Rs(1) = 0.9 + 0.1851(1 — 0.065)~* /erfc(1/VD7), (1)

with 1/v/D7 = 0.023 mm™. Here coefficient 0.185 includes all the constant parameters of the experiment, i. e. radius a
of the movable probe for the spread resistance R; = p/4a, geometric factors (namely, the constant width of the beveled
sample), elementary charge e and the mobility of charge carriers (holes) u, etc. The material resistivity p is considered
to be inversely proportional to the charge carrier concentration p, which in turn is proportional to the concentration of
ruthenium atoms or intensity of EDS spectrum for Ru (Fig. 6). This consideration is expressed by the multiplier
1/erfc(l/\/m).

The factor [/(1 — 0.0651) reflects a change in the geometry of the beveled sample — an increase in the distance
between the fixed contact and moving probe (/ in the numerator) and a decrease in the cross-section of the sample with
distance (1 — 0.065 / in the denominator) in accordance with the definition of the conductor resistance R = p-l/s (s is the
cross-sectional area of the conductor).

The distribution of ruthenium atoms in the diffusion layer (Fig. 5 and 8) and the distribution of resistivity in the
same layer (Fig. 9) are in good agreement with each other. This means that the entire volume of the thick-film resistor is
involved in electrical conductivity, but not only conducting chains (endless clusters) formed from dopant (conducting
phase) particles.

The fact that the entire volume of a thick-film resistor is electrically conductive is also evidenced by an experiment
with laser scribing along current lines [30] and a study of the distribution of piezosensitivity on the nanoscale across the
interface glass-RuO, layer [31-33].

Totokawa et al. [31-33] have showed that thin film of bismuth-borosilicate glass, doped with ruthenium, 1) contents
trivalent as well as tetravalent states of ruthenium; 2) exhibits electrical conductivity, that can be described as variable
range hopping; 3) has high strain sensitivity due to the spatial expansion of wave functions of charge carriers (holes) in
localized states; 4) ruthenium atoms diffuse into the glass during firing; 5) the diffusion coefficient of Ru into bismuth-
borosilicate glass is about 1.4-107"3 m?/s and the diffusion length is about 100 nm; 6) piezoresistive properties depend on
the distance from the interface of layers of glass and RuOs.

It should be noted based on the results of works [31-33] that the dependence of piezoresistive properties on the
distance from the interface between glass and RuO, layers indicates a correlation of these properties with the concentration
of Ru atoms, but the distribution of resistance depending on this distance has not been studied.

Abe et al. [34, 35] studied the diffusion of atoms from a RuO, layer into a glass and vice versa, glass atoms into a
ruthenium dioxide layer, using energy dispersive spectrometry. It turned out that ruthenium atoms diffuse into glass to a
depth of more than 1 pm, while the diameter of glass particles in pastes for thick-film resistors is less than 1-2 um, i.e.
the entire layer of glass between the dopant particles is doped fairly uniformly. However, the correlation between such
glass doping and the electrical conductivity of resistors has not been studied by these authors.

The series of temperature characteristics of resistance for thick film resistors and their analyses from the point of
view of possible mechanisms responsible for R(T) are discussed in [13, 36]. The consideration is carried out mainly with
an emphasis on the metallic conductivity of RuO,, as in many other publications [1-15], [37-41] and therefore sufficient
correlation with experimental data was not achieved.

The authors hope that the results presented here can help in elucidating the role of glass phase and dopant particles
in the mechanism of electrical conductivity of thick film resistors.

In the future, it is necessary to study in more detail the diffusion of transition metal atoms from their oxides into
glass for a better understanding of the mechanism of electrical conductivity of thick film resistors.

CONCLUSIONS

The experiment showed that in silicate glass the distribution of the concentration of ruthenium atoms N(x) and the
electrical conductivity o(x) = 1/p(x) along the depth of the diffusion layer obey the same law erfc(x). This confirms that

1) the diffusion coefficient D of ruthenium atoms in silicate glass is constant and does not depend on their
concentration;

2) due to the diffusion of ruthenium atoms, the glass itself becomes electrically conductive;

3) the electrical conductivity of glass is proportional to the concentration of ruthenium atoms. At 873 K over a
duration of 5 hours, the diffusion length of Ru atoms in lead-silicate glass was determined to be /s = 0.335 mm based on
energy-dispersive spectroscopy data. This value significantly exceeds the diameter of the glass particles typically used in
thick-film resistor pastes, indicating that the entire glass volume is uniformly doped. The corresponding diffusion
coefficient was estimated to be D(873 K) = 6.2 x 1072 m?%s, in good agreement with known values for diffusion in oxide
glasses.
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The research studied ZnO thin films containing 3 at.% sulphur (S) on silicon (1 pm) through Geant4 simulations for radiation analysis.
Analysis of ZnO thin films (400 nm) doped with 3 at.% sulphur (S) on a 1 pum thick silicon substrate through Monte Carlo simulation
platform Geant4 considered energy absorption together with particle penetration depth and ionization and secondary electron
generation and optical property changes as the study examined different electron radiation energies from 3 keV to 10 keV. The ZnO:S
layer absorbed most of the incoming electron energy in the 3-5 keV range which produced increases in defects near the surface while
ionization occurred. When electrons used 9-10 keV energies they penetrated the full substrate layer which caused silicon to receive
most of the energy absorption. The highest change in parameters occurred at the film-substrate junction when the energy reached 7
keV. All modeling findings demonstrated that the total absorbed energy together with secondary electron production and defect density
reaching up to 107 increased rapidly with electron energy acceleration. The decrease in optical properties occurs because defects exist
at different depths while energy absorption takes place. Electrical and optical characteristics of ZnO:S/Si can be regulated through
electron irradiation procedures according to this research. Results from this study will function as fundamentals for creating sensors
and optoelectronic devices and protective coatings which operate effectively under high radiation conditions.

Keywords: Monte Carlo; Energy absorption; Electron energy; Depth; Displacement,; Simulation
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INTRODUCTION

The development of modern technology demands improved material resistance against extreme conditions which
include high radiation and hadron beam and cosmic particle exposure [1]. The long-lasting operational stability and reli-
ability of materials important for equipment which serves nuclear power applications as well as space exploration and
medical radiation therapy. Material surfaces along with atom structures remain the most radiation-sensitive features be-
cause exposure produces drastic shifts in electrophysical and optical and mechanical properties [2]. Materials science
focuses on developing functional materials operating under radiation conditions while predicting their responses which
poses a key challenge for modern research.

Zinc oxide (ZnO) represents a semiconductor material that finds extensive implementation in optoelectronics hard-
ware and sensors as well as catalytic devices [3]. Research data about the radiation stability of ZnO remains insufficient.
Research findings indicate that ZnO gains enhanced radiation resistance through appropriate doping with sulfur together
with aluminium and nitrogen. The addition of sulphur (S) elements demonstrates both strength in crystal lattice structure
while modifying electronic structure which leads to enhanced radiation sensitivity. Researchers have not conducted a
comprehensive investigation regarding the response of ZnO thin films containing sulphur (ZnO:S) to electrons across
multiple energy levels plus their relationship with the substrate.

The research investigates both theoretical and experimental aspects of the radiation behavior in ZnO:S films with
3 at.% sulfur doped on a 1 pm silicon substrate measuring 400 nm thick. GEANT4 simulated the material response from
electrons in the 3 to 10 keV energy range. The research evaluated these parameters extensively at each energy level.

MODEL STRUCTURE AND METHODOLOGY

Material and structure description.

In this study, a heterostructure consisting of a thin film of sulfur-doped zinc oxide (ZnO:S) with a concentration of
3 at.%, 400 nm thick, deposited on a 1 um thick single-crystal silicon substrate was considered. Due to their high optical
transparency and wide band gap, ZnO:S films are considered as a promising material for applications in optoelectronics
and sensor technologies. Sulfur doping significantly improves both the electrical and optical properties of ZnO, making
this material particularly suitable for use in radiation-sensitive devices [4].

The Geant4 modeling environment.

Geant4 is a widely used Monte Carlo platform for modeling the interaction of particles with matter, successfully
used in high-energy physics, astrophysics, and radiation detector design [5]. In this study, the interaction of electrons with
energies of 3,5, 7,9 and 10 keV with ZnO:S/Si heterostructure was simulated using the Geant4 platform. The simulation

Cite as: A.Y. Boboev, Kh.A. Makhmudov, N.Y. Yunusaliyeva, M.O. G‘ofurjonova, F.A. Abdulkhaev, G.G. Tojiboyeva, East Eur. J. Phys. 3, 382 (2025),
https://doi.org/10.26565/2312-4334-2025-3-39
© A.Y. Boboev, Kh.A. Makhmudov, N.Y. Yunusaliyeva, M.O. G‘ofurjonova, F.A. Abdulkhaev, G.G. Tojiboyeva, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-3-39
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3963-708X
https://orcid.org/0009-0004-8845-8741
https://orcid.org/0009-0009-8830-9371
https://orcid.org/0000-0003-3766-5420
https://orcid.org/0009-0004-3933-5171
https://orcid.org/0009-0000-5022-8108

383

Simulation of Radiation-Induced Structural and Optical Modifications in ZnO:S/Si Thin Film... EEJP. 3 (2025)

addressed key physical processes including energy absorption within the material, electron penetration depth, ionization
and excitation probabilities from electron-atom collisions, generation of low-energy secondary electrons arising from
primary electron interactions, and formation of radiation-induced defects such as vacancies and interstitial atoms.
Additionally, changes in optical parameters such as transmission and absorption coefficients were monitored and analyzed.

Simulation parameters.

During the simulations, 10° electrons for each energy level were perpendicularly directed onto the surface of the
ZnO:S thin film. The physical properties of the ZnO:S and Si materials were precisely set in the Geant4 environment.
The simulation results allowed a detailed analysis of the distribution of absorbed energy, particle penetration depth and
ionization probability throughout the structure.

Energy Absorption (Energy Deposition).

Energy absorption (edep) is the process of electron particles transferring kinetic energy to the environment as they
interact with matter through ionization, excitation, or other inelastic collisions. The layers of a material in which electron
energy absorption occurs has a significant effect on its electromagnetic, thermal, and optical properties. The depth
distribution of the absorbed energy makes it possible to determine the most radiation-sensitive regions of the material [6,7].

The absorbed energy profile in the Geant4 simulation is determined based on the calculation of the energy density
distributed in each elementary layer of the material:

dE
Egep(2) = . (D
where Eg,p,(2)- is the absorbed energy at depth z (%), dz — is the thickness of the elementary layer.

RESULTS AND DISCUSSION

At 3 keV, about 68% of the electron energy is absorbed in the ZnO:S film, and ~32% in the Si substrate. This indicates
that 3 keV electrons do not penetrate far into the silicon; the ZnO:S layer absorbs the majority of their energy. At 5 keV, a
similar trend is seen (about 62% in ZnO:S vs 38% in Si). By 7 keV, the split is roughly 56% in ZnO:S and 44% in Si,
indicating that electrons are now depositing significant energy in the substrate as well. The interface region around the
boundary of the film and substrate is receiving a lot of energy at this energy. The total energy absorbed also increases with
energy (more energetic electrons have more energy to give), reaching ~125 MeV for 7 keV electrons (per million electrons).
A dramatic change occurs at 9 keV: only ~40% of the energy is absorbed in the ZnO:S film, while ~60% is absorbed in Si.
At 10 keV, the partition is ~42% in ZnO:S vs 58% in Si. In absolute terms, the silicon substrate at 9-10 keV is absorbing
roughly 300 MeV from the million electrons, which is an order of magnitude more energy than it absorbed at 3—5 keV. This
means high-energy electrons pass through the thin film and deposit most of their energy deeper in the structure (i.e., in the
substrate). These results clearly show that lower-energy electrons primarily damage the ZnO:S thin film, whereas higher-
energy electrons primarily damage the silicon substrate. The 7 keV case is intermediate, with substantial energy deposition
in both layers, especially near their interface. This has implications for where defects will form (discussed later). The total
absorbed energy does not scale linearly with incident energy because not all incident energy is absorbed — some energy may
escape as backscattered electrons or X-rays. Interestingly, the total absorbed energy at 10 keV is slightly less than at 9 keV
in our simulation (518 MeV vs 530 MeV for 10° electrons). This is because a small fraction of 10 keV electrons likely passed
completely through the 1.4 um total thickness without depositing all their energy, or produced bremsstrahlung photons that
carried energy away. Thus, 9 keV appears to be the most efficient at depositing energy in this structure (given its size),
whereas at 10 keV some energy starts to “leak” out. The depth distribution of the energy deposition reveals more. For 3 keV
electrons, the energy is deposited very superficially — within the first few hundred nanometers of the ZnO:S film (as
evidenced by 400 nm being the penetration range). For 5 keV, energy deposition extends to the ZnO:S/Si interface. At 7 keV,
a significant energy deposition peak occurs at the interface (around 400 nm depth). For 9 and 10 keV, the energy deposition
profile peaks inside the silicon substrate (~700-800 nm deep) and then trails off. In essence, as electron energy increases,
the zone of energy absorption (and hence potential damage) moves deeper. Practically, if one wanted to protect the substrate
from radiation, using lower electron energies would be worse (since the film cannot stop the radiation and the substrate still
gets hit at higher energy like 9—10 keV). Conversely, if one wanted to minimize damage to the thin film, very high energy
electrons would mostly bypass it and deposit energy in the substrate. This trade-off needs to be considered in design: for
example, a thin ZnO film on Si used as a sensor might be badly damaged by a few-keV electrons on its surface, whereas
higher-energy electrons would harm the substrate electronics more.

