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The mathematical model to inspect the effects of changeable thermo-physical properties such as thermal conduction, slip effects and
viscosity on Maxwellian nanofluid is proposed. The thermal conductivity increases rapidly due to presence of nanoparticles such as
metals, carbides, oxides etc. in base fluid. The flow occurs from the stagnated point pass a stretched sheet with slipped conditions. The
characteristics of the Brownian motion as well as the thermophoresis processes are also taken into consideration. By means of similarity
transformations, the ODEs are reduced from the equations influencing the fluid flow. A built-in solver of MATLAB namely bvp4c
which is a collocation formula implementing the Lobatto IIla finite difference numerical method is applied to solve these transformed
equations numerically. The graphs of the numerical outcomes representing impacts of variations in different parameters on the fluid
movement, transfer of heat along with mass are analyzed. This investigation leads to an important aspect that as the thermal
conductivity in the flow is intensified, the temperature of the fluid reduces with high aggregation of the nanoparticles near the sheet’s
surface. Also, the rates of heat and mass transferral depletes due to the relaxation of Maxwellian fluid. Furthermore, the effectiveness
of the present numerical computations is determined by carrying out comparisons of heat and mass transferred rates against the previous
analytical results for several values of thermophoresis and Prandtl parameters. The effectiveness of its outcomes can be applied in
nanoscience technology and polymeric industries for their developments.

Keywords: Heat transfer; Variable fluid viscosity; Slip Effects; Variable thermal conductivity; Maxwell fluid

PACS: 47.50.-d, 47.15.Cb, 47.11.-j, 44.20.+b, 65.80.-g, 82.60.Qr, 47.57.Ng, 82.35.Np, 83.50, 65.20.-w, 83.60.Bc, 83.60.Df

Nomenclature
Tw  Temperature on the sheet T Fluid temperature
Cy  Nanoparticle fraction on the wall T Ratio of heat capacity of a nanoparticle to heat capacity of
an ordinary liquid/gas
T,  Free stream temperature c Rate at which the sheet is stretched
C, Free stream Nanoparticles concentration v =a(Ty — T,) Dimensionless reference temperature
corresponding to viscosity
u velocity along xaxis B =kyc  Maxwell parameter known as Deborah number
v velocity along yaxis € = b(Ty —T,) Dimensionless reference temperature
corresponding to thermal conductivity
Pe  density of the base fluid A= % Ratio of rates of velocities
. . [ . C
v(T) = ? fluid kinematic viscosity Pr = ‘%;—wp = %o Prandtl number
0 ©0
Cp  specific heat at constant pressure Nt = VTDTT (Tw — Ts) Thermophoresis parameter
o0 {00
Dy Brownian diffusion coefficient Nb = Tvﬁ (Cw — C»)  Brownian motion parameter
o0
Dy Thermophoresis diffusion coefficient Le =% = K= | owis number

Dp  peoCpDp

Ko  relaxation time of the upper-convected Maxwell fluid S="_ guction parameter
Voo
K(T) variable thermal conductivity 1=F , VL Velocity slip parameter

C Nanoparticles volume fraction S=0G Vi Thermal slip parameter

P Pressure ¥y = H [= Solutal slip parameter

Voo
P Stream function n Similarity variable
INTRODUCTION

Over the past few decades, inspection of nonnewtonian fluids flow passing a stretched sheet is a topic of immense
curiosity amongst researchers, engineers and scientists because of its vast utilizations in biomechanics and engineering
fields such as in extrusion process, annealing, extraction of metals, etc. Changes in shear stress and some properties of
fluid lead to further classification of non-Newtonian fluids into Bingham plastic, Pseudoplastic, Viscoelastic. Poisson [1]
and Maxwell [2] gave rigorous arguments and stated that all fluids must have some degree of elasticity. In fact,
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constitutive theories such as Maxwell and Boltzmann [3] were based on the thoughts that there will be momentary elastic
responses in fluids. This concept includes the idea that fluids such as water and glycerin have viscous response while
others (like less strong solutions) are somewhat elastic and some viscous. Viscoelastic fluid has both the property of
viscosity and elasticity. On sudden removal of stress of viscoelastic fluid, the fluid strain doesn't disappear at once but
relaxes quite slowly. The simplest model of viscoelastic fluids is the Maxwell model which has very small dimensionless
relaxation time. In order to investigate the role of the parameters such as electrical conductivity in heterogeneous solid
particles, J. C. Maxwell proposed a model in 1867. Wide range of applications of Maxwell fluid in technical, engineering
and industrial areas has fascinated many researchers.

In 1989, Barnes et al. [4] in their research had conferred that in rheology even a solid-like material would start flowing
after a given large amount of time. Keeping this in mind, a nondimensional number is required which is associated with both
viscosity and elasticity of material. Thus, a non-dimensional number named as Deborah number was introduced which was
well described by Poole [5]. Sadeghy et al. [6] in their work have investigated numerically the stagnated point flow of
Maxwellian fluid. Wang and Tan [7] analysed the Maxwellian flow in a porous media. The wide utilizations of stagnated
point flow in industrial and engineering applications such as electrochemical engineering, storage devices, waste water
management, paper production, acro-engineering, etc. have embarked the interests of numerous investigators. Hiemenz [8]
was the first researcher to model the stagnated point flow problem. He used similarity variables to obtain its solution in a
precise manner. Chiam [9], [10] followed his work and continued the study under the consideration of the geometry as the
stretchable sheet. Later on, Ahmad et al. [11] utilized Buongiorno model of nanofluid to carry on his investigation on
stagnated flow of Maxwell nanofluid past a disk. Recently, various researchers such as Sunder Ram et al. [12], Reddy
et al. [13], Dessie [14], Reddy and Mangamma [15] and so on, investigated the porosity effects on stagnated point flow of
convective magnetized flow of microfluids, Casson fluids and Newtonian fluids. They used several numerical methods such
as Shooting method, Runge kutta fourth order method and Keller box method to obtain the numerical solutions.

Recently, a current topic of heat transfer medium has emerged named as Nanofluid coined by Choi [16] which
contains nanoparticles of size 01 — 100 nm. These nanoparticles, generally a metal or metal oxide, are stably and
uniformly distributed over base fluid which tremendously intensifies the nanofluid thermal conduction, enhances
coefficients of conduction and convection thereby favouring more heat transfer. Compared with millimeters and
micrometers, Nanoparticles have great potential for enlarging thermal transport facilities. Nanofluids have an extensive
applicability for engineering in heat transfer systems, automotive applications, electronic systems and biomedical
applications etc. Buongiorno [17] examined various theories explaining the advanced features of heat transfer of
nanofluids. He proposed an analytical solution of convection in nanofluids that looked at thermophoresis and Brownian
propagation. Kuznetsov and Nield [18] extended the study of Boungiorno and researched on the nanofluid flow passed a
vertical surface. Khan & Pop [19] followed them to explore thoroughly the nanofluid flow across an expanded surface
with a surface temperature. Makinde and Aziz [20] investigated the condition of the transmission limit to assess the
nanofluid flow over the expandable surface. An investigation on the flow over an extended sheet of Oldroyd-B fluid was
accomplished by Sajid et al. [21] taking magnetic effects into consideration. Assuming geometry as a sheet with tendency
to stretch, the flow of the nanofluid from a stagnated point is investigated numerically by Yasin Abdela et al. [22]. Ramesh
et al. [23] inquired on flow of Maxwell fluid from a stagnated point in the existence of nanoparticles. Under various
physical conditions, researchers such as Mishra [24] and El-Aziz and Afify [25] investigated the effects of slipped
conditions on MHD flow in various non-Newtonian models such as Casson fluid and Jeffrey fluid. Ibrahim and Negera
[26] have investigated the stagnation point flows and slip effects of MHD Maxwell nanofluid past a stretched sheet.

Factors of variation in viscosity and thermal conductivity in liquid flow have the use of geothermal energy, the
underground storage system and many other areas. Changes in viscosity in liquid or gas flows help predict flow patterns
and heat transfer rates, while in heat transfer problems, changes in thermal conductivity help communicate the accuracy
of the energy transfer. Makinde et al. [27, 28] and Ali et al. [29] investigated the impacts of variation in viscosity on the
stable and unstable flow of nanofluid by assuming different conditions and different geometries. For MHD flow of fluid
containing dust particles, the change in fluid viscosity and thermal conduction was inspected by Manjunatha and
Gireesha [30]. In their work they inferred that a reduction in the fluid velocities and dust phase occur due to the increased
viscousness parameter of the fluid. Borgohain [31] in her work investigated on the radiative Maxwell Nanofluid and
numerically forecast the flow rate, temperature and concentration features of the flow. Iranian et al. [32] inspected on
impacts of suction/ injection and slip conditions on flow of Maxwell fluid number and concluded that heat transferral rate
is boosted by thermal and momentum slip conditions.

In earlier problems of upper-convected Maxwell fluid flow from the stagnation point, the effects of changeable
thermal conduction and viscosity were not discussed in the presence of nanoparticles under the slip effects. Owing to the
importance of variation in thermal conduction and viscosity in the thermal engineering works of insulation, energy
production, devices enhancing thermal power, computer storage devices, cooling systems and polymeric industries, study
on this topic has become relevant. The originality of this study is therefore, the modelling of the UCM flow problem
under the constraint of changing thermal conduction and viscousness of the fluid along with the slip conditions and
presence of nanoparticles in the fluid from a stagnated point.

The central objective of the current article is to investigate the effects of variation in viscousness, slip effects and
thermal conduction on the flow of Maxwell fluid past a stretchable surface along with nanoparticles present in the fluid
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via programming in MATLAB. Present study can be helpful in the processes that involve engineering, polymeric,
insulations and nanofluid operations involving the works of storage systems, extrusion processes, cooling systems, paper
production, thermal power generation, etc.

FORMULATION OF THE PROBLEM

The problem is considered as a slip flow problem of an upperconvected Maxwell (UCM) fluid in positive y-axis
region. At x-axis, a stretching surface is placed with stagnation point fixed at x = 0. Towards its perpendicular direction,
the y-axis is assumed. This flow model of the assumed problem is physically illustrated in Figure 01. The fluid containing
nanoparticles passes over this stretched surface. From the stagnation point, the free stream velocity U(x) and fluid
velocity on stretched/ shrinked velocity Uy, (x) are considered to vary linearly i.e. the free stream velocity is taken as
U(x) = kx and fluid velocity on the stretched/ shrinked sheet is taken as U, (x) = cx where ¢ > 0 is the stretching sheet
velocity, ¢ < 0 is the shrinking sheet velocity and k > Oare constants. The two-dimensional laminar fluid flow is
considered to be incompressible and steady. The thermal conduction and viscousness of the fluid, being dependent on
temperature, are taken into account as variables. All the other thermophysical properties of the fluid are considered to be
constant.

Y
F 3
v
1]
Ulx)
» X
+— — — — —_ — — —

Un(x)

Figure 1. Physical illustration

Taking all these factors into account the Maxwell nanofluid flow governing boundary layer equations [27] over
stretched sheet with changeable fluid viscousness and thermal conduction takes the following forms:

61;

ay 5_0 (M
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The boundary conditions (bcs) suggested by Ibrahim et al. [26] are
u=cx+F v—VW(x)T TW+G C CW+H— aty =0,

u-kx,T > T, C— Cyxpasy — o, (%)

where ¢ > 0 for the stretched sheet and ¢ < 0 for the shrinking sheet.
Introduce the similarity transformations as follows:

Cw—Coo

’ T-Teo C—Coo
77: —vc y}]}b:,[cvmxfjng T ’(l): . (6)
oo W=l

The dynamic viscosity of Maxwell nanofluid is taken as an exponential decreasing function of temperature [28]
defined as

W(T) = pooe ™8T Te), @)
where po,signifies fluid viscosity at free stream and a signifies viscosity variation exponent.
Similarly, the Maxwell nanofluid thermal conductivity [31] is taken as
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K(T) = Kepe™?(7Te), (8)

where K, signifies ambient fluid conductivity and b signifies thermal dependence conductivity constant.
Using equations (6) - (8), equations (2) - (4) reduce to

(1= BefAOf" —vl'f" + e (ff" — f> + 2Bff'f" + A*) = 0, ©)
0" — €0’ + Pre®(NbO'¢’ + Nt02 + f6') = 0, (10)
Nbg" + Nt@" = —LePrNbfe'. (11

The corresponding non-dimensional bcs are

n=0: f=Sf"=3(f'~1),0=1+80"¢'= (¢~ 1.

n—-oo:f 54,6 -50,¢-0. (12)
The other important physical quantities are the Sherwood (Sh) and Nusselt (Nu) numbers which are given as
sh= 2Crb=0 u= D=0,
(CW - COO) ' (TW - oo)

These are dimensionless numbers representing the effectiveness of heat and mass convection at the surface,
respectively. Sherwood number represents the ratio of convective mass transfer rate to the mass diffusivity whereas
Nusselt number represents the ratio of convective heat transfer to conductive heat transfer coefficient across the boundary
layer. Thus, reduced Sherwood number signifies the mass transferral rate and reduced Nusselt number signifies the heat
transferral rate for the convective flows at the surface.

These physical quantities under the similarity transformations can be written as:

Nu = —/Re,0'(0),Sh = —,/Re,¢'(0),

where Re, = x:_w is localised Reynolds number.

Thus, the reduced Sherwood and Nusselt numbers are given by
Sh, = Re; "*Sh = —¢/(0), Nu, = Re; "/*Nu = —6'(0). (13)

METHODOLOGY
BVP4C of MATLAB is used as the numerical technique to get the outcomes of the present model. Bvp4c is a built-
in solver of MATLAB which is a collocation formula used to solve a global system of algebraic equations imposing
collocation conditions on the subintervals over the boundary. This formula implements the three stage Lobatto Illa finite
difference numerical method [33]. The equations (9) - (11) under the bes (12) are first reduced to first order equations as
shown below.
Take

yl=f,y2=f,y3=f",y4=0,y5=0",y6 = ¢,y7 = ¢’

Then the first order differential matrix is obtained as

yz;
y3
vy5y3 — eV*(yly3 — y22 + 2B8y1y2y3 + A?)
dy 1 — Bevrty1?
ax ys
€y5 — PreY*(Nby5y7 + Nty4? + y1y5)
y7
Nt
| Pry7(—Leyl + Nte*y5 + m{—eyS + Pre*(yly5 + Nty4?)}

RESULTS AND DISCUSSIONS
Reduced system of governing ODEs (9) — (11) so obtained are highly coupled and nonlinear, and cannot be solved
analytically. Hence the equations under the bces (12) are first reduced to first order equations as shown in section
methodology and are solved by coding to create appropriate programming in MATLAB by making use of the solver
bvp4c and implementing the Lobatto IIla finite difference numerical method. Finally, the numerical computations for
nanoparticles concentration, fluid temperature and its velocity profiles for distinct values of the influencing variables are
carried out and the outcomes are displayed graphically in Figures (2) - (14).
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To check the effectiveness of the present numerical computations, comparisons with the prior analytical outcomes
of Khan and Pop [19] under the absence of slip effects, conductivity and viscosity parameters are carried out and shown
in Table 1 and Table 2. It is evident from the tables that the two results are exact upto 3 decimal places showing the
relevancy of the present study.