Table 1. Changes in energy distribution under the influence of electron energy in the ZnO:S/Si heterostructure(eal09).

Energy of one electron | Absorbed energy in the ZnO:S layer | Absorbed energy in the Si substrate | Total absorbed energy
3 keV 58.6 MeV (68.1%) 27.4 MeV (31.9%) 86.0 MeV
5 keV 62.8 MeV (62.1%) 38.4 MeV (37.9%) 101.2 MeV
7 keV ~70 MeV ~55 MeV ~125 MeV
9 keV 214.67 MeV 315.22 MeV 529.89 MeV
10 keV 216.52 MeV 301.54 MeV 518.06 MeV
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The changes in the distribution of absorbed energy between the ZnO:S layer and the silicon substrate under varying
electron energies are summarized in Table 1. As the electron energy increases, a shift in energy absorption from the ZnO:S
film to the Si substrate is clearly observed, confirming the dependence of energy deposition on the penetration capability
of incident particles.

Penetration Depth.

The electron penetration depth is the maximum distance that particles can penetrate a material before losing all of
their energy. This parameter plays an important role in assessing how far the effects of irradiation extend into the structure
under investigation. The following relationship is used to estimate the penetration depth:

ETl
Rp <™t )

where R;, is the average electron penetration depth, Ey is the initial energy of the incoming electron (keV), p is the density
of the material (g/cm?), n=1.35 is an empirical indicator depending on the nature of the material (for organic substances
it is usually in the range of 1.3—1.7) [8]. In cases of strong scattering, electrons can deviate from the rectilinear trajectory,
but in most cases the area of maximum energy absorption is located near the maximum penetration depth.

The correlation between incident electron energy and the corresponding penetration depth is detailed in Table 2.
The data indicate that low-energy electrons are primarily absorbed in the ZnO:S layer, while high-energy electrons
penetrate deeper into the silicon substrate.

Table 2. Penetration depth and zone of influence in films depending on electron energy (eall6, eal09, eal03, ealll)

Energy (keV) Maximum penetration depth (nm) Depth of interaction region
3 keV ~400-450 nm Predominantly within the ZnO:S layer
5keV ~600-700 nm Zn0O:S + interfacial boundary
7 keV ~800 nm ZnO:S + interface with silicon
9 keV ~900 nm Predominantly in silicon
10 keV >900 nm In the lower regions of the silicon substrate

At energies of 3 keV electrons are completely absorbed within the ZnO:S layer, whereas at energies of 9-10 keV
they penetrate entirely into the silicon substrate. In the region around 7 keV, a maximum change of parameters at the
boundary between the film and the substrate is possible.

Ionization and Excitation Probability (lonization and Excitation Probability)

Ionization and excitation probability is the probability that the interaction of particles with matter will result in the
knocking out of an electron from an atom or molecule (ionization) or the transfer of an electron to a higher energy level
(excitation). These processes are the main mechanisms of energy absorption during electron irradiation.

The probability of ionization can be described using the Bethe formula [9]:

dE _ ENArezmeCZ 2mec? B2y Tinax _ 2
dx 47TA B2 [ln( 2 ) 2p ] G)

dE . L . . .
Where d—i — is the energy loss for ionization (stopping power), Z — atomic number of the target, A— atomic mass of the

target, § = E, y— Lorentz factors, T;,,4,— maximum energy that can be transferred to an electron during knockout, [ —

ionization potential of the substance (for ZnO ~103 eV, for Si ~173 V) [10,11].

The ionization probability depends directly on the energy of the particle and the frequency of its collisions with the
atoms of the substance. At higher energy, the ionization probability also increases.

The spatial characteristics of ionization zones at various electron energies are presented in Table 3. This table
highlights how the location and extent of ionization shift with increasing energy, moving from the film toward the
substrate.

Table 3. Depth ranges and peak locations of ionization zones in ZnQ:S/Si heterostructure under electron irradiation (LMCG72)

Energy (keV) Depth of ionization zone Area with maximum probability
3 keV 200—400 nm (Zn0O:S) ~300 nm
5 keV 300-600 nm (ZnO:S-Si) ~400-500 nm
7 keV 400-800 nm (interfeys) ~600 nm
9 keV 500-900 nm (Si) ~750-800 nm
10 keV 600-900+ nm (Si) ~850-900 nm

Simulation results showed that with increasing electron energy, the ionization region shifts to the depth of the
structure. At energies of 3-5 keV, the main number of collisions occurs in the ZnO:S film, whereas at energies of 9-10
keV, ionization is observed predominantly in the silicon substrate. In many cases, the ionization probability is considered
to be linearly dependent on the absorbed energy:

Pion(z) %= @)
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i.e., the amount of absorbed energy at a certain depth directly corresponds to the ionization probability in this region. This
approach agrees well with the energy distribution plot obtained using simulations in Geant4.

The ionization process leads to the generation of electron-hole pairs, which in turn enhances secondary phenomena:
along with ionization, a significant number of secondary electrons are formed. Each act of ionization increases the
probability of damage to the crystal lattice.

Generation of Secondary Electrons (Secondary Electrons)

Secondary electrons are low-energy electrons knocked out as a result of interaction of high-energy primary particles (e.g.,
electrons) with matter. Typically, the energy of such electrons is less than 50 eV and ionization processes or inelastic
collisions [12] form them. The following expression can estimate the number of secondary electrons:

E €
Nyoe = =22 ®)

where Nge.— number of generated secondary electrons, Eg,, — absorbed energy (in eV), W — is the average energy
required to generate one secondary electron (for ZnO it is about 30-35 eV) [13].

Table 4. Total absorbed energy and estimated secondary electron yield in the ZnO:S/Si structure for different electron energies (per 10°
incident electrons) (eall6, JA09, SA03)

Electron energy (keV) Total absorbed energy in the ZnO:S/Si structure (MeV) | Estimated number of secondary electrons
3 keV ~86 ~2.9x10°
5 keV ~101.2 ~3.4x10°
7 keV ~125 ~4.1x10°
9 keV 529.89 ~1.76 x 107
10 keV 518.06 = 1.73 x 107

The estimated yield of secondary electrons as a function of absorbed energy at each electron energy level is shown
in Table 4. As demonstrated, secondary electron production increases significantly with higher primary electron energy.

At 3 keV, the total energy absorbed (~86 MeV) would generate on the order of 2.9 million secondary electrons (if
30 eV generates one SE, 86 Me ~ 2.9 x 10°). This means each 3 keV primary electron produces on average ~3 secondary
electrons (since = 2.9 x 10° secondaries for 10 primaries). At 5 keV, this rises to about ~3.4 million secondaries, roughly
3—4 per primary. At 7 keV, ~4.1 million secondaries (about 4 per primary). When we go to 9 keV, the number jumps
dramatically: ~1.76x107 secondary electrons for 10® primaries, which is ~17-18 secondary electrons per primary electron.
Similarly at 10 keV, ~1.73x107 secondaries (also ~17 per primary). The large increase from 7 keV to 9 keV correlates
with the large increase in total energy deposited by those higher-energy electrons. This exponential increase is expected
because higher-energy electrons undergo more collisions and travel further, thus they have more opportunities to ionize
atoms and produce secondary electrons. Additionally, when the electrons penetrate into the higher-density Si, they may
produce more secondaries (Si has more electrons per cc to ionize compared to ZnO). The presence of such a high number
of secondary electrons has several consequences:

Energy Deposition Cascade: Many of these secondary electrons (which have energies of a few eV to a few tens
of eV) will deposit their energy very locally, causing localized heating and further ionization in their immediate vicinity.
Surface Charging: A significant fraction of secondary electrons that are created near the surface of the ZnO film can
escape the material entirely (especially those generated within ~10 nm of the surface). If many electrons leave the
ZnO:S film, the film could become positively charged. Conversely, some secondaries might get trapped in defects,
causing negative charging. This is relevant for devices, as charge buildup can alter electrical behavior. Induced
Conductivity: Secondary electrons (and the holes left behind) can contribute to a temporary increase in electrical
conductivity (as they are essentially free carriers until they recombine or get trapped). At high irradiation flux, this can
lead to radiation-induced currents in the material. Imaging and Luminescence: Secondary electrons are the basis for
SEM imaging contrast. Also, some of the excited electrons can cause luminescence (cathodoluminescence) if they
recombine radiatively. ZnO is known to exhibit cathodoluminescence (often in the green due to oxygen vacancies), so
electron irradiation could induce light emission from the ZnO:S film via the creation of secondary electrons and holes.
Our simulation qualitatively noted that for 9 keV and 10 keV runs, there was a cloud of low-energy electrons near the
surface — these are the secondary electrons being emitted. The yield of secondaries per primary (~17) at 9-10 keV is
high but within reason for materials with moderate atomic number. (For reference, materials often have a secondary
electron yield peak around a few hundred eV primary energy, but here we are dealing with multiple inelastic collisions
from a keV primary leading to many secondaries in total.) In summary, as electron energy increases, not only do we
get deeper penetration and more total damage, but we also get a disproportionately larger number of secondary
electrons. This secondary electron avalanche effect means higher-energy irradiation can induce a lot more indirect
effects (like charging and further local ionization) compared to lower-energy irradiation. [11].

Defect Formation

As a result of particle irradiation, energetic defects are generated within the material. The main types of defects
include:

Vacancies (missing atoms from lattice sites), interstitials (atoms located in interstitial positions), Frenkel pairs (a
vacancy paired with an interstitial atom), displacement damage (an atom is displaced from its lattice site).
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Electron irradiation at keV energy levels typically has a low probability of directly displacing lattice atoms. However,
due to high particle flux and the influence of secondary electrons, local energy density can increase, resulting in defect
formation [15]. To estimate the number of defects, the classical formula is used:

_ Faep
N = (©)

where N is the number of defects, E.p, is the total energy deposited in the film (in €V), E; is the displacement energy
required to displace an atom from its lattice site; for ZnO: E; =~ 20 — 30eV ; for Si: E; = 15eV [16].

Table 5. Correlation between electron energy, deposited energy, and estimated defect count in ZnO:S/Si heterostructure (BM60, MC70,
NHRS5).

Energy (keV) Edep (MeV) Estimated number of defects (ZnO:S + Si)
3 keV ~86 ~2.9 x 10° (assuming E d =30¢V)
5keV ~101 ~3.4 x10°
7 keV ~125 ~4.1 x10°
9 keV 529.89 ~1.76 x 107
10 keV 518.06 ~1.73 x 107

The relationship between electron energy, total deposited energy, and the estimated number of radiation-induced
defects is presented in Table 5. The results demonstrate a substantial increase in defect formation at energies above 7 keV.
High-energy electron radiation dramatically increases the probability of defects in materials. In particular, in the energy
range of 9-10 keV, the number of defects can reach several million, which reduces the structural stability of the material
and has a direct negative impact on its main properties, such as electrical conductivity and optical properties. The increase
in radiation defects occurs mainly as a result of electrons penetrating the material at high energy levels (e.g., above 7 ke V).
This phenomenon can cause structural distortions (crystal lattice deformations) and functional failures (e.g., reduction of
electrical signals, changes in light absorption), especially in ZnO:S/Si-based devices. Also, the sharp increase in the
number of defects with increasing energy significantly reduces the reliability and service life of the materials.

1e6 Estimated Number of Defects vs Electron Energy
18

Estimated Mumber of Defects
1 - = 1=
= o [=] (8] kS [=2]

=

T
Electron Energy (keV)

Figure 1. Estimated number of radiation-induced defects in ZnO:S/Si heterostructure as a function of incident electron energy (3—
10 keV) (NSJC04, Ste03).

The dependence of the number of radiation-induced defects on the incident electron energy is illustrated in Figure
1. The figure reflects an exponential rise in defect count as the energy increases from 3 to 10 keV. The defect count
increases rapidly with electron energy, indicating enhanced structural degradation at higher irradiation levels.

Optical Properties: Transmittance and Absorbance

After electron irradiation, the formation of defects, ionization zones, and structural disorders in the material directly
affects its optical properties. The main changes observed include:
- Transmittance (T): the ratio of light passing through the material to the total incident light.
- Absorbance (A): the amount of light absorbed by the material.

The following expression describes the relationship between these two parameters:
I
T= i» A = —log,o(T) (7

Alternatively, the depth-dependent absorption of light is described by the Lambert—Beer law:

I(z) =1, -e™%, ®)
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where I(z) is the light intensity remaining at depth z, o is the absorption coefficient, z is the material depth (nm or pm) [17].
In the simulation, optical behavior was analyzed based on the depth-wise energy deposition.

The qualitative trends in optical transmittance and absorbance of the ZnO:S/Si structure following irradiation are
listed in Table 6. It shows a clear degradation of transparency with increasing electron energy due to the growth of
radiation-induced defects.