Table 1. Comparison table taking variation in thermophoresis parameter

Nt —¢'(0) —¢'(0) —-0'(0) —0'(0)
Previous [19] Present Previous [19] Present
0.2 2.2740 2.2740 0.6932 0.6932
0.3 2.5286 2.5286 0.5201 0.5201
0.4 2.7952 2.7951 0.4026 0.4026
0.5 3.0351 3.0351 0.3211 0.3210
Table 2. Comparison table for rates of heat transfer with variation in Prandtl number
-6'(0 Present -6'(0
Pr Pl‘eViOlES )[19] results Pr PFeViOlES )[19] Present results
0.07 0.0663 0.0663 0.70 0.4539 0.4539
0.20 0.1691 0.1691 2.00 0.9113 09113

The range of controlling parameters in plotting the Figures 02 — 14 are takenas 0 < 5 < 1,01 < Nb <1.2,0.1 <
Nt<050<e<2,Pr=4001<y<250<v<150<A4<1501<5<3,Le=1001<1<15001<
6 < 0.35. The Figures 02 — 14 yield that the temperature and velocity of Maxwellian fluid and nanoparticles concentration
in the nanofluid decrease monotonically across the boundary. At the surface, the value of the fluid property is maximum
with a monotonic fall in the property by the end of boundary.

The effects of the variation of dimensionless viscosity parameter v on the nanoparticles volume fraction, fluid
temperature and fluid motion are depicted in Figures 2-4. From the figures, it is evident that the growth in viscosity slows
down the fluidic motion. The nanoparticles concentration and the fluid temperature upsurge with the hike in viscosity
parameter. Increase in viscosity parameter results in greater temperature contrast between the surface and encompassing
fluid which diminishes the hydrodynamic boundary layer thereby conferring the depicted results.
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Figure 4. Changing viscosity on fluid velocity Figure 5. Changing thermal conduction on nanoparticles
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The effects of various values of thermal conductivity € on the concentration and temperature distributions are plotted

in Figures 5 and 6. The growth in thermal conductivity cools down the fluid temperature thereby thinning down the
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diameter of thermal boundary layer. The nanoparticles volumetric content enhances near the surface but far away from
the sheet it gets reversed giving a point of inflexion P where no change in concentration is observed with the rise in

thermal conductivity.

In Figures 7 and 8, the distribution of nanoparticles concentration and fluid temperature for variation in nanofluid
parameters are shown. The nanofluid parameters Nb and Nt have positive effects on the fluid temperature. This is due to
the generation of irregular motion known as Brownian motion by the nanoparticles and the thermophoretic force creating
fast flow away from the sheet. Also, these lead to the decline in concentration of the nanoparticles by the Brownian motion
parameter Nb but reverse result for thermophoresis parameter Nt.
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Figure 11. Nusselt number variation with Deborah number and

velocity ratio

Figures 9 and 10 present the concentration and temperature distributions for distinct values of slip parameters. It’s
ascertained that the slip velocity 4 enhances the thermal and concentration boundary layer but reverse are the results for
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thermal slip 6 and solutal slip y parameters. At the occurrence of slip, the velocity of fluid near the plate is not equal to
the contraction rate of the plate. So as the slip velocity rises up, the fluid velocity decelerates. These further results in
intensification of the fluid temperature and also movement of the nanoparticles, existing in fluid, closer towards each
other thereby making the fluid more concentrated.

Finally, the mass transferring and heat transferring rates proportional to —¢'(0) and —6'(0), respectively, are
shown in the Figures 11-14 for variation in different parameters. The nanofluid parameters (Nt, Nb) boost the frequency
of mass transfer but restrict the frequency of heat transfer. The increasing values of Nt and Nb result in the rising of the
surface temperature thickening the thermal boundary layer and thereby reducing the Nusselt number. The elasticity and
viscosity of the Maxwell fluid led to the reduction in the mass and heat transferring rates with the hike in Deborah number
B while the ratio of velocities enhances these rates.
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CONCLUSIONS
The cumulative impacts of changeable thermal conduction, slip effects, viscosity and suction on the movement of
Maxwellian fluid past a stretchable surface are investigated from the stagnation point along with nanoparticles present in
the fluid. The results are precised as follows:

. The variation in thermal conductivity results in cooling down of the fluid and makes the fluid more
concentrated near the surface of the sheet but decreases the nanoparticles volumetric content distant from the sheet.

. The velocity slips, viscosity and thermophoresis parameters favored the fluid temperature and nanoparticle
concentration, whereas the thermal and solutal slips reduced the diameter of thermal and concentration boundary layers.

. The presence of nanoparticles in the fluid retards the fluidic motion.

. The upsurge in Brownian motion parameter results in heating up of the fluid and thinning down the
concentration boundary layer.

. The rate of heat transfer depletes on upsurge of Deborah number and nanofluid parameters but enhances for
higher ratio of velocities.

. The rate of mass transfer is favored by the nanofluid parameters and velocity ratio but is opposed by the rise

in Maxwell parameter.
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BIUINB TEMIIEPATYPHO-3AJIEXKHUX TEIUIOITPOBITHOCTI TA B'SI3KOCTI
HA KOB3AIOUYMM ITOTIK HAHOPIJUHU MAKCBEJLJIA
Jed6o3ani Boproxaiin
Dakyremem mamemamuxu, Ynieepcumem [fiopyeapx, ibpyeapx, 786004, Accam, Inois

3amnpornoHOBaHO MaTeMaTHYHY MOJICITb JIJIS IEPEBIPKH BIUTMBY MIHJIMBHUX TEIIO(I3MUHUX BIACTUBOCTEH, TAKHUX K TEIUIOMPOBIIHICTD,
e(eKTH KOB3aHHS Ta B’S3KiCTh, HA HAaHOPiAMHY MakcBeia. TemmonpoBiAHICTh MBUAKO 3pOCTaE Yepe3 HasABHICTh y 0a30Bill piamHi
HAHOYACTHHOK, TAKUX SIK METaJH, KapOiau, okcuan Toulo. [1oTik BiIOyBaeThCS Bl 3aCTIHHOT TOUKU MPOXOPKEHHS PO3TATHYTOTO JICTA
3 YMOBaMH KOB3aHHS. TakoX BpaxOBYIOTBCS OCOOIHMBOCTI OpOYHIBCHKOTO PyXy, a TakOX HpolecH TepModopesy. 3a JOIMOMOTor
nepetBopeHb noaioHocti ODE BuBOAsATHCS 3 piBHSHB, IO BIUIMBAIOTH HA NOTIK pianHu. BOynoBauuii po3s’s3yBad MATLAB, a came
bvp4c, sxuii € GopMyII0I0 CIIJIBHOTO PO3TAIlyBaHHS, 1110 peasli3ye YUCeIbHUI MeTO/I KiHIleBUX pi3HUIlb Lobattollla, 3acTtocoByeThes
JUTS YACEIILHOTO PO3B’SI3aHHs KX MEPETBOPEHUX PIBHAHB. [IpoaHanizoBaHo rpadikd YUCEIbHUX PE3YJIbTATIB, IO MPEACTABIAIOTH
BIUTUB Bapiamiil pi3HUX MapaMeTpiB Ha pyX PiAMHH, epelady Teria pa3oM 3 Macor. Lle JociimKeHHs MPU3BOAUTD 10 BaXKITHBOTO
ACIEKTY, 110, OCKUIbKHM TEIUIONPOBIAHICTh y TOTOIIl MOCHJIIOETHCS, TEMIIEpaTypa PiAMHHA 3HUXKYETHCS 3 BHUCOKOIO arperariero
HAHOYACTHHOK Oins moBepxHi jmcra. KpiM TOro, MIBHAKICTH TEIUIO- Ta MAacOOOMiHY 3MCEHIIYETHCS depe3 peNlakcalilo piauHU
Makcgemia. KpiM Toro, epeKTHBHICTD MPEICTABICHUX YHCEIBPHHX PO3PaXyHKIB BHU3HAYAETHCS IMUITXOM IPOBEACHHS IOpPIBHSHBb
MIBUIIKOCTEH TEIIO- Ta Macollepeiai 3 HONepeIHIMH aHATITHIHUME Pe3yIbTaTaMH JJIsl KITBKOX 3Ha4eHb TePMOOpE3y Ta ImapaMeTpiB
Ipauaras. E¢exTuBHicTh HOro pesyibTaTiB MOKke OyTH 3aCTOCOBaHA B HAHOHAYKOBUX TEXHOJIOTISAX 1 HOJIMEPHUX Taly3sx M iX
PpOo3po6oK.

KuarouoBi ciioBa: menioobmin; 3sminna 6'sa3kicme piounu; egpexmu Ko83aHHs, 3MIHHA Menaonposionicms, piouna Maxceenna
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Pure and manganese doped zinc oxide nanoparticles have been successfully synthesized over the composition range, ZnixMnxO
(0<x<0.5), by a solution growth process. The effect of Mn doping on the structure, morphology and optical properties were investigated
by several techniques. X-Ray diffraction studies confirmed the formation of a single-phase polycrystalline hexagonal wurtzite structure
of ZnO within the range, 0 < x < 0.3. No Mn related secondary phases were detected, within this range, which could be attributed to
the fact that the dopant atoms had been well incorporated into the ZnO crystal lattice. For Zni1xMnxO (x = 0.5), several low intensity
peaks belonging to remnants of Manganese acetate were observed in the diffractogram, establishing a solubility limit for the synthesis
technique used. The variation of d-spacing with Mn percent doping showed a very good agreement with Vergard’s law within the
range (0<x<0.25). EDAX analysis of the nanoparticles was consistent with the formation of Mn doped ZnO. The optical band gap of
the ZnO nanoparticles decreased linearly with increasing Mn percent doping, suggesting the possibility of tuning the band gap of ZnO
by doping with Mn.

Keywords: Manganese doped zinc oxide; Solution phase process, Crystal structure; Optical band gap

PACS: 81.15.Fg, 61.05.C, 42.70.Qs

INTRODUCTION

Metal oxides display a wide range of properties which have useful technological applications, and the possibility of
varying these properties by various techniques, has resulted in these compounds being widely studied. Most of the interesting
properties displayed by these metal oxides are obtained by doping with transition metals such as; Fe, Co, Ni, Mn and Cu.

Among several metal oxides, ZnO is attracting attention due to its efficiency, low cost, non-toxic nature, and being
chemically and mechanically stable [1]. In addition, the relatively large band gap of ZnO (3.37 ¢V) coupled with its high
exciton binding energy (60 meV) at room temperature, renders it a superb host material for doping with Transition metals
[2]. Manganese has a peculiar nature, it has several oxidation states, causing diverse chemical and structural forms [3],
[4]. These properties make it an important dopant for binary compounds. An additional advantage is the ease of Mn
incorporation into the ZnO lattice, due to the relatively small difference in ionic radii between Mn?" and Zn?" [5]. An
efficient dopant must not cause any structural change when it is incorporated in the host atom [6]. These and many other
technological as well as potential applications have been well documented in literature.

With the renewed interest in the properties of these nanomaterials, there is the need to transition towards synthesis
techniques which are environmentally friendly, simple, and less costly. Available literature suggests that within the past
decade several publications have emerged on the synthesis of pure and Mn-doped ZnO.

Techniques which have generated a lot of interest are the solution growth methods. These techniques usually involve
the use of simple, inexpensive equipment, and can be carried out at low temperatures. An additional advantage, the ability
to control the size of the ZnO nanostructures [7].

Controlling metastable phases, particle sizes and morphologies are also some of the benefits provided by the low
temperature chemical route for synthesizing nanomaterials [8]. In spite of the advantages offered by this technique,
incorporation of Mn in ZnO lattice by this route is challenging because of the higher bond energy of Mn-O compared to
Zn-0, this means more energy would be needed to substitute Zn?" with Mn?* in ZnO lattice. A process which is easily
attainable with high temperature techniques [9].

The solubility limit, which is the extent to which the Mn dopant can be incorporated in the ZnO lattice without causing
any structural defects, is another important feature worth taking into account. Beyond this doping limit, the structure degrades
due to the presence of secondary phases formed by Mn clusters that do not replace Zn*" in ZnO lattice [10-12].

In our previous work, Armah et al. [13], we reported on the solubility of Mn in ZnO Nanocrystallites grown by wet
chemical synthesis. Pure ZnO was obtained at a synthesis temperature of 200 °C. Below this temperature, the
diffractogram showed several impurity peaks/secondary phases. For the Zn;.x\MnsO nanocrystallites, synthesized at
200 °C the solubility limit was < 20 % and for a synthesis temperature of 180°C, it was < 0.5 %. Beyond these limits,
peaks indexed to secondary phases were observed in the diffractogram.
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To adopt this technique in producing high-quality pure and Mn doped ZnO nanoparticles, with desirable qualities,
for device applications, requires an improvement on the solubility limit. In this current paper, we present a more effective
low-temperature route to synthesize Zn;<MnyO nanoparticles by a solution phase process. The method used is a
modification of the solution growth process reported in our previous work. In comparison with other solution phase
processes which use synthesis temperatures above 200 °C, this work uses a relatively lower temperature of about 110°C.
No sophisticated equipment is used and no toxic gases are released during this process. The resulting changes in the
structural, morphology and optical properties of the nanoparticles are examined.

MATERIALS AND METHODS
The precursors used were zinc acetate dihydrate (Zn(CH3COO),-2H,O and anhydrous manganese acetate
(Mn(CH3COO),), methanol (CH3OH), absolute ethanol (C;HsOH) and 2 M ammonium hydroxide (NH4sOH), all obtained
from Merck limited, India.