Table 6. Qualitative trends in optical transmittance and absorbance of ZnO:S/Si after electron irradiation (Hub97)

Energy (keV) | Transmittance (trend) | Absorbance (trend) Note
3 keV High (>90%) Very low grelgects mainly near surface; minimal optical impact in bulk
5 keV Slightly reduced Slightly increased | More defects through film; some haze or absorption emerging
7 keV Moderately reduced Increased High defect density at interface; noticeable drop in transparency
9 keV Low High Significant damage to film and substrate; film visibly less
transparent
10 keV Very low (<40%) Very high Severe structural damage; film likely visibly opaque/turbid

At 3 keV, since the defects are mostly near the surface of the ZnO film and relatively fewer in number, the film’s
transparency is mostly retained. We would expect >90% of the original transmittance to remain (for wavelengths above the
band edge), and only a very slight increase in absorbance due to perhaps some color centers on the surface. At 5 keV, the
ZnO:S film has more defects distributed through its thickness, so there could be a minor reduction in transparency — perhaps
the film might show a faint coloration or scattering. The absorbance might increase a bit (maybe a few percent of light is
now absorbed/scattered by defect states). By 7 keV, the optical clarity of the film likely degrades more noticeably. The defect
density is high, especially near the interface (which might affect how light passes into the substrate or reflects back). The
transmittance of the film could drop (for instance, if initially 90% it might drop to something like 70-80%, depending on
defect types). Absorbance (or diffuse scattering) in the film increases. This means the film might appear less transparent or
“cloudier”. At 9 keV, the ZnO:S film is heavily damaged and the substrate is also damaged. The film’s transmittance might
become quite low — potentially it could become translucent rather than transparent. Additionally, since the substrate (Si) is
not transparent in the visible, if one considered the whole structure, obviously it’s opaque normally. But considering just the
film’s optical properties (like using it as a waveguide layer), the introduction of defects would increase optical losses
significantly. At 10 keV, the film likely has so many defects (and perhaps microstructural damage) that it could appear visibly
darker or opaquer. The term “<40%" in Table 6 is a rough estimate to indicate a large reduction. Absorbance would be very
high — many photons would be absorbed by defect states or scattered out of the film. The structural damage at this point (like
broken bonds, possibly nano-cracks from intense collision cascades) would drastically impair optical transmission. It is
important to note that these are qualitative trends. For a precise assessment, one would perform optical measurements (e.g.,
measure the transmission spectrum of the film before and after irradiation). However, our simulation results strongly suggest
the trend: higher electron energies lead to greater optical degradation. This is consistent with experimental reports on
irradiated ZnO, where optical absorption in the visible often increases after high-dose irradiation due to defect creation. One
particular optical effect to mention: ZnO often exhibits a characteristic green luminescence when oxygen vacancies are
present. If our irradiation creates a lot of oxygen vacancies, the film might show increased green luminescence under UV
excitation (or under electron excitation, i.e., cathodoluminescence). So, while transmission decreases, defect-related light
emission might increase. The manuscript focuses on transmission/absorption, but this is an interesting side note — radiation
can turn ZnO into a more optically active (but less transparent) material by introducing luminescent centers. In summary, the
Zn0:S/Si heterostructure’s optical transparency is inversely related to the electron irradiation energy: low-energy electrons
leave the film mostly transparent, whereas high-energy electrons significantly reduce its transparency. This must be
considered for any optical applications of such films in radiation environments. The results imply that by adjusting electron
energy (or dose), one could even tune the optical properties (though at the cost of introducing damage). (Figure 2 could
illustrate, for example, the penetration depth vs energy, indirectly showing how deeper penetration (higher energy) correlates
with more uniform damage through the film and thus more optical loss. However, since it’s more directly a penetration figure,
it might not explicitly show optical changes.)

Penetration Depth vs. Electron Energy
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Maximum Penetration Depth (mm)
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Electron Energy (keV)

Figure 2. Maximum penetration depth of electrons in ZnO:S/Si heterostructure (MC70, NHR85, BM60)
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Figure 2 illustrates the nonlinear dependence of electron penetration depth on incident energy in the 3—10 keV range.
As the energy increases, electrons penetrate progressively deeper into the material, with depths exceeding 1 um at the
highest energies. This trend confirms that high-energy electrons induce significant structural modifications within the
deeper regions of the silicon substrate.

CONCLUSIONS

The authors use Geant4-based Monte Carlo simulations to deliver comprehensive research findings regarding the
structural and optical effects that radiation produces in ZnO:S/Si heterostructures. All parameters examined in this study
demonstrate dependence on electron energy levels which control the deposition of energy as well as ionization production
and secondary electron generation and defect initiation and optical behavior changes.

The radiation affects the semiconductor primarily at the top layers including the outer surface and the ZnO:S material
zone when using electrons with low kinetic energies (3—5 keV). Electrons at higher energies (9—10 keV) manage to pass
through the silicon substrate layer where they create extensive energy deposition sites along with a large amount of
material defects. Changes in material structure lead directly to reduced transmittance along with higher absorption which
badly impacts the optical transparency and device performance.

The study shows that energy-adjusted electrons function as a tool to direct radiation-induced damage distribution
throughout ZnO-based components for improving their performance level under irradiated environments. The findings
serve as a strong base which enables experimental laboratory testing through the implementation of UV—Vis and AFM
and XRD methods of structural and optical analysis.

Future development of radiation-resistant optically tunable thin-film structures becomes viable based on the
available data for advanced optoelectronic and sensor applications. Experimental validation of these simulated predictions
will unveil better material behavior knowledge under radiation that enables designers to develop stronger electronic and
photonic devices.
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MOJIEJFOBAHHSI PATTALIAHO-THIYKOBAHUX CTPYKTYPHUX TA ONTHYHNUX MOJINDIKALIA
Y TOHKOIIVIIBOYHUX CTPYKTYPAX ZnO:S/Si
Axpammxon H. Bo6oes?, Xympoii A. Maxmynos®, Hypitain 1. FOnycamies?, Moxnapoim O. Todypirxonosa?,
®daiizyjox A. Adayiaxaes?, l'aiidynio I. Toxxundoes?
“Anousrcancovruil 0epacagnuil yHisepcumem imeni 3.M. babypa, Anousrcan, Yz6exucman
bAnouscancora ginis Koxandcvxozo ynisepcumenty, Anousican, Yzbexucman

VY nocnijkeHHI BUBYaIHCs TOHKI 01iBkH ZnO, mo MicTsTh 3 at.% cipku (S) Ha kpemHil (1 MkM), 3a JoroMmororo MozentoBaHus Geant4
JUISL pafiamiiHoro ananizy. AHani3 ToHKuX m1iBok ZnO (400 HM), neroBanux 3 at.% cipku (S), Ha KPEeMHI€BIH MiKIaIII TOBIIHHOIO 1
MKM 3a jomnomoroio rmiardopmu MopemoBaHHs Monrte-Kapno Geant4 BpaxoByBaB INOIIMHAHHS CHEPrii pa3oM 3 IIMOWHOIO
IIPOHUKHEHHS YaCTHHOK Ta 10HI3alli€l0, a TAKO)K TeHEepalil0 BTOPUHHUX €JICKTPOHIB Ta 3MiHH ONTHUYHHX BIIACTHBOCTEH, OCKIIBKH B
JOCIIDKEHHI PO3MIIsIANUCS Pi3HI eHeprii eneKTpoHHOro BumpoMiHioBanHs Bix 3 keB mo 10 xeB. lap ZnO:S normunaB 6ijbury
YacTHHY €Heprii BXiHUX eNeKTPOHIB y Aiama3oHi 3-5 keB, mo npu3Bogusio mo 36inblieHHs AedekTiB modian3y HOBEpXHi Mg dac
ioHizanii. Komu enekrporn BuKopucToByBanu eHeprii 9-10 keB, BoHH IpOHUKAIN Kpi3h BECh IIAp MiAKIAIKH, IO TPU3BOAMIO 0
OTpUMaHHA KpeMHieM OLTbIIOT YaCTHHYU MOTTMHAHHS eHeprii. Haiibinpma 3Mina mapamMeTpis BigOyBasiacs Ha CTHKY IUTiBKa-TTi JKITIaKa,
KoM eHeprist mocsrana 7 keB. Yci pesynsratn MonemroBaHHS ITOKAa3aly, IO 3arajbHa MONIMHEHA SHEpTis pa3oM 3 yTBOPEHHSIM
BTOPMHHHX €JIEKTPOHIB Ta IIUIBHICTIO JedeKTiB, mo nocsrana 107, mBHAKO 3pocTana 3i IPUCKOPEHHSM €HEeprii eeKTPOHIB. SHIKCHHS
ONTHYHUX BJIACTHBOCTEH BifOyBa€ThCsi TOMY, IO NedeKTH iCHYIOTh Ha pi3Hii DIMOHHI i Yac NMOIIMHAHHS eHeprii. 3TiAHO 3 UM
JOCIIIJDKEHHSIM, €JICKTPUYHI Ta ONTHYHI XapakTepucTuku ZnO:S/Si MOXXHa PeryioBaTH 3a JOIIOMOTOI0 IPOLEAYp €IEKTPOHHOIO
OIpOMiHEHHs. Pe3yibraTi 1bOTro JOCHIKEHHS CIyTyBaTHUMYTh OCHOBOIO IS CTBOPEHHSI CEHCOPIB, ONTOCJICKTPOHHUX MPHUCTPOIB i
3aXHUCHUX TTOKPHUTTIB, sIKi €()EKTHBHO MPALIOIOTH B YMOBaX BUCOKOTO BUIIPOMiHIOBaHHSI.

KurouoBi ciioBa: Moume-Kapno; nocnunants enepeii; enepeis eneKmpoHie, 2IuOUuHa, 3MillyeHH s, MOOeNOBAHHS
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This study investigates the effect of boron (B) doping on the electrical and thermal conductivity properties of single-walled carbon
nanotubes (DWNTs) at various temperatures (300 K to 1500 K). The incorporation of boron atoms into DWNTs (5,5)@(10,10) was
analyzed to explore how different doping levels (p%) influence the partial charge distribution and thermal conductivity. Our findings
show that boron doping increases the partial charge within the nanotube structure, with a nonlinear increase in charge as the doping
concentration rises from 0% to 10%. This is due to the lower electronegativity of boron, which introduces hole carriers and enhances
p-type semiconductor behavior. However, at higher doping concentrations (above 5%), defects disrupt the m-electron network,
reducing electrical conductivity. Thermal conductivity experiments indicate that the presence of boron leads to a decrease in heat
transfer efficiency, especially at higher doping levels (>6%), where defect-induced phonon scattering significantly reduces the
thermal conductivity. The results demonstrate that boron doping has a complex impact on the structural, electronic, and thermal
properties of DWNTs, with temperature and doping concentration playing critical roles in determining performance.

Keywords: Double-walled carbon nanotube; Boron doping, Reactive molecular dynamics

PACS: 61.46.-w, 02.70.Ns

1. INTRODUCTION

Carbon nanotubes (CNTs), a type of carbon-based nanostructure, continue to garner substantial research interest,
with the body of literature on the topic growing at an exponential rate [1,2]. The carbon nanotubes (CNT) are tubular-
shaped one-dimensional sp>-hybridized carbon atoms arranged on honeycomb lattices. Since the rediscovery of CNTs
by lijima [3], it is one of the most explored nanomaterials. CNTs are classified as single-, double-, or multi-walled
structures, exhibiting either semiconductor (S) or metallic (M) behavior based on their chiral indices. Approximately
60% of all nanotube chiralities are semiconductors, while the remaining 40% are metals [4]. Various types of nanotubes
include Carbon Nanotubes (CNTSs) [5], Boron Nitride Nanotubes (BNNTSs) [6], Silicon Nanotubes (SiNTs) [7], and
Hybrid Nanotubes (such as B-CNT and N-CNT, which integrate materials like carbon and boron nitride for
multifunctional properties) [8]. These nanotubes, celebrated for their unique properties, have a wide range of
applications in microelectronics [8], energy storage [9], sensors [10], and drug delivery [11]. They garner interest across
various fields, including physics, chemistry, and materials science [12], showcasing their potential in electronic
devices [13], sensors [14], adsorbents [9,15], and numerous other applications.

Various approaches, including functionalization, enable the customization of CNT properties [16].
Functionalization, accomplished through substitution reactions with comparable heteroatoms or functional groups,
modifies CNTs’ solubility, chemical reactivity, and various other physicochemical characteristics [17]. Notably,
functionalization aids in the isolation of nanotube bundles. Consequently, studies have extensively explored CNT
interactions with atoms and molecules like boron (B) [18], nitrogen (N) [19], calcium (Ca) [20], palladium (Pd) [21],
fluorine (F) [22], bromine [23], and platinum (Pt) [24].

In recent years, boron-doped carbon nanotubes (B-CNTs) have garnered increasing interest due to their
exceptional properties and wide-ranging applications [25]. Boron doping introduces alterations to the electronic
structure of carbon nanotubes, enhancing their conductivity, catalytic activity, and chemical reactivity [26]. These
unique characteristics make B-CNTs highly suitable for applications in energy storage [9], sensing, catalysis and
nanotechnology [27]. B-doping of pristine CNTs offers the possibility to transform semiconducting tubes into metallic
tubes by lowering the Fermi level into a valance band [28]. It also alters the crystallinity and stiffness of CNTs [29].
Furthermore, the incorporation of boron atoms modifies the band gap of carbon nanotubes, offering tailored properties
for specific functional requirements. Therefore, boron (B) remain the preferred elements for substitution reactions [30].

Boron serves as a p-type dopant, enhancing nanotube growth by increasing oxidation resistance [31]. The similar
atomic sizes of boron and carbon enable their seamless incorporation into the graphite network. Methods used to
produce B-CNTs include carbon arc, laser ablation [32], substitution reactions [33], and chemical vapor deposition
(CVD) [34]. For instance, Han et al. [35] successfully synthesized B-CNTs via substitution reactions (with a B/C ratio
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of 4.17), while Chen et al. [36] utilized microwave plasma CVD with trimethyl borate as a doping source. Additionally,
Wang et al. [37] fabricated B-CNTs using electron cyclotron resonance chemical vapor deposition (ECR-CVD) on
porous silicon substrates. Despite these advancements, precise control over the boron content in CNT structures remains
challenging. Boron not only supports nanotube growth [38] but also enhances oxidation resistance [39], making it
valuable for adjusting nanotube morphology and properties. The comparable atomic sizes of boron and carbon facilitate
their integration into the graphite network. Therefore, B appears to have additional properties in terms of controlling the
morphology and properties of nanotubes. CNTs are grown from boron or its compounds using various techniques (e.g.,
CVD, ALD) [40] and their various properties (i.e., mechanical, optical, electrical) are being studied.

In this study, we investigated molecular dynamics (MD) methods to calculate the electronic and thermal properties
of boron-doped double carbon nanotubes (B-DWNT).

2. COMPUTATIONAL DETAILS

We investigate the process of boron (B) doped onto DWNTs (B-DWNTSs) through reactive MD simulations
employing the LAMMPS package [41]. The ReaxFF potential describes interatomic interactions, accounting for bond
breaking and formation [42]. The most commonly used chiral DWNTs in other research studies (5,5)@(10,10) were
selected as model system [43,44]. Our model includes pristine metal (5,5)@(10,10) nanotubes, denoted as B-
DWNT(5,5)@(10,10) in MD simulations (Fig.1). Selected nanotubes diameters 13.64 A-13.57 A for (5,5)@(10,10) fall
within experimentally observed ranges (13-16 A)[45,46]. We apply periodic boundary conditions along the z-axis,
allowing simulation of infinitely long B-DWNTs with lengths of 28.12 A for B-DWNT(5,5)@(10,10) respectively. The
(5,5)@(10,10) chiral DWNTs consist of 600 C atoms, respectively, with a B content of 0 to 10% (Fig.1).

Figure 1. Top and side views of the B-DWNT(5,5)@(10,10) model system. Carbon (C) and Boron (B) atoms are shown in gray
and coral, respectively

Initially, we minimize the energy of all model systems using the conjugate gradient method. Subsequently, we
equilibrate system temperature and pressure to desired values (300 K, 600 K, 900 K, 1200, 1500 K and 0 Pa) in the NpT
ensemble employing a Berendsen thermostat and barostat [47]. Our chosen heating rate (1 K/ps) aligns with previously
reported values (0.1-10.0 K/ps) [48] ensuring insignificant deviations in thermodynamic equilibrium during
temperature changes. For chemisorption of B atoms on DWNTSs, we maintain system temperature at 300-1500 K for
100 ps using a Bussi thermostat [49]. Modeling was performed in the NVE ensemble to determine the heat transfer
coefficient in the systems. Since the DWNTs were considered to be infinite in the modeling based on the periodicity
conditions, the heat transfer was evaluated not by the number of B atoms, but by the content (%) of B atoms.

Initially, the electrical conductivity (partial charge) of the doped B atoms is calculated according to their amount
(p, %) and temperature (300-1500 K). We estimate the amount (%) of doped B atoms on the surfaces of pure DWNTs at
different temperatures (300 K, 600 K, 900 K, 1200 and 1500 K) as follows:

_ number of atoms doped (Ng)
p total atoms in a pristine DWNT (N¢)

*100%, (1)

where, N- number of doping boron (B) and N¢- number of carbon atoms.
In addition, the thermal conductivity coefficient was determined using the Green-Kubo formula [50]:

JoU©-jae, (1)

where V is the system volume, kz Boltzmann constant, T temperature, The angle brackets (——) represent the average
value of the heat flux autocorrelation function J(?) over all atoms. The heat flux J(#) is determined by the following
formula:

_ 1
3VkgT?

J(@) = %z:ji\;l Iary (Fy-v), 3)

where 7;;and Fj; represent the distance and force between atoms i and j, and v; represents the velocity of atom i.
In all cases MD time step is 0.1 fs. The simulations are conducted 10 times for each study case, and the results are
obtained by averaging the corresponding physical quantities
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RESULTS AND DISCUSSION
Electrical conductivity (partial charge)

When carbon nanotubes (CNTs) are grown with boron (B) at different temperatures, several factors come into play
that can affect their structure, properties, and performance. From current literature, boron incorporation into carbon
materials requires a high carbonization temperature of about 600-1100 °C (873-1373 K) [51]. The effect of boron on
CNTs at low temperatures results in a high density of defects, leading to decreased electrical and thermal properties.
Conversely, the addition of boron at high temperatures enhances thermal stability and improves electrical and
mechanical properties [52].
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Figure 2. (a) B atoms doping onto DWNT(5,5)@(10,10) are introduced, and system atoms exhibit partial charges from -0.8e to
+0.8e, which range from red to blue is depicted by the color spectrum, which shows the transition from electron-rich regions to
electron-poor regions, respectively, (b) The alteration in the partial charge of adsorbed B atoms in relation to temperature

Therefore, this study investigated the effect of B-DWNTs at selected temperatures of 300 K, 600K, and 900 K,
1200 K, 1500 K. The results indicate variations in the doping of B atoms on the surfaces of DWNT(5,5)@(10,10) at
different temperatures (i.e., 300 K, 600 K, 900 K, 1200 K, 1500 K). Various factors influence the chemisorption of B
atoms on DWNTs, including the nanotube surface curvature and the arrangement of carbon rings [53,54]. The doped
coverage varies with temperature, and depending on their position within the hexagonal cell of the CNT, B atoms may
detach from the surface due to temperature effects [55,56]. B atoms doping on the surface of DWNTs are affected by
the arrival of other B atoms on the surface. This can result in the formation of molecules through the Langmuir-
Hinshelwood recombination mechanism, where two B atoms on the surface covalently bond to form a B molecule. The
temperature range (300-1500 K) employed in this study alters the quantity of B atoms doped on the surface [57,58].

Atoms in the system are color-coded to represent positive charges in blue and negative charges in red, while
uncharged atoms are depicted in white (Fig. 2a). In this study, the charge distribution in the system changes with
temperatures corresponding to p % of B atoms added in DWNT. In particular, the change in the partial charge in the
system with an increase in p % in the temperature range from 300 K to 1500 K is shown in Figure 2b. It can be seen
from the results that the partial charge in the system also increases nonlinearly with an increase in p %. One of the
reasons for the non-linear increase may be related to the gravitational force used to calculate the interactions between
the partial atoms [43]. The difference in electronegativity results in a variation in partial charges of carbon nanotube
(CNT) and B atoms. Specifically, with increasing p % (i.e., from 300 K to 1500 K), the partial charging in DWNT
increases due to the lower electronegativity of B (2.04) compared to carbon (2.55), causing it to lose electrons and
generate a positive partial charge. That is, as the doping concentration (p %) increases, the number of boron atoms
increases, leading to more changes in the electron distribution within the DWNT structure. This enhances the
interaction with neighboring carbon atoms and other boron atoms, resulting in an increase in partial charge. The partial
charge of B atoms in B-DWNT(5,5@10,10) increased from approximately 1%) to approximately 5.833e (10%) in the
doped state (at temperatures between 300 and 1500 K) for 300 K, while in the case B-DWNT(5,5@10,10) nanotubes,
the values increased from ~0.041e (1%) to ~5.868¢e (10%), respectively, at a temperature of 600K. At 900K, the values
increased from ~0.065¢ (1%) to ~6.096e (10%). At 1200K, the increase was from ~0.065¢ (1%) to ~5.096e (10%).
Finally, at 1500K, the change was from ~0.0674¢ (1%) to ~5.233e (10%) (Table 1).

Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)

Boron doping (%) | Partial charge, e
(5,5@10,10)
300 K 600 K 900 K 1200 K 1500 K
1 0.032 0.041 0.053 0.065 0.074
2.457 2.484 2.572 2.646 2.728
10 4.830 4.867 4.996 5.096 5.233
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This indicates that an increase in the concentration of B leads to an increase in positive partial charges of the
DWNT. This validates the outcomes achieved in earlier investigations [40]. B-DWNTs (DWNT(5,5)@(10,10) doped
with B atoms and subjected to different temperatures, then the changes in their partial charges (e) are compared
(Supplementary information).

The results indicate that at low boron doping (<1%), the increase in partial charge is not very significant (Fig. 2b).
This is because low boron atoms create defects in the carbon lattice, which limits the free movement of n-electrons. As
a result, electrical conductivity decreases due to increased scattering of charge carriers. As the doping of B atoms
increases (1-5%), a slight increase in the partial charge in the B-DWNT system was observed (at 300-900 K). Since
boron has a lower electronegativity than carbon, it introduces hole carriers into the structure, enhancing the p-type
semiconductor properties of the B-DWNT. Under these conditions, electrical conductivity can increase. At high boron
doping (>5%), a sharp decrease in the partial charge was observed. At very high boron concentrations (>8%), the -
electron network of the carbon nanotube is disrupted, and the excess defects lead to scattering of charge carriers. In this
study, the average lengths of C-C and B-C bonds were found to be 1.426 and 1.514 A, respectively, thus supporting the
conclusion mentioned earlier [26].

Generally, the low electronegativity of boron introduces hole carriers, resulting in positive partial charges and p-
type behavior in DWNTs.

Variation in thermal conductivity (k)
Figure 3 shows the thermal conductivity coefficient for (5,5@10,10) doped with different amounts (p%) of boron
(B) as a function of temperature (300-1500 K).
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Figure 3. The variation of the thermal conductivity coefficient with doping amount and temperature

When analyzing the thermal conductivity (k) as a function of B doping concentration in B-DWNTs, at 300 K, &£
decreased noticeably by a factor of 1.012 at 1% (1%) B doping compared to the undoped case. At 600 K, the reduction
was even greater, with k decreasing by a factor of 1.013. At higher temperatures 900 K, 1200 K, and 1500 K the
thermal conductivity dropped by factors of 1.028, 1.058, and 1.124, respectively (Table 2). As the doping concentration
p% of B atoms increases, thermal conductivity & also varies with temperature (see Supplementary Information).

Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)

Boro;l(yf)l;) ping Thermal conductivity coefficient (W/m-K)
5,5@10,10
300 K 600 K 900 K 1200 K 1500 K
0 3564 2115 1313 1140 916
1 3512 2087 1277 1077 815
3 3321 1995 1165 936 593
5 3173 1533 764 613 379
8 2734 982 425 197 103
10 2479 668 245 78 61

Specifically, for B-DWNT(5.5@10.10), at temperatures of 300 K and 900 K, the thermal conductivity k at 1%
doping is 3512 W/meK and 1277 W/meK, respectively. Likewise, at 1200 K and 1500 K, the difference increases, with
k being 1.14 times and 1.30 times greater, respectively.

Overall, as the concentration of doped B atoms increases, the thermal conductivity of the two nanotubes begins to
diverge. This behavior is primarily due to the weak phonon-electron interaction of boron. At 300 K, an initial increase
in boron concentration (p%) in the DWNT structure results in a slight rise in thermal conductivity (by more than 3%),
followed by a gradual decline (exceeding 4%). When B doping reaches 4-5%, the thermal conductivity drops
significantly.
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One contributing factor is the increased presence of structural defects, which sharply enhances phonon scattering-
phonons being the primary heat carriers in carbon nanotubes. As the B doping concentration (p%) rises, so does the
number of defects, leading to greater phonon scattering and reduced heat transfer.

When B doping falls within the 6%-10% range, structural disorder becomes more pronounced, resulting in a
significant drop in thermal conductivity. At 10% boron doping, particularly in B-DWNT(5.5@10.10), thermal
conductivity nearly reaches its minimum due to maximum phonon scattering and a sharp decline in transport efficiency.
Notably, across nearly all temperature ranges (300-1500 K), the decline in thermal conductivity typically begins around
7%—8% doping.

Overall, at moderate temperatures (300400 K), increased phonon interactions amplify the influence of boron
doping on thermal conductivity, resulting in a slight decrease in thermal conductivity as boron content rises. For
instance, B-DWNTs doped with 1% boron exhibit higher thermal conductivity compared to those with 2% or 3%
doping. At elevated temperatures (T > 500 K), phonon-phonon scattering becomes the dominant mechanism, leading to
a reduction in thermal conductivity regardless of the doping level. However, in heavily doped B-DWNTs (>6%),
thermal conductivity is significantly lower due to the inability of lattice vibrations to propagate effectively amid
excessive structural defects. As a result, the system's thermal conductivity varies with changes in external temperature.
Boron doping creates defects and disrupts the phonon transport network in DWNTs, leading to increased phonon
scattering and a reduction in thermal conductivity, particularly at high doping concentrations.

CONCLUSION

The results demonstrate that the intentional introduction of boron atoms into DWNTs leads to changes in both
electrical and thermal conductivity, specifically an increase in electrical conductivity (partial charge) and a decrease in
thermal conductivity (k). The average partial charge (e) in the B-DWNT system increased from 0.032e to 4.830e at 300
K for B-DWNT(5.5@10.10) as the B content (p%) rose. Between 600 K and 1500 K, the increase in p% was 2.31 and
2.56 times greater (at 1% and the 1500 K/300 K ratio), respectively, while the increase in partial charge was 1.11 and
1.15 times greater (at 7% and the 1500 K/300 K ratio). At the maximum B doping level (10%), the partial charge
increased by 1.08 and 1.09 times, respectively. Therefore, the increase in partial charge with rising p% in B-DWNTSs
can be attributed to a combination of electronic distribution, thermal effects, structural changes, and ionic effects.