Synthesis of Pure ZnO Nanocrystals

In the synthesis procedure, 50 g of zinc acetate was ground in an agate mortar into a fine powder. The zinc acetate
powder was poured into a beaker. 150 ml of methanol was added to the zinc acetate to dissolve it. The beaker and its
content were sonicated for 40 minutes until all the solute was dissolved. Dropwise addition of 2 M ammonium hydroxide
solution was added to the mixture to obtain a pH of 8. The solution mixture was kept for about 3 hours before it was
placed on a hot plate and heated slowly in incremental steps of 10 °C (each temperature held for 15 minutes) until a final
temperature of 64 °C was reached for complete dissolution of precursors. At this temperature all the excess water content
evaporated and the solution turned into a gel-like material. The temperature was increased further and the resultant gel-
like material was maintained at 110 °C until it solidified into pale yellow crystals. These were then allowed to cool down
to ambient conditions and ground into fine particles. They were then washed thrice with water, once with ethanol and
dried at 100 °C overnight. Afterwards the samples were calcined at 500 °C for 3 hours to produce the ZnO Nanocrystals

The preference for metal acetate precursors, Methanol, etc. have been well explained [13, 14]. The ammonium
hydroxide, supplied the oxide oxygen whilst the acetate acts as base. It should be mentioned that, apart from the synthesis
temperature which differs, other post synthesis processes such as washing the nanoparticles in water and ethanol, drying
overnight at 100 °C, and calcining were not done in our previous work.

Synthesis of Zni1xMnxO
Specific amounts of the metallic precursors were ground into a fine powder. The same procedure for the synthesis
of ZnO described above was used. The solution appeared creamy at low dopant concentrations and became pinkish as the
concentration increased. The same procedure was carried out for Zn;.xMn,O (0 <x < 0.5).

RESULTS AND DISCUSSION
Powder X-Ray Diffraction Analysis
The crystal structure of the nanoparticles was studied by a PANalytical Empyrean Series 2 powder X-ray
diffractometer in the 20 range 5 to 99 °C with CuKa (1.5406 A) radiation.
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Figure 1. (a) Stick pattern for the hexagonal wurtzite structure of ZnO (Ref. Code 01-079-9897) (b) XRD pattern of pure ZnO

Figure 1a and 1b show the stick pattern for the hexagonal wurtzite structure of ZnO (Ref. Code 01-079-9897) and
the XRD pattern for pure ZnO nanoparticles respectively. It can be observed that the pattern of prominent peaks in
Figure 1(b), are indexed to the hexagonal wurtzite structure of ZnO, the peak corresponding to the (101) plane being the
most intense. Authors from other studies have reported similar observations. The lack of any impurity peaks in the
diffractogram affirms the purity of the ZnO nanoparticles. Table 1 shows the pattern list which confirms the composition
and purity of the synthesized ZnO nanoparticles.
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Table 1. Pattern List of the synthesized ZnO nanoparticles.

Visible

Ref.Code

Score

Compound Name

Displ.[°20]

Scale Fac.

Chem. Formula

*

01-079-9878

99

Zinc Oxide

0.000

1.032

Zn O

It is worth noting that most reports on the production of ZnO by wet chemical synthesis, such as Armah et al. [15]
achieved this level of purity only after synthesizing at temperatures above 180 °C.
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Figure 2a. XRD patterns of Zn;xMnxO (0 < x < (0.5) nanoparticles

The X-Ray diffraction patterns of Zn;.xMnO (0 < x < 0.5) nanoparticles are shown in Figure 2a. The well-defined
peaks in all the samples are indexed to pure hexagonal wurtzite structured ZnO with preferred orientation along the (101)
plane. Similar observations have been reported by Guermat et al. [16].

intensity

25000

20000

15000

10000

5000

\Q*
-
R

ZnMnO (101)

ZnMnO (100)

ZnMnO (002)

g
=Y
2
H
S
UJU
T

o
2
H
S

20

N
o

2 theta
Figure 2b. XRD pattern for ZnixMnxO (x = 0.5)

The sharpness of the peaks in the diffractogram indicates good crystallinity. We can also see that no secondary phases
are observed as compared to our previous work. In the occurrence where there are no discernable peaks indexed to Mn
related secondary phases, one may safely conclude that the Mn is replacing Zn?* in the ZnO lattice. This view is buttressed
by Shatnawi et al. [17]. It is also worth noting that whilst some authors; Sebayang et al. [ 18] have reported a similar behavior
with regard to the most intense peak, others such as Singh et al. [19], reported the (002) planes as being the most intense
peak. There was a slight shift in 2 theta position with Mn doping percentage.

The XRD pattern of Figure 2b shows that apart from the prominent peaks indexed to the ZnO hexagonal structure,
there are several low intensity peaks (labelled as x) which do not belong to any of the phases of Zn;.\MnxO. These
impurities are remnants of Manganese acetate in the sample. Thus, based on the synthesis technique used in this work,
the doping limit for Zn; «\MnO can be estimated to be in between 0.3 < x < 0.5. This is an improvement on our previous
study using wet chemical synthesis which resulted in the appearance of secondary phases of Mn,O3 at x =0.2 [13]. Table 2
gives a summary of some parameters obtained from the peak analysis.
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Table 2. Peak shifting of the (101) plane with Mn doping percentage

% of Mn doping 2Theta position of (101) plane | FWHM d-spacing[A]
0 36.2637 0.3100 2.47727
3 36.2506 0.3100 2.47813
10 36.2315 0.4133 2.47940
25 36.2080 0.3100 2.48095
30 36.2497 0.4133 2.47819
50 36.2020 0.4133 2.47930

Observations from Table 2 indicate that, with the exception of the sample with 30 % Mn doping, there is a slight
shift in 2-Theta position of the (101) plane, towards lower values, with increasing Mn doping percentage and
a corresponding increase in the d-spacing. As mentioned in the introductory chapters, Mn can exist in different oxidation
states, such as Mn?", Mn*" Mn*' etc. Thus, when Mn substitutes for Zn?" the lattice has to expand or contract depending
on which of the oxidation states of Mn is present. The exact distribution of Mn in the lattice cannot be easily
ascertained [20] [21]. If Mn?* ion which has a much larger ionic radius replaces Zn*', the peaks will shift towards the
lower 2-theta angles due to an increase in d-spacing [13]. Thus, the observed shift in d-spacing with Mn doping percentage
shown in Table 2, can be associated with the higher ionic radius of Mn?".
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Figure 3. Plot of peak shifting of the (101) plane with Mn doping percentage
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Figure 4. Variation of the d-spacing of the (101) plane with Mn doping percentage

Figure 3 shows the shift in 2Theta position of the (101) plane with Mn percent doping, whilst Figure 4 shows the
corresponding increase in d-spacing.

There is a linear dependence of the lattice parameters of mixed crystals with composition, and this is true for
substituted solid solutions [22]. This linear dependence, referred to as Vergards law is consistent with the likely
behavior of an ideal mixed phase [23]. It is also worth noting that, although there are some publications which hold
contrary views to the validity of this law [24], other authors such as Muralikrishna et al. [25] are of the view that
Vegard's law is mostly valid in a narrow compositional range. The later view is supported by observations made in
Figure 4: variations of the d-spacing with Mn doping percentage is linear up to about 25 % Mn doping. Beyond this
range the variation is non-linear.

Average grain size
The average grain size was calculated using the formula given by Scherrer [26], [27]:

_ K4
Bcosf
Where K is a constant, the X-ray wavelength A = 1.541 A, B is the full width at half maximum of the most intense peak,

which is the (101) plane, 6 is the Bragg angle of the (hkl) planes associated to the structure. The average grain size, D for
the entire samples, Zn;xMn,O (0 <x < 0.50), was about 28 nm.
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SEM and EDAX Analysis
SEM and EDX analyses were carried out using a Zeiss SmartEDX Instrument (15 kV nominal electron beam
voltage). Figures 5, 6, and 7 show the SEM and EDAX results of pure ZnO and some Mn doped ZnO.
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Figure 5a. SEM Micrograph of pure ZnO Figure 5b. EDAX Spectrum of pure ZnO
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Figure 6a. SEM Micrograph of Mn doped ZnO Figure 6b. EDAX Spectrum of Mn doped ZnO (10 % Mn doping)
(10 % Mn doping)
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Figure 7a. SEM Micrograph of Mn doped ZnO Figure 7b. EDAX Spectrum of Mn doped ZnO (50 % Mn doping)
(50 % Mn doping)

The EDAX spectrum in Figure 5b, indicates that the synthesized nanoparticle is pure ZnO. A close observation of
the EDAX spectra of Figures 6b and 7b clearly confirm that the synthesized nanoparticles contain zinc (Zn), oxygen (O),
and manganese (Mn). Other elements seen in the tables of Figures 6b and 7b may emanate from the SEM specimen stub
used a substrate in the analysis. All the SEM images show the occurrence of clusters.

Optical Analyses
The absorbance spectra of the Zn1xMnxO (0 < x < 0.5) nanoparticles, dispersed in potassium hydroxide (KOH, 7.5 M),
were obtained using a ANALYTIK JENA - SPECORD 200 PLUS- 223E1451 UV-VIS spectrophotometer.
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Figure 8 shows the optical absorption spectra for the Zn; \MnO (0 < x < 0.50) nanoparticles. Generally, there was
an increase in absorbance with Mn incorporation. The absorption edge shifted towards the higher wavelengths with
increasing Mn doping. This red shift suggests an increase in size of the Mn-doped ZnO. A similar situation was reported
by Thakur et al. [28].
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Figure 8. Optical absorption spectra for the Zni-«MnxO (0 < x < 0.50) nanoparticles

Determination of the optical band gap
The band gap and type of transition were determined by the Stern equation [29].

(Ah) = [K(hv - E,)]"
where A is the absorbance, /v is the photon energy, n takes on the value of 1/2 or 2 depending on whether the optical
transitions are indirect or indirect [30], and K is a constant. The band gap E, is determined by first plotting a graph of
(Ahv)"™ vrs hv. ZnO is a direct band gap material so n = %, the band gap, E, is obtained from the intercept on the hv axis.
A plot of (4hv)? vrs hv for ZnO, 10 and 25 % Mn doped ZnO are shown Figure 9, 10 and 11 respectively.

From Figure 9, the estimated band gap for ZnO is 3.30 eV.

From Table 3, it can be observed that the there is a general decrease in the band gap of the nanoparticles with
increasing Mn percentage doping. Abdel-Galil et al. [30] have given reasons for the observed decrease in band gap. A plot
of the variation in estimated band gaps with Mn percentage doping is shown in Figure 12.

The linear nature of the graph in Figure 12, suggests the possibility of tuning the band gap of ZnO by doping
with Mn. The red shift observed in the absorption maxima due to doping with Mn, is ascribed to the decrease in the energy
band gap, which makes it favorable for photocatalytic applications [28].
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Figure 9. A plot of (Ahv)? vrs hv for ZnO Figure 10. A plot of (Ahv)? vrs hv for 10 % Mn doping
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Figure 11. A plot of (Ahv)? vrs hv for 25 % Mn doping Figure 12. Plot of estimated band gaps against Mn percent doping
Table 3. Summary of the estimated band gaps for ZnixMnxO (0 < x < 0.50) nanoparticles

Mn percent doping (%) Estimated band gap (eV)
0 3.30
3 3.15
10 3.20
25 2.90
30 3.15
50 2.80
CONCLUSIONS

Nanoparticles of Zn;xMn,O (0 <x < 0.5) have been successfully synthesized by a low-temperature solution growth
method. All the detectable peaks in the diffractogram were indexed as ZnO with hexagonal wurtzite structure. For the
doping range of 0 < x < 0.3, no additional peaks were observed in the diffractogram confirming the formation of pure and
single phase of Zn;.xMnyO within this range of Mn doping. For Zn;«\Mn,O (x = 0.5), several low intensity peaks belonging
to remnants of Manganese acetate were observed in the diffractogram. Thus, in this work, the solubility limit for
Zn;,xMn,O can be estimated to be in between 0.3 < x < 0.5. This is an improvement on our previous study using wet
chemical synthesis which resulted in the appearance of secondary phases of Mn,Os at x = 0.2. The variation in d-spacing
with Mn doping percentage was linear within the range (0 < x < 0.25) suggesting the formation of a substitutional solid
solution. EDAX confirmed the presence of Mn. The optical band gap of the nanoparticles decreased with increasing Mn
percent doping. Overall, it is possible to synthesize good quality manganese doped zinc oxide nanoparticles, especially
in the zinc rich end of the composition by adopting the synthesis technique used in this work.
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CHHTE3 YUCTHUX TA JJETOBAHUX MAPIT'AHIIEM HAHOYACTHHOK OKCHUAY IIUHKY 3 PO3YHUHY:
CTPYKTYPHO-OIITUYHE JOCJIKEHHA
Peiivonn A. AuTei, Icaak Hkpyma, ®@pencic K. Amnonr, Mapxk Iaan, Py6en WM. Tamakno, Podept K. Hkym, ®pencic Boak'e
Daxynemem @izuku, Ynieepcumem nayku i mexvoaoeit Keame Hxpyma, Kymaci, I'ana

Uwcri Ta JeroBaHi MapraHiieM HAHOYACTHHKH OKCHTy IIMHKY OyJIH YCIIIIHO CHHTE30BaHi B Aiana3oHi ckiany ZnixMnxO (0<x<0,5) 3a
JIOTIOMOTOI0 IIPOLIECy POCTY 3 po3unHy. BrumuB sieryBanus Mn Ha CTpyKTypy, MOP(OJIOTIIO Ta ONTHYHI BIACTUBOCTI JOCIIDKYBaIN
KIJIbBKOMa METOJaMH. PeHTreHOCTpyKTYpHI JOCIHIKEHHS MiATBEPIMIH (GOpMyBaHHS OXHO(DA3HOI MOJIIKPUCTATIIYHOT T'eKCaroHaIbHOT
cTpykTypH Blopuuty ZnO B pianaszoni 0 < x < 0,3. )Kogunx BToprHHHX (a3, MoB’s3aHUX 3 Mn, y IbOMY Jiara3oHi He BUSBICHO, 1110
MOXKHA TIOSICHUTH TUM (DAaKTOM, 1[0 aTOMH JIETyI04oi TOMIIIKH Oynu 1o0pe BKIIIOUeHi B KpucTaniyny peritky ZnO. s ZnixMnxO
(x =0,5) Ha nudpakrorpami crocrepiranocst Kinbka MikiB HU3bKOT IHTEHCHBHOCTI, 110 HAJIEKATh A0 3aJIUIIKIB alleTaTy MapraHiio, 1o
BCTaHOBJIIOE MEXY PO3UHMHHOCTI 111 BUKOPUCTAHOT METOAMKH CHHTE3y. 3MiHa d-iHTepBay 3 MPOLEHTHUM JIeryBaHHsIM Mn nokasana
Iy’Ke XOpOILy y3TO/DKEHICTh i3 3akoHOM Beprapaa B miana3zoni (0<x<0,25). Anani3 HaHowacTHHOK EDAX minTBepAnB yTBOpEHHS
ZnO, neroBanoro Mn. OntruyHa 3a00poHEHa 30Ha HAHOYACTHHOK ZnO 3MeHIIyBajacs JiHIHHO 31 30UIBIICHHSIM BiICOTKA JICTYBaHHS
Mn, 110 CBiTYUTH PO MOXKJIIMBICTH HANAIITYBAHHS IMUPHHY 3a00poHeHO01 30HH ZnO IUIIXOM JeryBaHHS Mn.