At room temperature (300 K), the thermal conductivity of 1% doped B-DWNTs is approximately 3564 W/mK for
(5.5@10.10) and 3651 W/mK. As the boron content (p%) increases, the thermal conductivity of (5.5@10.10) chiral B-
DWNTs decreases more than that of. Specifically, when 7% boron is added to (5.5@10.10) chiral B-DWNTs and
6.75% boron is, their thermal conductivity decreases by 1.26 times, respectively, compared to the 0% case. These
results demonstrate the potential for modifying the electrical and thermal conductivity of DWNTs through boron
doping, enhancing their suitability for use in thermal interface materials (TIMs).
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APPENDIX
Supplementary information

Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10)

. Partial charge Partial charge Partial charge Partial charge Partial charge
0,

Boron doping (%) 300 K 600 K 900 K 1200 K 1500 K
0% 0.00 0.00 0.00 0.00 0.00
1% ~0.032 ~0.041 ~0.053 ~0.065 ~0.074
2% ~0.072 ~0.088 ~0.108 ~0.128 ~0.168
3% ~1.025 ~1.102 ~1.172 ~1.207 ~1.236
4% ~1.188 ~1.212 ~1.258 ~1.298 ~1.327
5% ~1.963 ~1.984 ~1.997 ~1.901 ~1.478
6% ~2.351 ~2.382 ~2.456 ~2.516 ~2.597
7% ~2.457 ~2.484 ~2.572 ~2.646 ~2.728
8% ~3.563 ~3.602 ~3.711 ~3.782 ~3.891
9% ~4.690 ~4.727 ~4.843 ~4.933 ~4.904
10% ~4.830 ~4.867 ~4.996 ~5.096 ~5.233
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Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10)

Boron Doping (%) Thermal conductivity coefficient (W/m-K)
300 K 600 K 900 K 1200 K 1500 K

0% 3564 2115 1313 1140 916
1% 3512 2087 1277 1077 815
2% 3442 2052 1214 1064 783
3% 3321 1995 1165 936 593
4% 3257 1737 1012 751 464
5% 3173 1533 764 613 379
6% 2956 1395 702 478 278
7% 2818 1067 590 346 186
8% 2734 982 425 197 103
9% 2577 765 282 94 73

10% 2479 668 245 78 61

MPOBIJHICTDB Y IBOCTIHHUX BYTVIEHEBUX HAHOTPYBKAX
Ilaxno3axon Myminoea?®, AGpop Yiaykmypanos®, Xamin Icaes®, Jlingopa Mamacepa®, YTkip Yiabmkaes®?
@Jlenaycvxuil incmumym nionpuemuuymea ma neoazoeixu, M. enay, 360, Cypxanoap'incoeka oonacmo, 190507, Y36exucman
dTawkenmevkuil iHcmumym mexcmuivHoi ma aeekoi npomucnogocmi, Tawkenm, 100100, Y3bexucman

Y [pOMy JOCHIIKCHHI BHBYAETHCSA BIUIMB JieTyBaHHS OopoMm (B) Ha enekTpo- Ta TEIUIONPOBiAHI BIACTHBOCTI OTHOCTIHHUX
ByrieneBux HaHOTPyOok (DWNT) 3a pizaux temmeparyp (Bix 300 K mo 1500 K). Byio npoananizoBaHo BKIIIOUSHHS aTOMIB 60py B
DWNT (5,5)@(10,10), mo6 mocmiguty, sSK pi3HI piBHI JeryBaHHsA (p%) BIUIMBAIOTH HA pO3IOJUI YacCTKOBOTO 3apsmy Ta
TEIUIONPOBIIHICTh. Harni pe3ynbTaTé MOKa3yroTh, IO JIETYBaHHS OOpOM 301UIbIIYE YaCTKOBHM 3apsii Y CTPYKTYypi HaHOTPYOKH, 3
HENiHIHHAM 301JbLICHHAM 3apsity 31 30UnblIeHHsAM KoHueHtpauii jeryBanHs Bin 0% no 10%. lle moB'si3aHo 3 HIKYOIO
€JIEKTPOHETaTHBHICTIO OOpy, SIKMH BBOIUTH HOCIIB IIPOK Ta MOCWIIOE IMOBEOIHKY HAMiBIPOBiAHMKA p-TUmy. OIHAK, MPU BUIIHX
KOHIIGHTpaLisX JeryBaHHsa (Buile 5%), AedeKTH NOpYIIYIOTh T-CIEKTPOHHY MEpPEeKy, 3MEHILYIOUH eJIEeKTPOIPOBIAHICTD.
ExcnepuMeHTH 3 TEIIONpPOBITHOCTI MOKA3ylOTh, IO MPUCYTHICTH OOpY MPU3BOAUTH O 3HIKCHHS €(EKTHBHOCTI TeIUionepenadi,
0COONIMBO TPH BHINUX pIBHAX JeryBaHHS (>6%), nme iHAykoBaHe pmedeKTaMH pO3CiIOBaHHS (DOHOHIB 3HAYHO 3HUKYE
TEIIONPOBiIHICTE. Pe3ynbTaTi IeMOHCTPYIOTH, IO JIETYBaHHS OOPOM Mae CKJIaJHUH BILIMB Ha CTPYKTYPHI, €JICKTPOHHI Ta TEIIOBI
BractuBocTi DWNT, mnpudomy TemmnepaTypa Ta KOHIEHTpAIlis JIETYBaHHS BiAirpaloTh BHPINIATEHY pOJIb y BH3HAYCHHI
XapaKTePHCTHK.

KurouoBi cioBa: osocminna eyeneyesa nanompyoxa; ae2ysanus GOpoM, peaKxmusHa MONeKyIsApHa OUHAMIKa
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This work delivers an in-depth ab initio investigation into the electronic and magnetic characteristics of ZnSe systems doped with
nickel, evaluated at three distinct impurity levels: 3.125%, 6.25% and 12.5%. The analysis is grounded in density functional theory
(DFT), employing the local spin density approximation (LSDA) framework, further refined with Hubbard U corrections to
effectively capture the pronounced electron correlation effects typical of transition metal d-electrons. The incorporation of Ni into the
ZnSe matrix significantly modifies the electronic structure, leading to half-metallic behavior and pronounced spin polarization. Total
magnetic moments of 4.0 up per supercell were observed. Furthermore, energy comparisons between ferromagnetic and
antiferromagnetic configurations confirmed that the ferromagnetic phase is more energetically stable. These results highlight the
potential of Ni-doped ZnSe in spintronic applications where controlled magnetic and electronic properties are crucial.

Keywords: ZnSe:Ni; Ferromagnetic, Half-metal; Magnetic moment, First-principles simulation; Density Functional Theory

PACS: 61.72.-y; 75.50.Pp; 68.55.Ln

1. INTRODUCTION

Diluted Magnetic Semiconductor materials (DMSMs) have significantly advanced systems science by facilitating
the development of multifunctional compounds that exhibit a combination of magnetic behavior and semiconducting
capabilities. These hybrid functionalities make DMSs particularly attractive for next-generation applications in
engineering, environmental monitoring, optoelectronics, and especially in the rapidly developing field of spintronics,
where control over electron spin is essential.

Compared to other potential diluted magnetic semiconductor (DMS) hosts, ZnSe offers several key advantages that
make it a particularly promising candidate for spintronic applications. For instance, ZnO, despite being widely studied,
suffers from the formation of intrinsic defects such as oxygen vacancies and zinc interstitials, which lead to unintentional
n-type conductivity and hinder the achievement of stable p-type behavior [1]. CdTe and ZnTe, while possessing favorable
electronic characteristics, exhibit stronger spin-orbit coupling and involve cadmium-a toxic element that raises serious
environmental and safety concerns [2]. ZnS, moreover, demonstrates limited solubility for transition metal (TM) dopants
and lacks consistent experimental confirmation of room temperature ferromagnetism [3].

In contrast, ZnSe presents a well-balanced and advantageous profile. It combines a favorable wide direct band gap
(Exp.: ~2.7¢eV [4]; 2.763 eV [5]) with relatively low spin-orbit coupling enhancing spin coherence and facilitating spin
transport in devices [6], [7] along with excellent chemical and thermal stability. Its structural compatibility with standard
thin-film growth techniques further enables efficient dopant incorporation and device fabrication [3]. These combined
characteristics make ZnSe an attractive host matrix for TM-doped DMS systems aimed at spin-based applications.

Studying the electronic and magnetic properties of ZnSe doped with transition metals such as Ni is essential for
evaluating its potential as a functional DMS. The material’s electronic structure dictates critical device-relevant properties,
optical response, electrical conductivity, and carrier mobility, while TM-induced magnetic behavior is key to achieving
room-temperature ferromagnetism vital for spintronic operations. Of particular interest is half-metallicity, where one spin
channel is metallic and the other semiconducting, enabling fully spin-polarized currents at the Fermi level. Such
characteristics are fundamental to devices like spin valves, magnetic tunnel junctions, and spin field-effect transistors.

This focus aligns with established theoretical and experimental advancements in DMS physics. Dietl et al. [8]
developed a seminal mean-field model of hole-mediated ferromagnetism in tetrahedrally coordinated semiconductors,
which underpins much of DMS theory development. Tanaka and Higo demonstrated large tunneling magnetoresistance in
GaMnAs/AlAs/GaMnAs junctions, highlighting the functionality of ferromagnetic semiconductors in device contexts [9].
Foundational also are visionary perspectives on spintronics and DMSs provided by Wolf et al. [10] and Awschalom &
Flatté [11], as well as first-principles formulations by Sato et al., which collectively guide and justify material selection and
device design strategies [12].

Moreover, the role of intrinsic defects is critical in DMS performance. Defects such as vacancies and interstitials
can dramatically influence magnetic coupling including mechanisms like bound magnetic polaron formation and may
either stabilize or inhibit ferromagnetic ordering. Importantly, defect-dopant interactions can be harnessed to tailor band
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gaps, control charge carrier density, and enhance magneto-optical effects. Understanding this interplay is therefore
essential for optimizing ZnSe-based DMS materials.

This work aims to provide a comprehensive first-principles investigation into the electronic structure, magnetic
behavior, and defect effects in Ni-doped ZnSe supercells. By comparing undoped and doped configurations and
analyzing spin-resolved band structures and densities of states, we identify the origins of half-metallicity and spin
polarization in Zn;NisSe. These results contribute to the fundamental understanding of II-VI DMS systems and
support the future design of spin-based optoelectronic devices.

Zinc selenide (ZnSe), a I1I-VI compound semiconductor, is inherently non-magnetic and possesses a direct band
gap of approximately 2.70 eV [4], which makes it highly suitable for various optoelectronic devices. Its applications
span from laser diodes, lasers, and light-emitting diodes to solar cells, microwave and terahertz emitters, and mid-
infrared (IR) tunable lasers [11-13]. However, by introducing transition metal (TM) dopants such as Co or Ni into the
ZnSe lattice, its properties can be significantly tailored to exhibit spin polarization and ferromagnetic behavior -
transforming the material into a DMS.

Numerous studies have focused on TM-doped Zn;xTMSe compounds, recognizing their potential as functional
materials for spin-based electronic and magnetic devices [14-21]. For example, Sato et al. [12, 22] predicted high Curie
temperatures in Cr- and V-doped ZnSe using first-principles simulations based on a zinc-blende structure. Similarly,
theoretical investigations by Benstaali et al. [15] on Co-doped ZnSe, Mahmood et al. [23] on Ti-doped ZnSe, and Arif
et al. [24] on Co-doped CdSe revealed half-metallic ferromagnetic phases, confirming the viability of these materials
for spintronic technologies.

Our earlier work [25] demonstrated that the introduction of a Zn vacancy in Mn-doped ZnSe leads to half-metallic
ferromagnetism, supporting the idea that defects and dopants together play a critical role in tuning the magnetic
characteristics of such systems. In the present study, we extend this line of investigation to Ni-doped ZnSe with one and
two doping concentrations: 3.125 %, 6.25% and 12.5%. Using first-principles DFT simulations, we analyze the
electronic structure, spin polarization, and magnetic ordering (ferromagnetic vs. antiferromagnetic) of the doped
systems. Our findings reveal that the incorporation of Ni ions induces robust ferromagnetic ordering and high spin
polarization, transforming ZnSe into a ferromagnetic semiconductor. This highlights its potential application in
spintronic devices where efficient spin injection and manipulation are required.

The primary novelty of this work lies in the systematic first-principles study of the electronic and magnetic
properties of Ni-doped ZnSe, specifically at doping concentrations of 3.125 %, 6.25% and 12.5%. By applying spin-
polarized density functional theory (DFT), we analyze the impact of nickel doping on the electronic structure, magnetic
ordering, and half-metallicity of ZnSe. This work offers new insights into the fundamental behavior of diluted magnetic
semiconductors (DMS), particularly in how transition metal doping can tune the material's properties to make them
suitable for spintronic applications.