KurouoBi ciioBa: oxcuo yunxy necosanuii mapeanyem, ¢azu npoyecy posyuny, KpUCmaiiysna cmpykmypa,; onmuina 3a60ponena 30na
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This paper presents a comprehensive simulation study on the influence of a triple absorber layer configuration in a perovskite-based
solar cell using the SCAPS-1D software, under AM1.5 illumination. The simulated structure comprises a Cesium Tin-Germanium
Triiodide (CsSno.sGeo.sI3) absorber layer sandwiched between Indium gallium zinc oxide (IGZO) and Cu20 layers. The main objective
of this study is to enhance the power conversion efficiency (PCE) by optimizing the thicknesses of each layer. To validate our
simulation results, we compare them with experimental data obtained from existing literature, and we observe a satisfactory agreement
between the two. Our findings reveal that the maximum PCE of 28% can be achieved by utilizing specific thickness values for each
layer. Specifically, the optimal thicknesses are determined to be 20 nm for the IGZO layer, 200 nm for the Cu20 layer, and 700 nm for
the perovskite layer. These optimized thickness values lead to a significant improvement in the PCE of the solar cell, reaching 29%.
This achievement highlights the effectiveness of our proposed triple absorber layer configuration and demonstrates its potential to
enhance the overall performance of the perovskite-based solar cell. Overall, this study provides valuable insights into the optimization
of the absorber layer configuration in perovskite solar cells, leading to improved power conversion efficiency.

Keywords: Perovskite solar cell, CsSno.sGeo.s13; Power conversion efficiency; SCAPS-1D

PACS: 84.60.Jt

1. INTRODUCTION

Hybrid perovskite materials have gained significant attention in the field of solar cells due to their remarkable properties
and their potential as a low-cost solution for photovoltaic applications [1-10]. These materials have experienced a rapid
increase in photovoltaic conversion efficiency, rising from approximately 3.9% in 2009 to 25.2% in 2021 [11-14]. Their
exceptional characteristics, such as tunable bandgap, long diffusion length, efficient carrier transport, and ease of fabrication,
have positioned them as strong competitors to traditional silicon-based solar cells. However, the commercial development
of lead halide perovskites is hindered by the issue of lead toxicity. To address this challenge, researchers have been exploring
alternative materials with lower toxicity, and among them, tin-based (Sn-based) perovskites have demonstrated promising
results, particularly with Sn,*" showing the highest power conversion efficiency. Different studies have investigated Sn-based
perovskites, including FASnI3, MASnI3, and CsSnl3, revealing that organo-based perovskites inherently exhibit low
stability. This has led to Cs-based cation perovskite, specifically CsSnl3, emerging as the preferred candidate [15]. In the
search for lead-free alternatives, planar heterojunction architecture has been explored as a viable option for Sn-based
perovskites. However, Sn-based devices face challenges related to rapid oxidation of Sn," to Sns™ when exposed to air,
resulting in device instability and degradation. Furthermore, the self-doping of p-type materials increases the concentration
of holes, leading to enhanced carrier recombination rates, which is detrimental to cell performance [16-20]. To overcome
these issues, researchers have proposed alloying CsSnl3 with Ge," to create CsSn0.5Ge0.513 perovskite configuration, which
exhibits improved stability and air tolerance [21]. This configuration possesses favorable structural stability factors, including
a Goldschmidt tolerance factor of 0.94 and an Octahedral factor of 0.4, contributing to the overall stability of the perovskite
solar cell. Additionally, the addition of SnF2 to Sn-based perovskites has been shown to effectively reduce the oxidation of
Sn," to Sny, resulting in enhanced stability [22-24]. Devices fabricated with SnF2 have demonstrated performance stability
for extended periods, maintaining 98% of their initial power conversion efficiency for over 100 days. Despite advancements
in improving the performance of Sn-based perovskite solar cells, their power conversion efficiency still remains relatively
low. Therefore, it is crucial to gain a comprehensive understanding of the relationship between material parameters and
device architecture to enhance the performance of CsSngsGeosI3-based devices. In this work, we report on the design and
simulation of a novel IGZO / CsSngsGeosI3 / CsSnCI3 / CsSnCI3 / CuO / Spiro-OMeTAD solar cell configuration using
SCAPS-1D software [37]. The objective is to investigate the impact of a triple absorber layer configuration and varying
thicknesses on key performance parameters such as short-circuit current density (Jsc), open circuit voltage (Voc), fill factor
(FF), and overall power conversion efficiency (PCE). The obtained results offer valuable insights for the design and
development of high-performance CsSng sGeosI3 perovskite solar cells.

Cite as: A. Yousfi, O. Saidani, Z. Messai, R. Zouache, M. Meddah, Y. Belgoumri, East Eur. J. Phys. 4, 137 (2023), https://doi.org/10.26565/2312-
4334-2023-4-14
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2. DEVICE SETTINGS AND SIMULATION PROCESS

The device structure used in the simulations is based on the numerical design mentioned in reference [25]. It consists
of the following layers: IGZO / CsSn0.5Ge0.513 / CsSnCI3 / CsSnCI3 / Cu,O / Spiro-OMeTAD, as illustrated in Figure 1.
In this structure, IGZO with a thickness of 0.015 um serves as the electron transport material (ETL). IGZO is chosen for
its favorable band alignment, excellent optoelectronic properties, and stability [26,27]. Cu,O [28], with a thickness of
0.4 pm, is used as the hole transport layer (HTL), which is commonly employed in high-efficiency solar cells. The n-type
absorber layer consists of a mixed halide perovskite (CsSn0.5Ge0.513, CsSnCl3, CsSnCl3) with a thickness of 0.250 um.
In this structure, the HTL and ETL layers are n-type and p-type, respectively. Various parameters were employed for the
simulation of each layer, as summarized in Table 1. The input parameters for IGZO, Spiro OMeTAD, and CsSng sGeosI3
were adopted from a similar simulation structure documented in the literature [29-31]. The absorption coefficients for the
absorber and HTL were obtained from relevant literature sources [35-36]. Additionally, the SCAPS-1D software library,
specifically the SOPRA database, provided the required absorption coefficients for the ETL layer. The band gap equation
for the mixed halide perovskite CsSny sGeosI3, expressed as a function of x, was derived from a numerical reference [22].
Moreover, the simulations were conducted at an operating temperature of 300 K. By utilizing this simulated device
structure and incorporating the appropriate parameters and equations, the study aims to gain insights into the performance
characteristics of the perovskite solar cell under investigation.

Load J

.

SPIRO-OMETAD

Cu02
CsSnCI3
CsSnCI3

CsSn0.5Ge0.513 “

1GZO

FTO

Figure 1. Structure of the suggested solar cell-based perovskite.

SCAPS-1D, also known as Solar Cell Capacitance Simulator One Dimension, is a software application designed for
Windows. It was developed at the University of Gent using lab windows/CVI of the national instrument. The primary
purpose of this program is to numerically solve fundamental semiconductor equations in a one-dimensional context,
specifically under steady-state conditions. By utilizing SCAPS-1D, users are able to define various parameters upon which
the program calculates results. These results provide valuable insights into the underlying physics of the model, offering
explanations for important aspects such as individual carrier densities, carrier transport mechanisms, electric field
distributions, and recombination profiles., which are given below [38]:

2

Es

Where VW is electrostatic potentiality, s is static relative permittivity, q is the charge, e and n are the respective electrons
and holes, Nd+ is density of donor, Na-is density of acceptor and Ndef is the defect density of both donor and acceptor.
The carrier continuity equation in device may be represented as given below:

)

—52+G = Up(n,p) =0, @
9jn —

—5; TG = Up(np) =0. (3)

Here j, and j, are the hole and electron current densities, G is carrier generation rate, U, (n, p) and U, (n, P) are the
recombination rates of electrons and holes respectively. Furthermore, carrier current density may also be obtained from:

. a
Jp = qnipE + 4D, 7, )
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. a
Jn = quinE +qDy 5. )

Here q is the charge, up and un are carrier mobilities, and Dy, Dn are the diffusion coefficients.

By conducting simulations using SCAPS-1D [32-33], it is possible to obtain values for current density (Jsc), power
conversion efficiency (PCE) as a percentage, fill factor (FF) as a percentage, and open circuit voltage (Voc) for different
thicknesses and temperatures. These simulations are applicable to seven distinct layers of the solar cell and can be
performed under both illuminated and dark conditions, considering a range of temperatures [37].

3. RESULTS AND DISCUSSION

To enable an efficient extraction of electrons and holes from the perovskite active layer in photovoltaic devices,
certain requirements must be met. Specifically, the electron affinity (EA) of the electron transport layer (ETL) should be
greater than that of the perovskite, while the hole transport layer (HTL) should have a lower EA than the perovskite [34].
This ensures favorable energy level alignment for the extraction of charge carriers. In our simulated device components,
these conditions have been successfully fulfilled, as demonstrated in Table 1. Additionally, for proper electron flow from
the perovskite to the ETL, the conduction band of the ETL should be situated lower than that of the perovskite.
Conversely, to prevent the undesirable backflow of electrons in the opposite direction, the conduction band of the HTL
should be higher than that of the perovskite. These considerations ensure unidirectional charge transport. Likewise, to
facilitate the flow of holes from the perovskite to the HTL, the valence band of the HTL should be positioned higher than
that of the perovskite. Conversely, the valence band of the ETL should be lower than that of the perovskite to prevent the
backward movement of holes. By satisfying these band alignment requirements, we ensure the efficient extraction and
separation of electrons and holes within the device.

Table 1. Properties of the different layers of the proposed structure.

Parameters 1GZO CsSn0.5Ge0.513 CsSnCI3 CsSnClI3 CuO2 Spiro-OMeTAD
Thickness (um) 0.015 0.250 1.000 1.000 0.400 0.100
Band gap (eV) 3.050 1.498 1.220 1.220 3.700 4.005
Electron affinity (eV) 4.160 4.000 3.800 3.700 1.700 1. 460
Dielectric Permittivity 10.00 28.000 20.000 20.000 10.000 10.700
CB effective density of states (cm™) 5.000E+21 3.100E+18 5.000E+16 | 5.000E+16 = 2.200E+19 2.800E+20
VB effective density of states (cm™) 5.000E+16 3.100E+19 5.000E+16 = 5.000E+16 1.800E+18 1.000E+20
19 Electron mobility (cm?/VS) 1.500E+1 9.740E+2 5.000E+1 7.000E+1 1.000E+2 1.200E+1
Hole mobility (cm?/VS) 1.000E-1 2.130E+2 5.000E+1 5.000E+1 2.500E+1 2.800E+0
Shallow uniform donor density Np 1.000E+18 0.000E+0 0 0 0 0
(em?)
Shallow uniform acceptor density Na =~ 1.000E+5 1.100E+18 1.000E+20 | 1.000E+210 = 2.000E+21 1.000E+21
(em™)

The fulfillment of these crucial conditions is illustrated in Figure 2, providing visual evidence of the desired energy
level alignment and band structures necessary for effective charge carrier extraction and transport in the perovskite-based
photovoltaic device.

To comprehensively assess the behavior and performance of the IGZO / CsSngysGeosI3 / CsSnCI3 / CsSnCI3 /
Cu,0 / Spiro-OMeTAD solar cell, we conducted a series of simulations. Our objective was to investigate the impacts of
the Triple Absorber Layer Perovskite and the thicknesses of the electron transport layer (ETL) and the hole transport layer
(HTL) on the efficiency of perovskite-based solar cells.

3

1.46eV
Eg (eV) 4.16 eV, 2
g g
E 5
620 | &
(&)
5.4eV 576 ev

7.21eV

Figure 2. Energy band diagram of the materials used in the simulation. The units for the band energies are in electron volt (eV)
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3.1. Effect of the first perovskite layer (CsSno.sGeo.sI3) thickness:

In this section, we aim to investigate the performance of the IGZO / CsSnysGeosI3 / CsSnCI3 / CsSnCI3 / Cu,O /
Spiro-OMeTAD solar cell using the parameters provided in Table 1. Our focus is on determining the optimal thickness
of the CsSng sGeosI3 absorber layer. Figure 3 presents the evolution patterns of key parameters, including open-circuit
voltage (Voc) (Figure 3(b)), short-circuit current density (Jsc) (Figure 3(a)), fill factor (FF) (Figure 3(c)), and overall
power conversion efficiency (PCE) (Figure 3(d)), as a function of the n-CsSn0.5Ge0.513 absorber layer thickness ranging
from 0.2 to 0.65 pm. With an increase in the thickness of the CsSngsGeosI3 layer from 0.25 to 0.65 pm, a significant
enhancement in Jsc is observed, rising from 38.4 mA/cm? to approximately 38.43 mA/cm?. This rise in Jsc can be
attributed to the increased path length for photon absorption, resulting in the generation of a higher number of charge
carriers. Additionally, the fill factor (FF) displays a remarkable increase from 56.5% to approximately 66.5% as the
CsSngsGeo 513 layer thickness increases. The higher FF indicates improved charge extraction and reduced losses within
the solar cell, contributing to enhanced overall performance. Conversely, there is a decrease in the open-circuit voltage
(Voc) as the absorber layer thickness increases. Voc decreases from 1.35 V to approximately 1.05 V. At a thickness of
0.25 pm, a higher Voc is observed, indicating reduced recombination. However, as the absorber thickness increases, the
generation of more carriers leads to an enhancement in recombination, causing a decline in Voc. The observed variations
in Voc, Jsc, and FF have direct implications for the overall power conversion efficiency (PCE) of the solar cell. Optimal
thickness selection must strike a balance between maximizing Jsc and FF while minimizing the loss in Voc due to
increased carrier generation and recombination. It is worth noting that these findings highlight the influence of the
CsSng.sGey 513 absorber layer thickness on the performance parameters of the solar cell. Careful consideration of these
variations is crucial in optimizing the device's PCE.