The purpose of this study is to explore how Ni doping influences the magnetic and electronic properties of ZnSe,
focusing on the emergence of half-metallic ferromagnetism and spin-polarization in the material. In doing so, we
investigate the role of nickel in modifying the band structure and inducing a spin asymmetry, which is critical for future
spintronic devices such as spin valves and magnetic tunnel junctions.

The motivation behind this work is rooted in the growing demand for materials that can simultaneously exhibit
semiconducting and magnetic properties, crucial for advancing spin-based technologies. While previous studies have
investigated other DMS systems, our work emphasizes ZnSe as an ideal candidate due to its favorable electronic
characteristics and minimal spin-orbit coupling. Our findings contribute to expanding the understanding of Ni-doped
ZnSe, offering a pathway for designing new materials for applications in spintronics, where controlling electron spin is
essential for efficient device operation.

In light of these considerations, this manuscript presents an in-depth study with a clearly defined objective,
ensuring that the research not only contributes to the scientific community but also addresses the challenges in
developing high-performance DMS materials for next-generation technologies.

2. CALCULATION METHOD

In this research, ab initio simulations were carried out within the framework of DFT, coupled with the
pseudopotential method [26] for analyzing the electronic and magnetic characteristics of semiconductors, half-metals,
and nanoscale materials. The computational framework was implemented using the Atomistix ToolKit (ATK,
http://quantumwise.com/) integrated within the Virtual NanoLab (VNL) simulation environment. The ATK was chosen
for DFT calculations due to its integrated real-space basis and efficient treatment of spin-polarized systems in large
supercells. ATK has been widely used in semiconductor studies for over a decade. Its reliability is supported by strong
agreement with both experimental data and results obtained from other well-established DFT packages, confirming its
suitability for modeling TM-doped ZnSe systems. Moreover, the calculations were completed within a relatively short
PC time, demonstrating the software’s computational efficiency for large-scale supercell models.

In our study, we also continuously explored various DFT-based methods, including LDA, GGA, MGGA, and
hybrid functionals, to investigate the electronic and magnetic properties of the materials. Our experience showed that
LDA and GGA, when combined with Hubbard U corrections, were successfully applied in the calculations. For most of
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our calculations, we successfully used LDA and LSDA methods to model the electronic and magnetic properties. It
should be noted that we also tested hybrid functionals for various compositions, but due to the considerably longer
computational time required for these calculations, we decided to discontinue their use for the current study. The many-
body interactions between electrons and atomic nuclei were treated within the Kohn-Sham formalism [27], which
transforms the complex many-electron problem into a set of self-consistent one-electron equations. To solve these
equations, we applied the linear combination of atomic orbitals method. The exchange-correlation effects were treated
within the local spin density approximation, supplemented by Hubbard U corrections [28] to better account for the on-
site Coulomb interactions, particularly for the localized d-electrons of the transition metals as reported in Refs. [29, 30].
In this study, the magnetism of diluted magnetic semiconductor systems Zn;xTMSe was investigated under conditions
similar to those used in previous works [25, 29, 30]. Supercell models were developed by replacing one or two Zn
atoms with Ni** ions to simulate doping concentrations. Hubbard U corrections were applied to improve the accuracy of
band gap predictions and to account for strong electron correlation effects associated with Ni 3d orbitals. In our
calculations, the Hubbard U parameters were set as follows: Zn (3d) = 4.5 eV and Se (4p) =3.8 ¢V.

To investigate the magnetic properties of Ni-doped ZnSe, supercell models consisting of 32 and 64 atoms were
constructed based on the wurtzite ZnSe structure with initial lattice parameters a = 3.98 A and ¢ = 6.53 A, as reported in
Refs. [31, 32]. Nickel doping was simulated by substituting one or two Zn atoms with Ni** ions, corresponding to
doping concentrations of 3.125 %, 6.25% and 12.5%, respectively. Ni atoms were substituted at Zn sites in the ZnSe
lattice, as the substitution is energetically favorable and commonly reported in the literature for DMS studies. Although
Ni has a slightly smaller atomic radius (~1.24 A) than Zn (~1.34 A) [33], structural relaxation during DFT optimization
showed no significant lattice distortion or clustering at the doping levels considered.

The crystal structure of ZnSe was assumed to be hexagonal, belonging to the P6smc space group [29]. The
electronic structure and spin-resolved properties were computed using norm-conserving pseudopotentials from the
Fritz-Haber-Institute (FHI), along with a double-zeta polarized (DZP) basis set. The Brillouin zone integration was
carried out using a 5x5%x5 Monkhorst-Pack k-point grid The plane-wave energy cutoff was set to 100 Ry to ensure
convergence of total energy and magnetic properties. In the Ni-doped ZnSe systems, the separation between Ni atoms
depends on the size of the supercell. For the 32-atom supercell, the optimized Ni-Ni distance is 7.96 A, while in the 64-
atom supercell, it increases to 9.50 A. This distance corresponds to the spatial separation between the two Ni dopant
atoms along the [001] crystallographic direction (i.e., parallel to the c-axis of the supercell).

To illustrate this configuration, a representative figure is included below, showing the dopant positions and the
direction along which the measurement was performed. During geometry optimization, both atomic positions and lattice
vectors were fully relaxed. Structural relaxation was performed until the forces on each atom were below 0.001 eV/A
and the total stress was less than 0.001 eV/A3. These settings ensure that the calculated Ni-Ni distances accurately
reflect the relaxed equilibrium geometry in the ferromagnetic (FM) state of the system.

To analyze the distribution of magnetic moments, Mulliken population analysis was used. The calculations
allowed for a detailed investigation of the magnetic ordering, spin polarization, and stability of different magnetic
phases. Both ferromagnetic (FM) and antiferromagnetic (AFM) configurations were considered by appropriately
arranging the spins of the Ni atoms (NifNif and NifNi| configurations).

This computational approach provides a reliable basis for predicting the spin-polarized behavior of Ni-doped
ZnSe:Ni at various doping levels and for assessing its potential use in spintronics.

3. RESULTS AND DISCUSSION
Electronic properties of ZnSe and ZnSe:Ni

Initially, the electronic band structures and density of states (DOS) for undoped ZnSe were calculated using
supercells containing 32 and 64 atoms. In order to accurately determine the band gap and the dispersion relations of the
bands, first-principles calculations were performed within the local spin density approximation (LSDA) framework,
incorporating Hubbard U corrections for the Zn d- (4.5 eV) and O p-electrons (3.8 eV). To observe the changes induced
in the electronic band structure upon Ni doping and for comparison purposes, the band structure of undoped ZnSe with
a 32-atom supercell is presented in Figure 1.

It is worth noting that the band structure and band gap of the 64-atom ZnSe supercell are analogous. The
calculated band gap of 2.70 eV for undoped ZnSe in this study is in good agreement with previous experimental results.
For instance, wavelength-modulated spectroscopy reported a band gap of 2.70 eV [4], while other experimental studies
have investigated the optical band gap properties of ZnSe and yielded a slightly higher value of 2.763 eV [5].
Additionally, optically-pumped lasing has been demonstrated in doped ZnSe epitaxial layers grown by metal-organic
vapour-phase epitaxy [5].

Figure 2 illustrates the total density of states (TDOS) for undoped ZnSe using the 32-atom supercell. Based on the
results of the band structure and DOS calculations for ZnSe, the valence band can be primarily divided into three
distinct groups. The first group, located at the top of the valence band, mainly originates from the p-states of Se atoms.
The second group of valence states is predominantly contributed by the d-orbitals of Zn atoms. The lowest-lying states
(third group) are primarily derived from the s-states of Se atoms. As seen in Figures 1 and 2, the zones corresponding to
spin-up and spin-down states in the band structure completely overlap, and the DOS curves are perfectly symmetric.
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These results obtained for the electronic properties (electronic structure and DOS) indicate that the undoped ZnSe
compound is a nonmagnetic material.

Band structure of ZnSe 32-atom supercell
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Figure 1. Spin-polarized band structure of undoped ZnSe supercell containing 32 atoms, calculated using first-principles methods
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Figure 2. Spin-polarized TDOS diagram for undoped ZnSe supercell containing 32 atoms
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The band structure interpretation of ZnSe:Ni supercells reveals that the incorporation of Ni atoms substantially
modifies the band structure of the host semiconductor. Specifically, impurity-induced states emerge near the Fermi level,
with some of these states crossing the Fermi energy. This behavior is a clear indicator of the onset of magnetic ordering
in the system, driven by the interaction between the localized d-electrons of Ni and the host lattice. The calculated spin-
polarized band structures for majority- and minority-spin channels, along with Figures 3 and 4 illustrate the total density
of states (TDOS), while Figure 5 presents the partial density of states (PDOS) for Se and Ni atoms in the 32-atom Ni-
doped ZnSe supercell.

Band structure of ZnSe:Ni 32-atom supercell

spin-up

Energy (eV)
o
B
Energy (eV)

r X Y z

Figure 3. Spin-polarized band structure of Ni-doped ZnSe supercell containing 32 atoms, calculated using first-principles methods
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Figure 4. Spin-polarized TDOS diagram for a Ni-ZnSe supercell containing 32 atoms
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Figure 5. Spin-polarized PDOS diagram for Ni and Se atoms in Ni-ZnSe 32-atom supercell.

Additionally, from first-principles calculations, we have studied the electronic properties of a ZnSe 64-atom
supercell doped with a Ni atom. The obtained band structures (minority and majority spin) and DOS curves are shown
in Figures 6-8. The PDOS plot shows that Ni 3d orbitals contribute significantly to the DOS vicinity of Fermi energy. A
significant hybridization occurs between the Ni 3d orbitals and the Se 4p states, most prominently in the spin-down
state. This orbital mixing alters the band structure by introducing spin-dependent energy levels, which manifest as a
distinct spin asymmetry in the DOS. The spin-up states exhibit a clear band gap, characteristic of semiconducting
behavior, whereas the spin-down states retain metallic states at the Fermi level. Such properties are of particular interest
for spintronic applications, where the control of spin currents is essential for device performance. The magnetic moment
primarily originates from Ni 3d orbitals, while Se atoms also contribute slightly through p-d hybridization.

Band structure of ZnSe:Ni 64-atom supercell

Energy (eV)
Energy (eV)

Figure 6. Spin-polarized band structure of Ni-doped ZnSe supercell containing 64 atoms, calculated using first-principles methods.
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Figure 7. Spin-polarized TDOS diagram for a Ni-ZnSe supercell containing 64 atoms.
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Figure 8. Spin-polarized PDOS diagram for Ni and Se atoms in Ni-ZnSe 64-atom supercell.

These findings emphasize the role of transition metal dopants and host atom interactions in tailoring the spintronic
properties of ZnSe-based diluted magnetic semiconductors. A pronounced imbalance between the spin-up and spin-
down electronic states is observed, providing clear evidence of spin polarization in the Ni-ZnSe system. This
asymmetry indicates that the electronic structure favors one spin orientation over the other, a critical feature for
materials considered in spintronic device design, where spin-selective transport plays a key role. The PDOS diagrams,
shown in Figures 5 and 8, highlights strong hybridization between the Ni 3d orbitals and the Se 4p orbitals, which plays
a crucial role in mediating the magnetic interactions. The replacement of Zn atoms with Ni introduces significant
changes to the electronic structure, most notably causing a reduction in the band gap of the spin-up channel and
inducing metallic behavior in the spin-down channel.

Table 1 presents the calculated band gap energies for both undoped and Ni-doped ZnSe supercells. For the
undoped systems (ZnisSeis and Znsz»Sess), the band gaps are identical for both spin-up and spin-down channels
(2.70 eV), indicating a symmetric electronic structure and confirming the non-magnetic nature of pure ZnSe. Upon Ni
doping, significant spin polarization emerges. In the Zn;sNi;Seis supercell (6.25% Ni), the spin-up band gap decreases
to 2.48 eV, while the spin-down band gap closes completely (0.00 eV), indicating the onset of half-metallic behavior. A
similar trend is observed in the Zn3;Ni;Ses; supercell (3.125% Ni), where the spin-up gap further reduces to 2.24 eV,
with the spin-down channel remaining metallic (0.00 eV). This spin-selective behavior, semiconducting in the spin-up
channel and metallic in the spin-down, is a defining feature of half-metallic ferromagnetism. It is observed in both 32-
and 64-atom ZnSe supercells doped with Ni, confirming that Ni incorporation introduces strong spin asymmetry and
transforms the electronic structure of ZnSe.

Table 1. Band gap results for undoped and doped ZnSe

Supercells x, % Spin-up, eV Spin-down, eV
ansem 0.0 2.70 2.70
Zn3zSe32 0.0 2.70 2.70
ansNilsem 6.25 2.48 0.00

Zn3|Ni1S€32 3.125 2.24 0.00
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Such half-metallic properties, characterized by a fully spin-polarized density of states at the Fermi level, are highly
desirable for spintronic applications, as they enable efficient spin injection and control in advanced electronic and
optoelectronic devices. These findings establish Zn;.«NixSe as a promising candidate for next-generation spin-based
technologies.

Ferromagnetic properties of ZnSe:Ni

The magnetic properties of Zn;«Ni,Se systems were analyzed using the Mulliken population method. Both the
total and local magnetic moments were calculated for Ni-doped ZnSe systems, including the Ni** ions and their
neighboring atoms. While pure ZnSe exhibits no magnetic behavior, doping with Ni ions induces magnetic properties in
the system. The majority of the magnetization arises from the hybridization between the p-electronic states of the host
selenium atoms and the d states of the Ni impurity ions.