(a) (b)
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Figure 3. Effect of the first perovskite layer (CsSn0.5Ge0.513) thickness

3.2. Effect of the second perovskite layer (CsSnCI3) thickness:

The effect of the n-CsSnCI3 absorber layer thickness on the performance of the IGZO / CsSngsGeosI3 / CsSnCI3 /
CsSnCI3 / Cu,O / Spiro-OMeTAD solar cell is illustrated in Figure 4. The thickness of the CsSng sGeo 513 layer was varied
from 0.6 to 1 pm, and the corresponding evolution patterns of key parameters were analyzed. Firstly, the short-circuit
current density (Jsc) (Figure 4(a)) exhibited a notable increase as the CsSngsGeosI3 layer thickness was increased from
0.6 to 1 pm. Jsc values rose from 38.37 mA/cm? to approximately 38.49 mA/cm?. This indicates that the thicker
CsSngsGey 513 layer allowed for more efficient absorption of incident photons, leading to a higher generation of electron-
hole pairs within the solar cell. Secondly, the fill factor (FF) (Figure 4(c)) showed a rapid rise as the CsSngsGeosI3 layer
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thickness increased. The FF increased from 57.5% to approximately 58.5%. A higher FF suggests improved charge
extraction and reduced losses within the solar cell, contributing to enhanced overall efficiency. On the other hand, the
open-circuit voltage (Voc) (Figure 4(b)) demonstrated a decrease with increasing CsSngsGeosI3 layer thickness. Voc
decreased from 1.286 V to approximately 1.266 V when the thickness reached 0.6 um. The decrease in Voc can be
attributed to various factors, including charge recombination losses or changes in energy level alignment at the interfaces.
In summary, the inclusion of the CsSnCI3 layer in the solar cell configuration (IGZO / CsSngsGeosI3 / CsSnCI3 /
CsSnCI3 / Cu,0O / Spiro-OMeTAD) resulted in increased light absorption, leading to a higher generation of electron-hole
pairs. This improvement in the overall efficiency of the solar cell is attributed to the increased capture of photons and
their conversion into electrical current.
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Fig. 4 — Effect of the second perovskite layer (CsSnCI3) thickness

3.3. Effect of the third perovskite layer (CsSnCI3) thickness:

The impact of the n-CsSnCI3 third absorber layer thickness on the performance of the
IGZO/CsSny sGeo s13/CsSnCI3/CsSnCI3/Cu,O/Spiro-OMeTAD solar cell is depicted in Figure 5. The study involved
varying the thickness of the CsSng sGeosI3 layer from 1 to 1.5 pm, and the corresponding changes in key parameters
were analyzed. Initially, the short-circuit current density (Jsc) (Figure 5(a)) displayed a noticeable decrease as the
thickness of the CsSngsGeosI3 third layer increased from 1 to 1.5 um. The Jsc values decreased from 38.27 mA/cm?
to approximately 38 mA/cm?. This decrease in Jsc suggests that the thicker CsSnCI3 layer may have an impact on
charge carrier generation. Non-uniform photon absorption throughout the thickness of the CsSnCI3 layer could lead
to reduced effective generation of electron-hole pairs. This non-uniform absorption might arise from recombination
losses or inefficient charge transport within the thicker layer, resulting in a decrease in Jsc. Conversely, the fill factor
(FF) (Figure 5(c)) exhibited a rapid increase as the thickness of the CsSngsGeosI3 third layer increased, the FF
increased from 54.1% to approximately 55.4%. The increased thickness of the n-CsSnCI3 layer improved charge
carrier collection and reduced charge carrier recombination, resulting in a higher fill factor. This enhancement is
attributed to the thicker layer providing more pathways for charge carriers to reach the electrodes, minimizing losses
and maximizing the overall power output. However, the open-circuit voltage (Voc) (Figure 5(b)) demonstrated a
decrease with increasing CsSng sGeg sI3 layer thickness, Voc decreased from 1.382 V to approximately 1.346 V when
the thickness reached 1.5 um. The alteration of band alignment and energy levels, caused by the increased thickness
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of the n-CsSnCI3 layer, contributed to this reduction in Voc. These changes in energy levels resulted in a reduced
built-in potential, increased recombination, or modified charge carrier extraction, all of which contributed to the lower
Voc observed. Moreover, the power conversion efficiency (PCE) (Figure 5(d)) also experienced a decrease with
increasing CsSng sGeosI3 layer thickness. Voc decreased from 28.64% to approximately 28.5% when the thickness
reached 1.5 pm. The thicker n-CsSnCI3 layer introduced additional losses, such as increased resistive losses or reduced
light absorption due to inefficient charge transport or light scattering. These losses further contributed to the overall
decrease in the PCE of the solar cell.
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Figure 5. Effect of the third perovskite layer (CsSnCI3) thickness

3.4. Effect of the layer (ETL) thickness

In a perovskite solar cell, the Electron Transport Layer (ETL) plays a crucial role in enhancing the overall
performance of the device by facilitating the movement of electrons from the perovskite layer to the front contact. In this
study, we will examine the impact of varying ETL thickness on the output performance of the
IGZO/CsSng 5Geg 513/CsSnCI3/CsSnCI3/CuyO/Spiro-OMeTAD solar cell, as depicted in Figure 6. By analyzing the
evolution of key parameters, we can understand how changes in ETL thickness affect the device's characteristics. Firstly,
the short-circuit current density (Jsc) (Figure 6(a)) experiences a noticeable decrease as the ETL layer thickness increases
from 0.02 to 0.17 um. Specifically, Jsc values decrease from 38.40 mA/cm? to approximately 38.2 mA/cm?. This decrease
can be attributed to the phenomenon where a thicker ETL layer absorbs a greater amount of incident photons within the
ETL itself. Consequently, a portion of the incident light is prevented from reaching the CsSngsGeosI3 absorber layer,
leading to a reduction in the generation of charge carriers through photon absorption. Secondly, the fill factor (FF) (Figure
6(c)) demonstrates a rapid decline with increasing ETL layer thickness. The FF decreases from 60.4% to approximately
59.7%. The introduction of the ETL layer introduces additional resistance within the solar cell. This increased resistance
impedes the efficient extraction and transport of charges, resulting in higher losses and a decrease in FF. Furthermore,
both the open-circuit voltage (Voc) (Figure 6(b)) and power conversion efficiency (PCE) (Figure 6(d)) exhibit a decrease
as the ETL layer thickness increases. This reduction in Voc and PCE can be attributed to multiple factors. For instance, a
thicker ETL layer can introduce increased series resistance within the device, hindering the efficient flow of current.
Consequently, a voltage drop occurs across the ETL layer, leading to a reduction in Voc. In summary, the thickness of
the ETL layer in a perovskite solar cell has a significant influence on its performance. While a thicker ETL layer enhances
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photon absorption within itself, it simultaneously hampers the flow of charge carriers, resulting in decreased Jsc, FF, Voc,

and PCE. These findings highlight the importance of carefully optimizing the ETL thickness to achieve optimal

performance in perovskite solar cells.
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Figure 6. Effect of the layer (ETL) thickness

3.5. Effect of the layer (HTL) thickness

The influence of the hole transport layer (HTL) thickness on key performance parameters, including open-circuit voltage
(Voc), short-circuit current density (Jsc), fill factor (FF), and overall efficiency, was investigated and depicted in Figure 7.
Surprisingly, it was observed that varying the HTL thickness had negligible impact on these parameters. This phenomenon can
be attributed to the high absorption of photons by the absorber and electron transport layers (ETL), resulting in the majority of
available photons being absorbed before reaching the HTL layer. Consequently, only a small number of charge carriers are
generated within the HTL layer, limiting its influence on the device performance. To further elucidate this behavior, the values
of Voc and Jsc were examined, as depicted in Figure 7(a) and (b) respectively. It was found that Voc remained relatively constant
at around 1.47V, while Jsc exhibited a consistent value of approximately 38.51 mA/cm?. These observations indicate that the
HTL thickness variation has minimal impact on these two parameters. Additionally, the fill factor (FF) and efficiency were
evaluated and presented in Figure 7(c) and (d) respectively. Notably, both FF and efficiency demonstrated a stable behavior,
hovering around 50% and 29% respectively, regardless of the HTL thickness. These findings suggest that, in this particular solar
cell configuration, the HTL thickness does not significantly affect the device performance. The limited carrier generation within
the HTL layer, due to the substantial photon absorption in previous layers, mitigates its role in determining Voc, Jsc, FF, and
efficiency. It is important to note that these conclusions are specific to the investigated solar cell structure, and different device
configurations may exhibit diverse responses to HTL thickness variations.

Table 2 presents the design structure that has been achieved through the optimization of layer thicknesses.

Table 2. Comparison between the conventional and the suggested model

Structure Jsc (mA/em?) | Voc(V) | FF (%) | PCE (%)
FTO/Zn0O/ CsSn0.5Ge0.513/Cul/Au [31] 24.21 1.203 84.07 24.51
FTO/IGZ0/CsSn0.5Ge0.513/ CsSnCI3/ CsSnCI3/Cu02/Au 384 1.486 52.48 28.96

This table provides a comparison between the optimized designs and a non-optimized cell, specifically referred to
as the reference cell [37]. The findings in Table 2 clearly demonstrate a significant improvement in performance for the
optimized designs when compared to the non-optimized variant. The results obtained from our simulations indicate a
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favorable alignment between the performance of the reference cell [37] and our optimized designs. This suggests that our
simulation results closely resemble the outcomes reported in the reference study.
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Figure 7. Effect of the layer (HTL) thickness

4. CONCLUSION

In summary, this study investigates the results of a comprehensive simulation study on the influence of a triple absorber
layer configuration in a perovskite-based solar cell using the SCAPS-1D software, under AM1.5 illumination. The simulated
structure comprises a Cesium Tin-Germanium Tri-iodide (CsSngsGeosI3) absorber layer sandwiched between 1GZO and
Cu,0 layers. The main objective of this study is to enhance the power conversion efficiency (PCE) by optimizing the
thicknesses of each layer. To validate our simulation results, we compare them with experimental data obtained from existing
literature, and we observe a satisfactory agreement between the two. Our findings reveal that the maximum PCE of 28% can
be achieved by utilizing specific thickness values for each layer. Specifically, the optimal thicknesses are determined to be
20 nm for the IGZO layer, 200 nm for the Cu,O layer, and 700 nm for the perovskite layer. These optimized thickness values
lead to a significant improvement in the PCE of the solar cell, reaching 29%. This achievement highlights the effectiveness
of our proposed triple absorber layer configuration and demonstrates its potential to enhance the overall performance of the
perovskite-based solar cell. Overall, this study provides valuable insights into the optimization of the absorber layer
configuration in perovskite solar cells, leading to improved power conversion efficiency.

Acknowledgements
This work was supported by the DGRSDT of the ministry of higher education of Algeria.

ORCID
Abderrahim Yousfi, https://orcid.org/0000-0003-2071-728X; ©@Okba Saidani, https://orcid.org/0000-0003-0507-5581
Zitouni Messai, https://orcid.org/0000-0002-2508-3696

REFERENCES
[1] N.J.Jeon, H. Na, E.H. Jung, T.-Y. Yang, Y.G. Lee, G. Kim, H.-W. Shin, et al., “A fluorene-terminated hole-transporting material
for highly efficient and stable perovskite solar cells,” Nature Energy, 3(8), 682-689 (2018). https://doi.org/10.1038/s41560-018-
0200-6



145

Design and Simulation of a Triple Absorber Layer Perovskite Solar Cell for High Conversion... EEJP. 4 (2023)

(18]
[19]
(20]

(21]

(22]

(23]

N. Li, Z. Zhu, J. Li, AK.-Y. Jen, L. Wang, “Inorganic CsPbi—xSnxIBr2 for efficient wide-bandgap perovskite solar cells,”
Advanced energy materials, 8(22), 1800525 (2018). https://doi.org/10.1002/aenm.201800525

F. Zhang, B. Yang, Y. Li, W. Deng, and R. He, “Extra-long electron—hole diffusion lengths in CH3NH3PbI3—xClx perovskite single
crystals,” Journal of Materials Chemistry C, 5(33), 8431-8435 (2017). https://doi.org/10.1039/C7TC02802D

Q. Ou, X. Bao, Y. Zhang, H. Shao, G. Xing, X. Li, L. Shao, et al., “Band structure engineering in metal halide perovskite
nanostructures for  optoelectronic applications,”  Nano Materials Science, 1(4), 268-287 (2019).
https://doi.org/10.1016/j.nanoms.2019.10.004

K. Tanaka, T. Takahashi, T. Ban, T. Kondo, K. Uchida, and N. Miura, “Comparative study on the excitons in lead-halide-based
perovskite-type crystals CH3NH3;PbBrs CH3sNH3Pbls,”  Solid state communications, 127(9-10), 619-623 (2003).
https://doi.org/10.1016/S0038-1098(03)00566-0

K. Yamada, H. Kawaguchi, T. Matsui, T. Okuda, and S. Ichiba, “Structural Phase Transition and Electrical Conductivity of the
Perovskite CH3NH3Sni-xPbiBr; and CsSnBr3,” Bulletin of the Chemical Society of Japan, 63(9), 2521-2525 (1990).
https://doi.org/10.1246/bcsj.63.2521

M.S. Chowdhury, S.A. Shahahmadi, P. Chelvanathan, S.K. Tiong, N. Amin, K. Techato, N. Nuthammachot, et al., “Effect of
deep-level defect density of the absorber layer and n/i interface in perovskite solar cells by SCAPS-1D,” Results in Physics, 16,
102839 (2020). https://doi.org/10.1016/j.rinp.2019.102839

M.A. Green, E.D. Dunlop, J. Hohl-Ebinger, M. Yoshita, N. Kopidakis, and X. Hao, “Solar cell efficiency tables (Version 58),”
Progress in photovoltaics: research and applications, 29(7), 657-667 (2021). https://doi.org/10.1002/pip.3506

Y. Jiang, E.J. Juarez-Perez, Q. Ge, S. Wang, M.R. Leyden, L.K. Ono, S.R. Raga, et al., “Post-annealing of MAPbI 3 perovskite
films with methylamine for efficient perovskite solar cells,” Materials Horizons, 3(6), 548-555 (2016).
https://doi.org/10.1039/C6MH00160B

Y.H. Khattak, F. Baig, A. Shuja, S. Beg, and B.M. Soucase, “Numerical analysis guidelines for the design of efficient novel nip
structures for perovskite solar cell,” Solar Energy, 207, 579-591 (2020). https://doi.org/10.1016/j.solener.2020.07.012

A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organometal halide perovskites as visible-light sensitizers for photovoltaic
cells,” Journal of the American Chemical Society, 131(17), 6050-6051 (2009). https://doi.org/10.1021/ja809598r

J.Wu, Y. Li, Y. Li, W. Xie, J. Shi, D. Li, S. Cheng, and Q. Meng, “Using hysteresis to predict the charge recombination properties
of perovskite solar cells,” Journal of Materials Chemistry A, 9(10), 6382-6392 (2021). https://doi.org/10.1039/DOTA12046D
JJ. Yoo, G. Seo, M.R. Chua, T.G. Park, Y. Lu, F. Rotermund, Y.-K. Kim, et al., “Efficient perovskite solar cells via improved
carrier management,” Nature, 590(7847), 587-593 (2021). https://doi.org/10.1038/s41586-021-03285-w

H. Min, D.Y. Lee, J. Kim, G. Kim, K.S. Lee, J. Kim, M.J. Paik, et al., “Perovskite solar cells with atomically coherent interlayers
on SnO:z electrodes,” Nature, 598(7881), 444-450 (2021). https://doi.org/10.1038/s41586-021-03964-8

T. Krishnamoorthy, H. Ding, C. Yan, W.L. Leong, T. Baikie, Z. Zhang, M. Sherburne, et al., “Lead-free germanium iodide
perovskite materials for photovoltaic applications,” Journal of Materials Chemistry A, 3(47), 23829-23832 (2015).
https://doi.org/10.1039/CSTA05741H

M.H. Kumar, S. Dharani, W.L. Leong, P.P. Boix, R.R. Prabhakar, T. Baikie, C. Shi, et al., “Lead-free halide perovskite solar
cells with high photocurrents realized through vacancy modulation,” Advanced Materials, 26(41), 7122-7127 (2014).
https://doi.org/10.1002/adma.201401991

B. Wu, Y. Zhou, G. Xing, Q. Xu, H.F. Garces, A. Solanki, T.W. Goh, et al., “Long minority-carrier diffusion length and low
surface-recombination velocity in inorganic lead-free CsSnl3 perovskite crystal for solar cells,” Advanced Functional Materials,
27(7), 1604818 (2017). https://doi.org/10.1002%2Fadfm.201604818

H. Wei, P. Qiu, Y. Li, Y. He, M. Peng, X. Zheng, and X. Liu, “Challenges and strategies of all-inorganic lead-free halide
perovskite solar cells,” Ceramics International, 48(5), 5876-5891 (2022). https://doi.org/10.1016/j.ceramint.2021.11.184

M.-G. Ju, M. Chen, Y. Zhou, J. Dai, L. Ma, N.P. Padture, and X.C. Zeng, “Toward eco-friendly and stable perovskite materials
for photovoltaics,” Joule, 2(7), 1231-1241 (2018). https://doi.org/10.1016/j.joule.2018.04.026

T. Leijtens, G.E. Eperon, N.K. Noel, S.N. Habisreutinger, A. Petrozza, and H.J. Snaith, “Stability of metal halide perovskite solar
cells,” Adv. Energy Mater, 5, 1500963 (2015). https://doi.org/10.1002/aenm.201500963

M. Chen, M.-G. Ju, H.F. Garces, A.D. Carl, L.K. Ono, Z. Hawash, Y. Zhang, et al., “Highly stable and efficient all-inorganic
lead-free perovskite solar cells with native-oxide passivation,” Nature communications, 10(1), 16 (2019).
https://doi.org/10.1038/s41467-018-07951-y

G.G. Chan, C.M. Koch, and L.H. Connors, “Blood proteomic profiling in inherited (ATTRm) and acquired (ATTRwt) forms of
transthyretin-associated  cardiac  amyloidosis,” Journal of Proteome Research, 16(4), 1659-1668 (2017).
https://doi.org/10.1021/acs.jproteome.6b00998

E.L. Unger, L. Kegelmann, K. Suchan, D. Sorell, L. Kortec, and S. Albrecht, “Roadmap and roadblocks for the band gap tunability
of metal halide perovskites,” Journal of Materials Chemistry A, 5(23), 11401-11409 (2017).
https://doi.org/10.1039/C7TA00404D

M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-Baena, M.K. Nazeeruddin, S.M. Zakeeruddin, et al., “Cesium-
containing triple cation perovskite solar cells: improved stability, reproducibility and high efficiency,” Energy & environmental
science, 9(6), 1989-1997 (2016). https://doi.org/10.1039/C5EE03874J

P. Roy, and A. Khare, “Analysis of an efficient and eco-friendly CsGeSnI3 based perovskite solar cell: A theoretical study,”
Materials Today: Proceedings, 44, 2997-3000 (2021). https://doi.org/10.1016/j.matpr.2021.02.253

T. Kamiya, K. Nomura, and H. Hosono, “Present status of amorphous In—-Ga—Zn—O thin-film transistors,” Science and
Technology of Advanced Materials, (2010). https://doi.org/10.1088/1468-6996/11/4/044305

H. Hosono, J. Kim, Y, Toda, and S. Watanabe, “Transparent amorphous oxide semiconductors for organic electronics:
Application to inverted OLEDs,” Proceedings of the National Academy of Sciences, 114(2), 233-238 (2017).
https://doi.org/10.1073/pnas.1617186114

T. Minami, Y. Nishi, T. Miyata, and J.-I. Nomoto, “High-efficiency oxide solar cells with ZnO/Cu20 heterojunction fabricated
on thermally oxidized Cu20O sheets,” Applied physics express, 4(6), 062301 (2011). https://doi.org/10.1143/APEX.4.062301



146
EEJP. 4 (2023) Abderrahim Yousfi, et al.

[29] N.K. Singh, and A. Agarwal, “Performance assessment of sustainable highly efficient CsSn0. 5Ge0. 5I3/FASnI3 based Perovskite
Solar Cell: A numerical modelling approach,” Optical Materials, 139, 113822 (2023).
https://doi.org/10.1016/j.optmat.2023.113822

[30] S. Bhatt, R. Shukla, C. Pathak, and S. K. Pandey, “Evaluation of performance constraints and structural optimization of a core-
shell ZnO nanorod based eco-friendly perovskite solar cell,” Solar Energy, 215, 473-481 (2021).
https://doi.org/10.1016/j.solener.2020.12.069

[31] Raghvendra, R.R. Kumar, and S.K. Pandey, “Performance evaluation and material parameter perspective of eco-friendly highly
efficient CsSnGel3  perovskite solar cell,”  Superlattices and  Microstructures, 135, 106273  (2019).
https://doi.org/10.1016/j.spmi.2019.106273

[32] M. Burgelman, P. Nollet, and S. Degrave, “Modelling polycrystalline semiconductor solar cells,” Thin Solid Films, 361-362,
527-532 (2000). https://doi.org/10.1016/S0040-6090(99)00825-1

[33] N.K. Singh, A. Agarwal, T. Kanumuri, and T. Varshney, “A Study of an Inorganic-Organic HTM on the Implementation of Lead
based PSC Device,” in: 2020 IEEE Students Conference on Engineering & Systems (SCES), (IEEE, 2020). pp. 1-6.
https://doi.org/10.1109/SCES50439.2020.9236734

[34] N. Nikfar, and N. Memarian, “Theoretical study on the effect of electron transport layer parameters on the functionality of double-
cation perovskite solar cells,” Optik, 258, 168932 (2022). https://doi.org/10.1016/j.ij1e0.2022.168932

[35] Y.T.Li, C.F. Han, and J.F. Lin, “Characterization of the electrical and optical properties for a-IGZO/Ag/a-IGZO triple-layer thin
films with different thickness depositions on a curved glass substrate,” Optical Materials Express, 9(8), 3414-3431 (2019).
https://doi.org/10.1364/OME.9.003414

[36] V.K.Jayaraman, A.M. Alvarez, and M. de la luz O. Amador, “Effect of substrate temperature on structural, morphological, optical
and electrical properties of IGZO thin films,” Physica E: Low-dimensional Systems and Nanostructures, 86, 164-167 (2017).
https://doi.org/10.1016/j.physe.2016.10.029

[37] S. Bouazizi, W. Tlili, A. Bouich, B.M. Soucase, and A. Omri, “Design and efficiency enhancement of FTO/PC60BM/CsSn0.
5Ge0. 513/Spiro-OMeTAD/Au perovskite solar cell utilizing SCAPS-1D Simulator,” Materials Research Express, 9(9), 096402
(2022). https://doi.org/10.1088/2053-1591/ac8d52

[38] F. Azri, A. Meftah, N. Sengouga, and A. Meftah, “Electron and hole transport layers optimization by numerical simulation of a
perovskite solar cell,” Solar energy, 181, 372-378 (2019). https://doi.org/10.1016/j.solener.2019.02.017

[39] M. Jamil, A. Ali, K. Mahmood, M.I. Arshad, S. Tahir, M.A. Nabi, S. Ikram, N. Amin, and S. Hussain, “Numerical simulation of
perovskite/CuzZn (Sni1xGex)S4 interface to enhance the efficiency by valence band offset engineering,” Journal of Alloys and
Compounds, 821, 153221 (2020). https://doi.org/10.1016/j.jallcom.2019.153221

MPOEKTYBAHHS TA MOJEJIOBAHHA NEPOBCKITHOI'O COHSIYHOI'O EJJEMEHTA 3 TOTPIMHAM
MO JTUHAIOYUM IIAPOM JJIS BACOKOI EOEKTUBHOCTI IEPETBOPEHHS
A6peppaxim IOcdi?, Ox6a Caiinani®, 3iryni Meccai?, Pagik 3yaxe®
Moxamen Meanax?, FOnec bearympi®
@ Jlabopamopis ETA, kagheopa enexmponixu, mexnonoeiunuii paxynomem, Yuisepcumem Moxameoa Ene Bayipa Env [6pacimi
Bopoawe By Appepioorc-34030, Anocup
b Kagpeopa enexmponixu, mexnonoziunuii paxynomem, Yuisepcumem Mcina, 28000, Anicup

VY 11p0My JOKYMEHTI IIpeCTaBIeHO KOMIUIEKCHE MOJIETIOBAHHS BIUTMBY KOH(ITyparlil HOTPIHHOTr0 NOTIMHAIOYOTO APy B COHSIIHOMY
€JIEMEHTI Ha OCHOBI IIEPOBCKITY 3 BUKOPHCTAHHAM nporpamuoro 3abesnedeHns SCAPS-1D min ocBitnennsm AM1.5. 3monensoBana
CTPYKTypa MICTUTB IIap MOTJIMHAYa i3 11e3il0, oJoBa Ta Tpuioauay repmanito (CsSnosGeosls), po3MilieHOro MiX IIapamMy OKCHIY
ianito, ramito, muHKy (IGZO) ta Cu20. OCHOBHOIO METOIO LBOTO JOCHIMKEHHS € MiJABUIICHHS e(EeKTUBHOCTI NEPEeTBOPECHHS
enexrpoeneprii (PCE) uuisixom onrtuMizanii ToBUMHM KokHOro mapy. I1]o6 mepeBipuTu Hammi pe3ynbTaTH MOJICIIOBAHHS, MH
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Hamri BucHOBKYM MOKa3yioTh, mo MakcuMmanbHOro PCE 28% MoxkHa HOCATTH, BUKOPHCTOBYIOUM KOHKPETHI 3HAUYCHHS TOBIIUHU IS
KO>KHOTO mapy. 30KpeMa, BU3HaYeHO onTHUManbHy TOBIUHY 20 HM mis mapy [GZO, 200 am s mapy Cu20 ta 700 HM s mapy
niepoBckity. Li onTuMi3oBaHi 3HaYEHHS TOBIIMHU HPU3BOAATH 10 3HauHOro nokpamenHs PCE consanoi Oatapei, nocsraroun 29%.
Ie mocsrHeHHS MiIKpeciioe eeKTHBHICT 3alPOIIOHOBAHOT HAMH KOH(QIryparlii MoTpiifHOro MOIIMHAIOYOTo apy Ta JEMOHCTpYE il
TIOTEHIiaJ JUIS MiABUIIEHHS 3araJIbHOT IPOAYKTUBHOCTI COHSYHOI OaTapei Ha OCHOBI IIEPOBCKITY. 3arajioM Lie JOCITIPKEHHS 1a€ LiHHY
iHpopMmanito mono0 onTuMizanii KoH}irypanii mapy HOrIMHAa4Ya B IEPOBCKITHHX COHSYHHMX €JIEMEHTaX, IO IPH3BOJUTH IO
MiABUIICHHS e(EKTHBHOCTI IIEPETBOPEHHSI EIICKTPOCHEPTi.
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The article is devoted to nonlinear effects in lithium niobate crystals. The possibility of using digital holographic interferograms
obtained with the help of laser radiation of different duration at different moments of time for the reconstruction of dynamic phase
changes is shown. Holograms were recorded on lithium niobate crystals doped with iron ions in various concentrations using He-Ne
and He-Cd lasers, and the diffraction efficiency was calculated. Also, the effect of gamma radiation on the optical properties of
LiNbO3 and LiNbOs:Fe crystals was studied. At the same time, it was determined that the band gap of the samples decreases, as a
result of which the refractive index, absorption coefficient and photorefractive sensitivity increase several times.