Figure 9 presents the spin-polarization structure of the ZnisNi;Seis supercell from first-principles simulations. The
black arrows indicate the magnetic moments of atoms: the lengths of these arrows are scaled according to the values of
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Figure 9. Spin-polarization map of the Ni-doped ZnSe 32-atom supercell.

For the Ni-ZnSe systems, the computed total magnetic moment within the examined supercell configurations is
around 4 pg per Ni dopant atom. Additionally, the local magnetic moment, primarily originating from the Ni site,
contributes significantly to the overall magnetic behavior of the system, which localized specifically on each Ni ion is
estimated to be about 1.2 ug. The dominant contribution to the overall magnetization primarily arises from the nickel
ion’s 3d electronic states, which provide nearly 1.2 pg of magnetic moment. In contrast, the surrounding zinc atoms
contribute only a negligible amount to the total magnetic moment, indicating that their role in the magnetic behavior of
the system is minimal. Interestingly, a significant positive contribution to the magnetic moment also comes from four
selenium atoms that are chemically bonded directly to the nickel dopant. These selenium atoms collectively contribute
approximately 0.85 pg, highlighting the strong p-d hybridization between Se p orbitals and Ni d orbitals plays a crucial
role in mediating and amplifying the magnetic characteristics of the ZnSe:Ni system. This orbital interaction not only
facilitates magnetic exchange coupling but also significantly contributes to the stabilization of the observed
ferromagnetic ground state in the material.

Figure 10 represents the spin-polarized density of states (DOS) for the four selenium (Se) atoms chemically
bonded to a nickel (Ni) atom in the ZnSe:Ni supercell. The asymmetry between the spin-up and spin-down states near
the Fermi level (¢F) indicates a significant spin polarization, suggesting a contribution of these Se atoms to the overall
magnetic behavior of the system.
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Figure 10. Spin-polarized DOS diagrams of the four selenium atoms chemically bonded to Ni in the ZnSe:Ni supercell
structure, illustrating their contribution to the magnetic behavior.
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Table 2. Bond lengths between two nickel dopants and total energy differences for Ni-doped ZnSe at 12.5% and 6.25%
concentrations

Supercells Number of atoms Bond length (Ni-Ni), A AE [eV]
Zn1aNi2Sei6 (2 Ni(Zn)-doped in ZnSe) 32 7.96 0.12004
Zn3oNi2Ses2 (2 Ni(Zn)-doped in ZnSe) 64 9.50 0.02328

The theoretically calculated bond distances between two impurity atoms and the energy differences (AE=FEarm-
Ernm) for ZnSe:Ni compounds at 12.5 and 6.25 % concentrations are represented in the following Table 2. The total
energy difference between the antiferromagnetic (AFM) and ferromagnetic (FM) configurations serves as a critical
parameter for evaluating the magnetic stability of Ni-doped ZnSe systems. A positive value of AE indicates that the
ferromagnetic phase is energetically preferred over the antiferromagnetic one, suggesting a stable ferromagnetic ground
state. In our results, the smaller supercell (32 atoms) with a bond length of 7.96 A shows a larger AE (0.12004 eV),
indicating stronger ferromagnetic coupling and greater magnetic stability at this doping concentration. Meanwhile, the
larger supercell (64 atoms) with a longer bond length of 9.50 A exhibits a smaller AE (0.02328 V), suggesting weaker
ferromagnetic interactions and relatively reduced stability. These findings imply that the magnetic properties and
stability of Ni-doped ZnSe are strongly dependent on dopant concentration and spatial arrangement, which is crucial for
designing spintronic devices with optimized performance.

Figure 11 describes the variation of total energy difference (AE) and bond length (A) for the different Ni-ZnSe
supercell structures containing 32- and 64-atoms. We obtained that increasing the size of the supercell from 32 to 64
atoms results in a noticeable increase in the bond length between two Ni dopants, from 7.96 A to 9.50 A. At the same
time, the total energy difference decreases from 0.12004 to 0.02328 eV indicates the FM state becomes energetically
more favorable in larger supercells, reflecting enhanced magnetic stability with reduced Ni-Ni interaction strength due
to increased spatial separation. These results support the idea that dilute Ni doping in ZnSe maintains ferromagnetic
stability, particularly at lower concentrations where dopants are more isolated.

Bond Length and Total Energy Difference vs Supercell Size
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Figure 11. The variation of total energy difference (AE) and bond length (A) for Ni-ZnSe systems.

Our first-principles results (see Table 2) demonstrate that the FM phase is more stable than the AFM phase in Ni-
ZnSe compounds. The spin-polarized band structures and electronic DOS results reveal that nickel doping induces a
high-spin state with half-metallic characteristics in the ZnSe supercells. These characteristics underscore the significant
promise of Ni-ZnSe as a functional material for advanced technologies, especially in the realm of spintronics, where
high spin polarization and robust magnetic stability are critical for device performance.

4. CONCLUSION

In this work, spin-polarized first-principles simulations based on DFT were conducted to explore the magnetic and
electronic properties of ZnSe doped by Ni at doping concentrations of 12.5% and 6.25%. The ab initio results suggest
that the incorporation of nickel substantially modifies the host material's electronic and magnetic structure, giving rise
to a half-metallic ferromagnetic state, a feature highly desirable for spintronic applications.The obtained value of
magnetic moment of the doped supercells is approximately 4.0 pp, where the dominant contribution arises from the
localized 3d states of the Ni** ions, with additional hybridization from the p-states of neighboring Se atoms.

The spin-resolved band structure and DOS analyses confirm the presence of spin polarization near the Fermi
energy, indicating potential applicability in spintronic technologies. Furthermore, Mulliken population analysis and
spin-density visualizations reveal strong magnetic ordering primarily around Ni sites.

We also evaluated the total energy differences between ferromagnetic (FM) and antiferromagnetic (AFM)
configurations. The results consistently show that the FM phase is energetically more favorable, especially at lower
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doping concentrations, signifying magnetic stability in diluted Ni configurations. Increasing the size of the supercell
results in reduced magnetic interaction between Ni dopants, as reflected by the increased bond length and decreased AE
values.

Overall, the findings indicate that Ni-ZnSe systems exhibit the key characteristics of a promising DMS materials

with half-metallic behavior, positioning it as a strong contender for future applications in spintronic technologies,
optoelectronic systems, and magneto-electronic devices.
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CIIH-TTOJISIPU30BAHI BJACTUBOCTI ZnSe, JETOBAHOI'O Ni: MOIEJIOBAHHS TA CUMYJISALII HA
OCHOBI IEPIINX IMTPUHIUIIIB
B.H. JIxxadaposa®®, A.H. [l:xkapapora?, A.Jlk. AxmagoBa®
“A3zepbaiioacancorull Oeparcasnuil yHisepcumem Hagmu ma npomucnogocmi, 20 Azalig Ave., AZ-1010, Baxy, A3epbaiiosxcan
bXaszapcoxuii ynieepcumem, 41 Mehseti Str., AZ1096, baxy, Asepbaiiosican
“/leporcasnuil ynisepcumem Haxuisana, AZ 7012 Haxuiean, Azepbaiioscan
VY oMy JOCIIKEHHI TIPOBEACHO BCEOIUHUI ab initio aHANI3 EJIEKTPOHHUX Ta MATHITHHX BIACTUBOCTEH CHCTEM ZnSe, JIETOBaHUX
HIKEJIEeM, OCHTIDKEHUX MPH TPHOX KOHIIEHTpamisx aoMimmok — 3.125 %, 6,25% ta 12,5%. AHaii3 BUKOHAHO 3a JOMIOMOTO0 TEopii
¢ynkuionana ryctunn (DFT) y pamkax sokansHoro HabmmkeHHs criinoBoi ryctuan (LSDA), nonmoBreHoro kopexiismu ['ab6apna U
JUIsl TOYHOTO BpaxyBaHHs CHIIBHUX €(eKTiB eleKTPOHHOI Kopesiiii, XxapakrepHux s d-opOitaneit nepexignux meraii. BBexeHHs
atomiB Ni B perriTky ZnSe CyTTEBO 3MiHIO€ €JICKTPOHHY CTPYKTYpPY, BUKIIMKAIOYH HAMIBMETATIYHY MOBEIiHKY Ta BUPXKEHY CIIIHOBY
MoIApu3amifo. 3aradbHUM MAarHiTHUA MOMEHT CTaHOBUTH npuOmm3HOo 4,0 up Ha cymepkomipky. KpiM Toro, mopiBHSHHS eHepriit
(eppoMarHiTHOro Ta aHTUPE(PEPPOMATHITHOTO CTaHIB ITOKA3ajo, MO ¢eppoMarHiTHa (aza € O cTabiIBHOI 3 €HEPreTHYHOI
TOukd 30py. Lli pe3ynpTaTH miIKpecorTh MmoTeHmian ZnSe, jgeroBaHoro Ni, IS 3aCTOCYBaHHS y CHIHTPOHIMI, ¢ KPUTHIHO
Ba)KJIMBUM € TOUYHHH KOHTPOJIb MAarHITHUX Ta €IEKTPOHHUX BIACTHBOCTEH.
Kurouosi cioBa: ZnSe:Ni; pepomacnemux,; naniememan, MasHimuull MOMEHM, MOOENIO8AHHS HA OCHOBI NePULONPUHYUNIS, Meopis
@ynkyionana 2ycmunu
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This paper investigates the electrophysical properties of n-GaAs-p-(ZnSe)i»(Ge2)x(GaAsi-sBis)y heterostructures at different
temperatures. The epitaxial n-GaAs-p-(ZnSe)1-«(Ge2)x(GaAs1-sBis)y grown on GaAs substrates showed p-type conductivity, their
resistivity (5 Q-cm), charge carrier concentration (p = 1.5-10'® cm™) and carrier mobility (u = 300 cm?/V-s) were determined by Hall
method. Experimental values of the mobility of the main charge carriers allowed us to determine the mobility of the non-main charge
carriers, which amounted to (x = 1890 cm?/V -s) by means of theoretical calculations. In the current-voltage (I-V) characteristics of the
n-GaAs-p-(ZnSe)i1-x-y(Ge2)x(GaAsi-sBis)y heterostructure, a quadratic dependence of J ~ V2 was revealed, and this dependence does not
change with increasing temperature in the transition to regions with a sharp increase in current. Analysis of these regions of the volt-
ampere characteristic showed that the mechanism of current flow is determined by the direct drift of charge carriers. It was proposed
to use n-GaAs-p-(ZnSe)1-x-y(Gez)x(GaAsi-sBis)y heterostructures in voltage amplifiers, constant voltage converters, as well as in
electronic and thermoelectronic devices.

Keywords: Heterostructure, Epitaxy, Current-voltage characteristic; Temperature; Donor doping; Charge carriers; Mobility
PACS: 78.30.Am

INTRODUCTION

A3B5 wide bandgap semiconductor compounds are considered as potential materials for the production of
optoelectronic devices operating in the mid- and far-infrared (IR) spectral regions. Currently, extensive research is
being conducted to develop and study various electronic device structures based on InSb, InAs, GaSb, GaAs and their
solid-state alloys [1-3]. Among these materials, GaAs compounds and their complex solid alloys (GaAs)ix-
y(Ge2)x(ZnSe)y are of particular interest, in particular due to the high mobility of electrons and holes [4-6]. These
characteristics make such materials suitable for the fabrication of high-speed optoelectronic devices. Additionally, the
(GaAs)ixy(Ge2)x(ZnSe)y solid solutions allow for the spectral range of device structures to be extended from 1.1 eV
to 2.65 eV due to the wide tunability of x and y composition parameters [7]. However, the widespread practical
application of devices fabricated from GaAs-based compounds and their solid solutions is limited by the insufficient
understanding of the electro-physical properties of these materials and the structures based on them. Therefore, the
present study aims to investigate the electro-physical properties of n-GaAs-p-(ZnSe)i..,(Gez).(GaAsi-sBis)y
heterostructures at various temperatures.

MATERIALS AND METHODS

(ZnSe)1-+(Ge2)(GaAs1-sBis), solid solutions were grown on (100)-oriented, 400 pm thick GaAs substrates with
electron-type conductivity using the liquid-phase epitaxy (LPE) method under forced cooling conditions from a Bi-
containing multicomponent melt solution. The composition of the melt and the crystallization onset temperature were
selected based on preliminary experimental results and the phase diagram of the GaAs—Ge—ZnSe—Bi multicomponent
system. The resulting epitaxial films exhibited p-type conductivity, a specific resistivity of 5 Q-cm, a charge carrier
concentration of 1.5-10'® cm™, carrier mobility = 300 cm?/V-s and a thickness of 8 um. To investigate the current-voltage
characteristics (I-V curve) of the structures fabricated on the basis of (ZnSe);_.,(Ge2)«(GaAsi_sBi;), solid solutions, ohmic
contacts were formed by vacuum sputtering. Silver contacts were deposited on the back side of the sample (entire surface)
and on the solid-solution side as square-shaped contacts with a surface area of 6 mm?. Additionally, the temperature
dependence of the current-voltage (I-V) characteristics of the n-GaAs-p-(GaAsi_sBis)i«(Ge2)(ZnSe), heterostructures
was studied in both forward and reverse bias modes. The experimental data were processed using the OriginPro 2022
software package.