Keywords: Ferroelectric crystals; Digital holographic interferometry; Diffraction efficiency; Photorefractive sensitivity
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INTRODUCTION

Among promising recording materials for creating holographic systems for optical information processing, a
special place is occupied by ferroelectric crystals, for example, LiNbO; doped with iron ions in various concentrations
[1-3]. Recording information in LiNbOs:Fe crystals is possible due to the photorefractive effect, which is interpreted
mainly by the impurity photovoltaic mechanism, the change in the refractive index responsible for recording dynamic
gratings that repeat the light grating, due to which the space charge grating is formed [4,5]. One of the promising
directions for the practical use of doped photorefractive crystals is their use as optical memory elements based on local
holographic gratings recorded by a laser, which can be repeatedly rewritten and stored.

If ordinary holography is a method of recording the wave front of an electromagnetic wave in an industrial form
(on a photographic plate, thermoplastic, photorefractive material), then digital holography is a method of recording a
wave front in digital form, followed by its restoration, storage, and transformation using computer programs.

Pure ferroelectric crystals are not highly sensitive to optical radiation. However, doping with transition metals, in
particular iron ions, significantly increases their photosensitivity. The effect of doping on the sensitivity of LiNbO;
crystals is described in detail in [6-8]. The use of transition metals as dopants is associated with their ability to
reversibly donate electrons to the conduction band under the action of light [9-11]. An increase in the diffraction
efficiency during the recording of holograms in a pure LiNbOs crystal and in crystals with various additives was shown
in [6]. It can be said that there is a correlation between the absorption spectra and the recording sensitivity of crystals
with various additives.

The sensitivity to an optically induced refractive index change can be expressed in terms of material parameters as
follows.

dne _ ﬁ' 733 ﬁ
aj l(z £0&33” hw’ M)

where dn./dj is the energy sensitivity, el is the change in the electric dipole moment, the mechanism of which is different
for different materials and experimental conditions.

For the most common case, the drift of photoexcited electrons in an internal or external electric field, the drift
electron path length is | = ptEo. The expression in brackets is due to the electro-optical effect. The expression af/7w
gives the number of excited centers or the number of photoelectrons in the conduction band. Alloying with transition
metals, violation of stoichiometry, annealing in a reducing atmosphere, irradiation with y-rays, application of an electric
field makes it possible to significantly increase their photosensitivity. In addition, lithium niobate crystals make it
possible to obtain new types of heterostructures due to their unique electro-optical properties [12].

The systematic study of radiation effects in lithium niobate began, in practice, from the moment the specific
properties of photorefractive crystals were discovered. Especially, they appear in crystals doped with transition metals.
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Doping with LiNbOs leads to a variety of radiation-induced effects, which include both bulk effects and effects arising
during the formation of the component structure [13]. These effects can be used in lithium niobate-based thin-film
optical devices as well as bulk acousto-optic modulators, which illustrate widely varying responses caused by radiation.
The radiation sensitivity of LiNbO; has been determined both in pure and doped states. Depending on the field of
application, LiNbO; can play the role of a sensitive radiation sensor or a radiation-resistant material used under
radiation conditions [14].

EXPERIMENTAL PART

In 2-exposure digital holographic interferometry, 2 wave fronts reconstructed from 2 digital holograms G1 and G2
are compared. G1 is a hologram of an unperturbed object and G2 is a hologram of an object with induced optical
inhomogeneities. As a result of the addition of wave fronts, an interferogram is obtained, the position and curvature of
the fringes of which makes it possible to control the phase changes of the object under study. Fig. 1. below shows the
experimental scheme. Holograms were recorded digitally with a Nikon E885 digital camera. The lens was removed
from the camera and the recording took place directly on the area of the CCD matrix with the number of pixels
1000%1000. The size of one pixel is 9x9 microns. The electronic shutter of the camera provided a minimum shutter
speed of 1/12000 sec and was synchronized with the operation of the laser. The studies were carried out in the radiation
of a ruby laser with Q-switching, pulse duration 60 ns, radiation energy per pulse 0.5 mJ.

5

S

Figure 1. Optical scheme of the study. 1 - laser
photograph input, 2 — focusing lens, 3 - beam splitter,
4 — mirror, 5 — sample, 6 - output lens, 7 — digital

0_[ camera
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Also, in experiments on the study of holographic recording in a LiNbOs;:Fe crystal, the scheme presented
in [15,16] was used.

Information was recorded using helium-cadmium (He-Cd, A =440 nm) and helium-neon (He-Ne, A =630 nm)
lasers. The optical sensitivity of the crystal for a wavelength of A=440 nm is very high. Reading information was carried
out using a low-intensity helium-neon laser. The optical sensitivity of the crystal for a wavelength of A = 630 nm is very
low, so the hologram does not disappear when information is read. As a result of the superposition of two plane waves
in a crystal, an interference pattern appears in the form of light and dark lines. The y-radiation power was ~106 R/s. The
crystals were irradiated using a *°Co facility (Institute of Nuclear Physics, Academy of Sciences of the Republic of
Uzbekistan). The absorption spectra were studied using a Shimadzu UV 3600 spectrometer. The surface morphology
and elemental composition of the samples were studied using an EVO MA10 SEM (Carl Zeiss).

RESULTS AND DISCUSSION
The structure of a pure lithium niobate crystal is formed by Os oxygen octahedral, which are connected to each
other in such a way that they have common edges and sides [17]. On Fig. 2 shows an image of a pure lithium niobate
crystal obtained using a scanning electron microscope and the results of elemental analysis.

W Cnextp2

Figure 2. SEM image of a pure lithium niobate crystal and elemental analysis results

Elemental analysis results show that the amount of oxygen in the crystal is almost three times higher than that of
niobium and lithium. This is fully consistent with the above opinion.

Plates made of a photorefractive crystal LiNbOs:Fe (0.01%) were used as objects of photography. Based on the
recorded multicolor holograms, digital two-exposure interferometry methods were used to obtain digital interferograms
of various stages of relaxation of the phase inhomogeneity recorded in the volume of a photorefractive LiNbOs:Fe
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crystal. Based on the obtained interferograms, phase fronts were reconstructed, carrying quantitative information about

changes in the samples under study.

o’

a b
Figure 3. Changes in interference patterns at different exposures on photorefractive ones in LiNbO;:Fe crystals

Phase inhomogeneity arising under the action of laser radiation in a photorefractive crystal is determined by the
intensity of laser radiation I(t), exposure time T, photorefractive sensitivity of the material K and absorption coefficient
o. Fig. 3 shows images of phase inhomogeneity in a photorefractive LiNbOs:Fe crystal at different exposure times,
corresponding to interference patterns in digital format, while the spatial distribution of laser radiation intensity is
assumed to be Gaussian. The exposure time of the image shown in Fig. 3b, 3 times longer than the exposure time of the
image shown in Fig. 3a. It can be seen that with increasing exposure time, the image of the phase inhomogeneity
becomes more complicated, which manifests itself in the form of an increase in the number of interference fringes.

The algorithm for reconstructing digital interferograms from recorded holograms was as follows. If I(x,y) the
intensity distribution in the hologram recording plane (x,y) is determined by the square of the modulus of the sum of the
complex amplitudes of the object O(x,y) and reference R(x,y) waves, namely:

1G,y) = RG> +10(x, I + R(x,y) 0 (x,¥) + R*(x,y) 0(x,y) 2

Then the last two terms of equation (2) contain information corresponding to the amplitude and phase of the object
wave. This information can be extracted using the Fourier transform method. After the transformation, we obtain the
Fourier spectrum of the hologram with four localized spectra of spatial frequencies, which correspond to the terms of
equation (2). The first two terms in (2) form the zeroth order of the spectrum, which is localized at the center of the two-
dimensional Fourier plane. The third and fourth terms of Equation (2) form two conjugate spectra localized
symmetrically with respect to the center. If one of the regions of the localized spectrum is selected (filtered) and then
the inverse Fourier transform is applied, then the phase front of the object wave will be restored. In accordance with this
algorithm, the hologram G1 (of the unperturbed object) is taken in the first laser pulse, then the hologram G2 (of the
perturbed object) is taken in the next pulse, and an interferogram is constructed. Next, a phase unfolding algorithm
similar to [16] is used, and the surface of the perturbed phase is reconstructed from the interferogram. Fig. 4a shows the
obtained interferogram, and in Fig. 4b is a three-dimensional picture of the phase inhomogeneity recorded in the
LiNbOs:Fe (0.01%) crystal after 10 laser flashes. In this case, the crystal was at a distance of 2 cm from the focus of
lens 2. The recorded inhomogeneity was gradually erased, and this relaxation process can be repeated.
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200 i ey |

Figure 4. Interferogram and phase reconstruction of a photorefractive structure



150
EEJP. 4 (2023) Sharifa B. Utamuradova, et al.

Due to the presence of nonlinear effects in the lithium niobate crystal, this crystal can be used as a memory
element. One of the requirements for a memory element is diffraction efficiency and photorefraction. The diffraction
efficiency is experimentally defined as the ratio of the intensity of the diffracted readout beam to the intensity of the
beam that has passed through the crystal when the hologram is not recorded in the crystal.

It is known that the use of transition metals as dopants is associated with their ability to reversibly donate d-
electrons to the conduction band under the action of radiation. When a crystal is doped with Fe** ions, the absorption of
light in it is caused by ionization. The light sensitivity of crystals doped with iron is determined by the concentration of
Fe*" ions. Upon photoexcitation, Fe>" donates a photoelectron to the conduction band, which is captured by the Fe*" ion
in the unilluminated region during diffusion. Consequently, as the concentration of Fe?" increases, the absorption at the
wavelength A, at which information is recorded, increases, which increases the sensitivity of the crystal to light.

Fig. 5 and Fig. 6 show experimental studies of the dependence of the influence of various concentrations of iron
ions in LiNbOs on the diffraction efficiency of holograms - m, recorded by a helium-neon laser — A= 630 nm and a
helium-cadmium laser — A=440 nm in the form of a plane wave front (sample 1-0.003 wt.% Fe,
sample 2 - 0.005 wt.% Fe). Erasing was carried out with a helium-cadmium laser (A=440 nm), since lithium niobate
crystals doped with iron ions have high absorption in the blue frequency range. With an increase in the concentration of
iron ions, as shown in Fig. 5 and Fig. 6, the photosensitivity of the crystal increases significantly.

As can be seen from Fig. 6, the photosensitivity in sample 2 is 7 times greater than in sample 1, and almost 2 times
greater than in sample 1 when recording information at A = 630 nm, Fig. 5. For a wave with a wavelength of A = 630 nm
obtained DE n = 31%, and for the wavelength A = 440 nm — 1 = 34%.
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Figure 5. Experimental dependences of the diffraction efficiency of holograms on exposure: A=630 nm (He-Ne)

354

[—=—LiNbO,Fe, 0.003%)] 351
304 30
25 - 25
X
i = 20
a\cz 20 ot
- 15
. 10+
54
54
0
o} . T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 t, sec 0 10 20 30 40 50 60 70t sec

Figure 6. Experimental dependences of the diffraction efficiency of holograms on exposure: A=440 nm (He-Cd)

In addition, when comparing the results obtained with He-Ne and He-Cd lasers, the photosensitivity for the first
sample LiNbOs:Fe 0.003 wt.% practically does not change. But with an increase in the concentration of iron ions in
lithium niobate to 0.005 wt.%, the light sensitivity of the crystal increases by almost 3 times, which leads to a decrease
in the erasure time by almost 5 times.

The formed spatial interference pattern modulates the refractive index of the crystal, as a result of which a
phase diffraction grating appears. Modulation of the refractive index is caused by the space charge field, through the
electro-optical effect [1]. The appearance of a spatially inhomogeneous charge is associated with the redistribution of
photoexcited carriers between impurity centers with a long capture time. Such a redistribution can be caused by the
photovoltaic effect [5] and diffusion of carriers from the illuminated region of the crystal to the unilluminated
one [6].

Next, we investigated the effect of laser and radiation, especially y-radiation, on the photorefractive properties of
LiNbO; and LiNbOs:Fe 0.03 wt.% crystals. To study the effect of radiation, the samples were irradiated with y-radiation
with a dose in the range of 10°~10® R. However, for LiNbO; and LiNbO;:Fe crystals at doses of 10° and 10% R, no spectral



151
Investigations of Nonlinear Optical Properties of Lithium Niobate Crystals EEJP. 4 (2023)

changes were observed, but with an increase in the irradiation dose, the optical absorption edge shifted towards long
waves. The band gap and absorption coefficients of the samples were calculated from the absorption spectra. The
calculations showed that the band gap for the LiNbOj3 crystal was within 3.25-3.39 eV, and for the LiNbO;:Fe crystal it
was 3.04-3.17 V. The absorption coefficients were 0.32 + 2.06 mm™! for the LiNbO; crystal, and for the LiNbOs:Fe
crystal they were 2.03 + 6.68 mm!. Another important parameter is the change in the refractive indices, which were:
2.297 —2.3182 for the LiNbOs3 crystal and 2.3285 —2.3561 for the LiNbOs:Fe crystal. Calculations of the photorefractive
sensitivity of materials - K show an increase of 9 times for the LiNbO; crystal and almost 2 times for the LiNbOs:Fe
crystal.

CONCLUSIONS

An analysis of the results shows the promise of using two-exposure digital holographic interferometry for direct
dynamic measurement of phase inhomogeneities that arise in a strong laser field, and, consequently, for measuring the
nonlinear refractive index, the photorefractive index of a material. An increase in the iron impurity content leads to a
reduction in the erasing time of the holograms.

It has been established that the maximum diffraction efficiency of lithium niobate crystals doped with iron ions of
various concentrations is 1 = 31% for a wavelength of A = 630 nm and n = 34% for a wavelength of A = 440 nm, and the
photosensitivity increased by 3-7 once.