RESULTS AND DISCUSSION
Figure 1 presents current-voltage characteristics (I-V) of multicomponent n-GaAs-p-(ZnSe)i.r.,(Ge»).(GaAsi.sBis),
heterostructures in logarithmic scale at different (1 — 30°C, 2 — 50°C, 3 —70°C, 4 - 90°C, 5 - 110°C, 6 — 130 °C,
7 — 150 °C) temperatures.
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Figure 1. Current-voltage characteristics of n-GaAs-p-(ZnSe)i-—x(Ge2)x(GaAsi-sBis)y heterostructures in logarithmic scale at
different temperatures: 1 —30°C, 2 —50°C, 3 -70°C,4-90°C,5-110°C, 6 — 130°C, 7-150°C

Analysis of the obtained results in logarithmic scale showed that in the forward bias region, at all measured
temperatures, the current demonstrates a linear dependence on the applied voltage according to the expression: J = A-V¢,
where a is a power-law exponent that varies depending on the voltage range [8].

In the initial region of the current-voltage characteristic, from 0.1 V to 0.3V, a “jump” or transition region is
observed, where the current follows a quadratic dependence: J ~ V* (a = 2). This behavior suggests that the charge
transport in this voltage range obeys the following relation [9].

V =M())B, \/% )
Here, the quantity M(J) is expressed by the following formula:
2
M) ~1+3m[2+ C(ari/c,)\]] )

here, m = 27;N,;V,/ /8b(b + 1)n,d; and C = [bn,/qV}; (b + 1)]. In these ratios, V," - represents the imperfection value
of the injection contact [10].

Thus, this particular region of the current-voltage characteristic (I-V) manifests when the denominator in the
recombination rate expression reaches extremely small values. This behavior is typically observed in cases where the
recombination process dominates the carrier transport mechanism, and the contact imperfection contributes significantly
to the overall voltage drop across the structure [11].

c,c,(pn—n’)

u =N, L P .
¢,(n+m)+c,(p+p)+az,pn

(©)

Here, the terms are defined as follows: N, — concentration of recombination centers (complexes), n, p — concentrations of
electrons and holes, respectively, »n; — intrinsic carrier concentration in the semiconductor, c,, ¢, — capture coefficients for
electrons and holes, n:, p: — equilibrium concentrations of electrons and holes corresponding to the impurity energy level
aligned with the Fermi level (known as Shockley—Read static factors), z;— time constant associated with electron exchange
processes within the recombination complex, a — coefficient dependent on the type of defect complex.

This type of recombination mechanism may arise not only under the above-mentioned conditions but also in the
presence of metastable recombination complexes, such as negatively charged acceptor—positively charged impurity ion
pairs, or positively charged donors paired with negatively charged vacancies, which can form in various configurations
within semiconductors.

At low excitation levels, i.e., when the final term in the denominator of expression (3) becomes negligible, the
recombination rate can be described by the Shockley—Read statistics. In such a case, the current transport mechanism
across the heterojunction based on the current-voltage characteristics (I-V) assumes a conventional form corresponding
to the ohmic relaxation of the volumetric space charge under drift conditions. This behavior is described as follows [12]:

8d3]
V= /— = B,y/J. 4
9qUptnTpNg 0\/7 ( )

Firstly, the value of By is determined from the slope of the experimentally obtained straight line corresponding to
the relation J=V*, using the following expression:
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8d3

Bo = 9qpphnTpNg )

In our case, the value of Bo at room temperature is found to be: B¢=0.001 V-A""2 Considering the film thickness
d =5 pm and using experimental data, it is also possible to estimate the concentration of shallow-level donor impurity
centers. For our structure at room temperature, this concentration is: Ng=1.2-10'° cm™. According to the Hall effect
measurements, the mobility of the majority charge carriers (holes) is: p,=300 cm?/Vs. Based on theoretical calculations,
the mobility of minority carriers (electrons) can be determined using the relationship: py=b-p,=1890 cm?V-s, where b is
the ratio of minority to majority carrier mobilities, and in our case, at room temperature, b = 6.3 [13].

As the temperature increases, the Bo value rises from 0.001 V-A2 to 0.369 V-A"2, while the mobilities of both
majority («,) and minority charge carriers and their lifetimes (t.), as well as the concentration of shallow donor levels
(Na), decrease. This behavior indicates that in the investigated solid solutions, the diffusion of charge carriers into deeper
impurity regions plays a significant role in the current transport mechanism of the heterostructures [14]. Moreover,
starting from an applied voltage of V' = 0.4, a sharp increase in current is observed in the current-voltage characteristics
(I-V), which follows a power-law relationship of the form: J = V* = 8. This region is known as the pre-breakdown region
(see Figure 1). In this regime, the last term in the denominator of expression (3) begins to play a significant role in the
recombination rate. Consequently, the recombination rate deviates from the Shockley—Read statistics and takes on a
fundamentally different form [15].

Ny 2
U= T—i<1 B ricpp>' ©
The dependence of the current on the applied voltage in this regime takes the following form:
2(b+1)?Nyd3
j =22 e (7

srich Wo=-V)

Here: € — the dielectric permittivity (dielectric constant) of the grown epitaxial films. This parameter characterizes the

film’s ability to polarize in response to an electric field and plays a crucial role in determining the electric field

distribution, capacitance, and overall electrostatic behavior of the heterostructure. It directly influences charge carrier

dynamics, recombination rates, and space-charge region properties in semiconductor devices. V, = f% = const.
tep

From equation (7), it follows that the current increases as the denominator decreases with increasing applied voltage-
that is, the current rises rapidly. This behavior indicates the onset of a highly nonlinear transport mechanism. In particular,
within the voltage range V' = 0.4-0.8 V, a sharp increase in current is observed, marking the transition from ohmic or
quadratic behavior to a pre-breakdown or injection-enhanced regime.

This phenomenon has been thoroughly discussed in the study by [16]. In that work, the authors analyze the
mechanisms responsible for such nonlinear current growth, including enhanced injection, formation of space-charge
regions, and recombination through complex defect states. In the studied heterostructures, this sharp rise in current in the
V'=(0.4-0.8) V range is indicative of the increasing role of injected charge carriers and their recombination via complex
deep-level centers. This behavior also signals the transition into a regime where classical drift-diffusion models are no
longer sufficient, and recombination-limited or space-charge-limited current mechanisms begin to dominate. When the
applied voltage to the studied samples is increased from 0.9 V to 1.5 V, the current-voltage relationship assumes the form:
J = A-V?? (as shown in Figure 1). According to the theoretical analysis provided by [17], this region of the current-voltage
characteristic may arise due to electron exchange through complex recombination centers during the recombination of
nonequilibrium charge carriers. In this case, the final term in the denominator of equation (3) satisfies the following
condition:

c(n+ny) +cp(p +p1) < arpn. ®)

The I-V curve also takes the following analytical expression:

(b+1)d?Ny d 2(b+1)Nyd?c, 1 D
V= - —=A+B]——. 9
NgppT; + qnp(b+1)C‘/7 NgupatiC J + ‘/7 i ©)

where A, V, and D are quantities that depend on the concentration of ionized atoms in deep pores, the ratio of electron
and hole mobilities, and the thickness of the interlayer junction base, and can be determined based on the results of
experimental studies. To determine the quantity A, two experimental points V;, J; and V>, J; are selected from the
dependence of current on voltage in the form J ~ V32, The results obtained by calculation are presented in Table 1. It can
also be seen from the table that the value of A does not change much with increasing temperature, which in turn indicates
that the N,/r; ratio does not change. In addition, it is possible to determine the values of B and D by selecting three
experimental points Vi, Ji), (V2, J2), (V3, J3) in the region of a sharp increase in current flow. According to the data
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presented in Table 1 and the calculation results, it was found that the value of D increases with increasing temperature
and the value of B decreases. This, in turn, indicates that the n-GaAs substrate and p-(ZnSe)_.,(Ge>).(GaAsi_sBis)y
epitaxial film increase the value of “c” in the relationship (3) at the boundary of the separation and that the concentration
of hole-holding centers is related to c,. The results obtained and the results obtained using calculations show that
expression (9) can be used to characterize the slope of the volt-ampere characteristic in the form J ~ V%

Table 1. The values of the quantities A, B and D given in relation (9) are calculated from the experimental results of I-V curve at
different temperatures

t, °C 30 50 70 90 110 130 150
A.V 0.69 0.7 0.705 0.711 0.717 0.723 0.73
D. V-mA-1?2 1.38 2.12 2.44 2.94 4.16 5.58 7
B.V-Al2 0.0174 0.0156 0.0146 0.0134 0.0131 0.013 0.0128

After a sharp increase in the applied voltage of the current to the samples, a repeating quadratic field with J ~ V%
where o = 2, was observed (Fig. 2). In this case, the last part in the denominator of relation (3) begins to play a decisive
role and the recombination rate u, u,=N,/z; is completely saturated [18]:

2
y = BNy d \/7’ (10)

2NgupT; qup(b+1)C

The determination of the value of Nr/ti for this region is carried out in the same way as for the region of sharp
increase in the dependence of the current strength on the applied voltage. First, a straight line equation is constructed for
two selected experimental points, from which the values of various quantities corresponding to the value of the first part
of expression (10) are determined:

2
A _ (b+Dd Nr’ an
2 2NgupT;
Using several mathematical substitutions, based on the quantities d, b, and Ny in the relation (11), Ny/ti = 5.2:10'% cm
3.s7! was obtained.

CONCLUSION

Thus, in the n-GaAs-p-(ZnSe)i(Ge2)(GaAssBis), heterostructure, the forward-biased current-voltage
characteristics exhibit a transition from a quadratic relationship (J ~ V?) to regions of steep current increase. It was found
and theoretically supported that this behavior does not change significantly with increasing temperature.

Beyond the pre-breakdown region, the dependence of current on voltage reveals two distinct characteristic regions.
The analysis of these regions in the I-V characteristics of n-GaAs-p-(ZnSe)_(Ge2)«(GaAsi_sBis), heterostructures
confirms the dominance of the direct drift-based charge transport mechanism. Based on these findings, the investigated
heterostructures are promising for use in voltage-multiplying devices, constant-voltage converters where high-frequency
or time-domain response is not critical, and in various electronic and thermoelectronic applications.
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BIIJIUB TEMIIEPATYPHU HA BOJIBT-AMIIEPHI XAPAKTEPUCTUKU 'ETEPOCTPYKTYP
n-GaAs-p-(ZnSe)1-x-y(Gez)x(GaAsi-sBis)y
Axpamzkon 0. Bo6oes?, Ik6okon M. Couies®, Hypitain YO. FOnycanies?, Mypoaumkon M. Xoramos?
“Anoudicancokuti deporcasHull ynigepcumem imeni 3.M. baoyp, Anousican, Y3bexucman

b Anouscancoruii deparcasnuii nedazoziunuii incmumym, Anduscan, Yzbexucman
VY miif cTaTTi JOCHIIKYIOTECS €JIEKTPO(I3UdHI BIACTUBOCTI TeTepocTpykTyp n-GaAs-p-(ZnSe)ixy(Ge2)x(GaAsi-sBis)y 3a pizHEX
temreparyp. Enitakciiini n-GaAs-p-(ZnSe)1-x-y(Ge2)x(GaAsi-sBis)y, Bupomeni Ha minknagkax GaAs, mokasany p-THII IPOBITHOCTI, X
nutomuit omip (5 Om:cM), KoHIEeHTpais Hociis 3apsaay (p = 1,5:10'6 cm®) ta pyxamBsicts Hociis (1 = 300 cM*/B-c) Gyiu Bu3HaueHi
MerosioM Xoma. EKcnepuMeHTanbHI 3HAUeHHS PyXJIMBOCTI OCHOBHHX HOCIIB 3apsily NO3BOJMJIM HaM BH3HAYUTH PYXJIHUBICTH
HEOCHOBHHX HOCITB 3apsiy, sika cranoBmia (L= 1890 cm?*/B-c) 3a JOMIOMOroi0 TEOPETUUHHX PO3paxyHKiB. Y BosbT-amnepHux (BAX)
XapaKTEpHCTUKAX IeTepocTpyKTypu n-GaAs-p-(ZnSe)ix-y(Ge2)x(GaAsi-sBis)y BusABIEHO KBajpaTHuHy 3anexHicte J~ V2 i ns
3aJISKHICTh HE 3MIHIOETHCSA 31 30UIBIICHHAM TeMIIEpaTypH MPH Hepexoi 10 obiacTei 3 pi3kuM 30UTBIICHHSAM CTPYyMY. AHANI3 IHX
obnacTeil BOJNIBT-aMIIEPHOI XapaKTEPUCTHKH MOKa3aB, L0 MEXaHi3M IPOTIKaHHS CTPyMy BH3HAYA€ThCS NPSIMHUM Apeiidom HociiB
3apsny. Byso 3amporoHOBaHO BHKOPHCTOBYBAaTH TeTepOCTpyKTYpH n-GaAs-p-(ZnSe)i-xy(Ge2)x(GaAsisBis)y B miacuimoBadax
HAaIpyTH, IepeTBOPIOBaYax NOCTIIHOT HAIIPYTH, a TAKOXK B €JIEKTPOHHUX Ta TEPMOCJICKTPOHHHX MIPUCTPOSIX.
KirouoBi cinoBa: cemepocmpykmypa; enimaxcis; 601bm-amnepha Xapakmepucmuka, memnepamypd; OOHOpHe Ne2y8anHsl; HOCiT
3apa0y; pyxausicmy