It was also found that the photorefractive sensitivity of the LiNbOs and LiNbO;:Fe samples depends on the
concentration of the introduced impurity and the irradiation dose, and the photorefractive sensitivity of the crystals
increases by a factor of 9, and the band gap varies from 3.04 to 3.39 eV in the dose range 7y -irradiation 10* + 107 R.
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JOCJIIIKEHHSA HEJTHIAHO-ONITUYHUX BJACTUBOCTEM KPUCTAJIIB HIOBATY JIITIIO
Mlapida b. YTamypanosa, 3akipmkan T. AzamaToB, Mypamxxkon A. FOnnoues,
Hypaan H. Ba3ap6aes, Aopop b. Baxpomos
Incmumym ¢hizuxu nHanienposionukie ma mikpoerexkmporixu Hayionanvrnoeo ynieepcumemy Y3zbexucmany,
Tawxenm, Yzbexucman

CraTTa TpuUCBsYCHAa HETMHIMHIM eQeKTaM Yy KpUcTalnax HioOary dirito. [loka3aHO MOIHBICTH BUKOPHCTaHHS IH(POBUX
rosiorpadigHUX iHTEp(heporpam, OTPEMAaHUX 3a JOIIOMOTOIO JIA3epHOTO BUIIPOMIHIOBaHHS Pi3HOI TPHBAIOCTI B Pi3HI MOMEHTH 4acy,
JUTS. PEKOHCTPYKIIT AuHaMivyHuX (a3oBux 3miH. 3a gonomoror He-Ne i He-Cd nmasepiB Ha kpucranax Hio0ary JTir0, JISTOBAHUX
i0HaMH 3aj1i3a B Pi3HUX KOHICHTPALlisX, 3aMHCYBAIIM FOJIOTPAMH Ta po3paxoByBanu audpakiiiiny egextuBHicTs. Takox qocCiiHKEeHO
BIUIMB raMMa-BUIIPOMIHIOBaHHS Ha onTH4Hi BiacTuBocti kpuctaniB LINDOs Ta LiNbOs:Fe. IIpu 1iboMy BCTaHOBIIEHO, L0 IIMPHHA
3a00pOHEHOI 30HU 3pa3KiB 3MEHIIYETHCS, BHACTIJOK YOT0 IMOKA3HHK 3aJOMICHHS, KOe]ili€HT MOormMHaHHA Ta (QoTopedpakTHBHA
YyTIMBICTH 3POCTAIOTH Y KUIbKA Pa3iB.

KuawuoBi caoBa: cecnemoenekmpuuni Kpucmanu, yu@poea 2onocpagiuna inmeppepomempis, egexmuenicmob Ouppakyii;
@omopedpaxmuena yymausicmo
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The region of fundamental absorption in the optical spectra of amorphous semiconductors is theoretically studied using the Davis-Mott
approximation according to the Kubo-Greenwood formula. As is known, three types of optical transitions of the electron can be
observed in the fundamental absorption region; from the tail of the valence band to the conduction band, from the valence band to the
conduction band and from the valence band to the tail of the conduction band. For all these electronic transitions, analytical expressions
of the partial absorption spectra are obtained from two different types of the Kubo-Greenwood formula. The width of the optical
mobility gap and the proportionality coefficient were determined in the analytical form of the interband absorption spectrum by fitting
them to the experimental interband absorption spectrum. A new method is presented for calculating the density of distribution of
electronic states in the conduction band of amorphous carbon based on the experimental interband absorption spectrum and the
analytical expression of the Kubo-Greenwood formula written for the interband absorption spectrum.
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INTRODUCTION
The optical absorption coefficient of amorphous semiconductors is usually determined by the Kubo-Greenwood
formula using the Davis-Mott approximation [1, 2]:

ah0) = Af g, (E)gc(e + ha) o (M)
[0
or

ah0) = Af g, (e~ hodge () 4 @

where A- is the coefficient of proportionality, independent of the energy (%w) of absorbed photons, gy(e), gv(e-hiew) and
gc(ethw), gc(e) are the densities of the initial and final electronic states during optical transitions in valence band and
conduction band, respectively.

It can be seen from Formulas (1), (2) that the values of the absorption coefficient strongly depend on the
distribution of the density of electronic states involved in optical transitions. Formula (1) is used when the initial
electronic states involved in optical transitions play the main role. Therefore, in [3], using Formula (1), the distributions
of the density of electronic states in the valence band were determined. And then the main role is played, the final
electronic state uses the Formula (2). From this it follows that, it is possible to analytically investigate the distribution
of the density of electronic states of the valence band and the conduction band separately. Therefore, this paper
proposes a new method for determining the distribution of the density of electronic states in the conduction band from
the Kubo-Greenwood formula (2). Since the integrals in Formula (1) and (2) are indefinite, they give a general solution.
It was shown in [4] that in order to obtain own solutions of the spectra of the optical absorption coefficient from the
Kubo-Greenwood Formula, the indefinite integral in this formula must be written in a certain form, and then
formula (1) takes the form:

& dg
a(ho)=4 | g (e)ge(e+hm) = 3)
&—hao &
where ¢y is the energy position of the intersection point of the exponentially decaying “tails” of allowed bands.
It is known that the energy of absorbed photons in the fundamental region is greater than the energy width
(Eg<hw) of the mobility gap of amorphous semiconductors. It was shown in [5] that in amorphous semiconductors,

upon absorption of photons with energies £ > E,, optical transitions of electrons from the “tail” of the valence band to
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the conduction band, from the valence band to the conduction band, and from the valence band to the “tail” of the
conduction band are simultaneously observed. Therefore, by adapting Formula (3) to the above optical transitions, we
obtain:

de
a(hw)= Ang gc(£+ha) —A(jg, £)g. €+ha)%+ J g (€ gc(£+ha))%+

e @
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where ¢y is the upper boundary of the valence band; ¢ is the lower boundary of the conduction band; a;(fiw), ax(hw),
a3(hw) are partial absorption coefficients determined by optical transitions of electrons from the “tail” of the valence band
to the conduction band, from the valence band to the conduction band (interband absorption spectrum), from the valence
band to “tail” of the conduction band, respectively.

To calculate the partial spectra of fundamental absorption using Formula (4), the distributions of the density of
electronic states in the valence band and in its tail, as well as in the conduction band and in its tail, must be known.
Usually, in a theoretical study of optical absorption spectra, the density of electronic states of amorphous semiconductors
at the boundaries of allowed bands is written with linear or parabolic distributions, and at the tails of allowed bands, with
exponential distributions [6,7]. In [4], for these distributions, it was proposed:
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where S, - and f, - are the parameters that determine the slopes of the exponential tails of the valence and conduction

bands, N(ey) and N(ec) are the effective densities of electronic states in the valence and conduction bands.
Substituting the distribution in Formulas (5) and (6) into Formula (4), for partial absorption spectra, we obtain: for
interband electronic transitions at

ny=n;= 1/2
ha
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where B = AN(ey)N(ec).
The results of calculation by Formulas (7)—(9) are shown in Fig. 1. Calculations were carried out for amorphous
hydrogenated silicon B = 2.5-10° cm™ and E, = 1.8 eV [1].

a(hw), cm?
107 ‘e
L Do S Figure 1. Partial spectra of fundamental absorption of amorphous
semiconductors obtained by Formulas:
106 l-atn=n2=12T)2-atni=n2=1@8);3-atn;=1, n2=1/2;orn;=1/2,
n2=1 (9) and obtained from Formulas (10) and (11) and from numerical
» calculations, when, 4 - n;=n2=1 and 5 - when n;=n2=1/2 electronic
transitions from the tail of the valence band to the conduction band (a) and from
; the valence band to the “tail” of the conduction band (b).
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|
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Since at n; = ny = 1/2 it is impossible to obtain an analytical expression for partial absorption spectra determined by
optical transitions of electrons (from the “tail” of the valence band to the conduction band, from the valence band to the
“tail” of the conduction band), they are determined using numerical calculations.

At n; = n,=1/2, analytical expressions for partial absorption spectra determined by optical transitions of electrons
from the “tail” of the valence band to the conduction band and from the valence band to the “tail” of the conduction band:

al(ha)):BeXp(;g(E)Z_gV))K/;+ha)}exp(ﬁ’l( 8,,))—[80—8,,+/;1+ha)ﬂ, (10)
a}(hw):Bexpgf;(;;z—fc)){(m+ha)jexp(ﬂ2( £, 50))—(8L.—go+ﬁl,z+ha)ﬂ. (11

The results of calculation by Formulas (10), (11) and by the method of approximate calculation at n; = n, = 1/2 are
shown in Fig. 1 (4- and 5- curve). The calculations were carried out for £, = 1.8 eV, ec-e9=0.7 eV, ggp-ey=1.1 eV,
Bir=16eV'and fr=22eV%

To calculate the absorption coefficient using the above method, taking into account (2), we write the integral in the
form of a definite integral:

£+haw

ahw)=4 [ g (- hw)gde)—w : (12)

£

Having adapted this Formula to the types of optical transitions of an electron, we divide it into partial absorption
spectra:

Eyt+hao Etha
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where a;(Aiw), a:(hiw), as(hw) are partial fundamental absorption spectra.

From the calculation of the interband absorption coefficient according to Formula (13), the expressions are obtained:
Forn;=n,=1/2

az(ha))—4h [2(}1@ E,)\JE,ho~(E, - ho) arclg{E\/%ﬂ (14)
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It can be seen that Formulas (7)-(9) and (14)-(16) are the same. This it follows that Formulas (3) and (12) can be
used when determining the analytical expressions for the interband absorption coefficients using the Kubo-Greenwood
formula.

Similarly, consider the calculation of a;(%w) and as3(%iw) using Formula (13). Since at n; = n, = 1/2 it is impossible
to obtain an analytical expression for the spectral dependences of partial absorptions determined by optical transitions of
electrons from the “tail” of the valence band to the conduction band, from the valence band to the “tail” of the conduction
band, they were determined using numerical calculations.

The obtained analytical expressions for the partial absorption spectra n;=n; =1 had the form:

ot (he) = BCXP(_ﬂl (& —EV)) K;+ha}jexp(ﬂl (e, —& ))—[80 -g +’;+hwﬂ , (17)
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It can be seen from Formulas (10), (11) and (17), (18) that with the correctness of the chosen empirical model for
the distribution of the density of electronic states in amorphous semiconductors and the limits of a definite integral in
the Kubo—Greenwood formulas (3), (12), calculated partial absorption coefficients in the fundamental region will be
the same.

RESULTS AND DISCUSSION
Figure 1 shows that the interband absorption spectrum plays the
alho ),cm'1 main role in the region of fundamental absorption, and at the edge of
fundamental absorption, the values of the partial absorption spectra
106+ of the higher indicated optical transitions are almost equal [8]. It can
be seen from Formulas (14)—(16) that in order to calculate the
105+ interband absorption coefficients, it is necessary to know the energy
width of the mobility gap E, and the coefficient of proportionality B
104 — A - experiment in them. To determine these parameters, we use the experimental
— -calculation results for the interband absorption coefficient. In [9], the interband
10° - absorption spectrum of amorphous carbon is presented (Fig. 2).
Let us proceed to the calculation of the density of electronic
states in the conduction band of amorphous carbon. To do this, from
Formula (13) we select the interband absorption spectrum:

| | | |
I L3 2 295 3 Ba e

Figure 2. Interband absorption spectra of &+ho
amorphous carbon (a-C): experimental and o, (hw) = A4 _[ gy (e-haw)g. (8) (19)
calculated by Formula (14) (solid line). s ho’

In[10], a Formula is given for the derivative of the integral of a function of two variables with respect to one variable:
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Applying (20) to (19), we get:
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Let us substitute in (21) the distribution functions in the chosen model:
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From here we obtain the derivative with respect to the photon energy
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It follows from (23) that e-¢.=hw, e=¢.+hw this energy state is in the conduction band. Taking into

account (23), we write (22)

o, (hw) B Eg-ho o,(hw) B 1
da(hw) _ E. +hoyarct - B e, 24
dhw 2Egha)( s w)mgz\/gghw o N rws® 24

and find the distribution of the density of electronic states in the conduction band:
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Averaging the energy of absorbed photons and the interband absorption coefficient, we write (25) in the form
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where a(hiw;) and Aw; are the experimental values of the interband absorption coefficient and the energy of absorbed
photons, respectively. The effective value of the density of electronic states in the mobility zone N(ec) = 10?! eV-'cm™.

It can be seen from Formula (26) that the distributions
of the density of electronic states in the conduction band
should be overestimated from Eg and B. We determine them,
assuming fitting parameters according to Formula (14), adapt
the theoretically calculated spectra (solid line in Fig. 2) to the
experimental spectra of interband absorption. The latest
calculations showed that the best agreement between the
calculation value of Formula (14) and the experimental results
is obtained at E, =125 ¢V and B =6.1-10° cm’!. Further
calculations showed that these parameters do not have a very
strong effect on the final result.

On Figure 3 presents the results of calculations
performed with the substitution of experimental data for the
interband absorption coefficient (Fig. 2) and the energy of
Figure 3. The distribution of the density of electronic states in absorbed photons into Formula (26), the density of
the conduction band of amorphous carbon, obtained from the  electronic states in the conduction band of amorphous
experimental spectrum of interband absorption carbon.

gc-(&), eViem?

1022 —
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CONCLUSIONS

Thus, in this work, the region of fundamental absorption of the optical absorption coefficient of amorphous
semiconductors has been theoretically investigated and the following results have been obtained:

1. The analytically calculated and experimental determination of the interband absorption spectra is adapted by
considering the mobility gap and the proportionality factor in the analytically determined Formula for interband
absorption as fitting parameters.

2. For the first time, a method is shown for determining the density of electronic states in the conduction band from
the experimental spectrum of interband absorption of amorphous semiconductors.

3. A new Formula is found that determines the density of electronic states in the conduction band, from the Kubo-
Greenwood formula written for the interband absorption spectrum of amorphous semiconductors.

4. The density of electronic states in the conduction band of amorphous carbon was determined from the
experimental spectrum of interband absorption.

ORCID
Rustamjon G. Ikramov, https://orcid.org/0000-0003-1629-1300; @ Khurshidbek X. Muminov, https://orcid.org/0000-0001-6547-2592
Bobur Q. Sultenov, https://orcid.org/0000-0002-6658-3072

REFERENCES
[1] S. Zainobidinov, R.G. Ikramov, M.A. Nuritdinova, and R.M. Zhalalov, “Dependence of the Urbach energy on the Fermi level in
a-Si:H films,” Ukr. J. Phys. 53(12), 1177-1180 (2008). http://archive.ujp.bitp.kiev.ua/files/journals/53/12/531207p.pdf
[2] Z.Li, S.H. Lin, G.M. Qiu, J.Y. Wang, and Y.P. Yu, “A method for determining band parameters from the optical absorption edge
of amorphous semiconductor: Application to a-Si:H,” Journal of applied physics 124, 025702 (2018).
https://doi.org/10.1063/1.5025920



158
EEJP. 4 (2023) Rustamjon G. Ikramov, et al.

[31 R.G. Ikramov, M.A. Nuriddinova, and Kh.A. Muminov, “Calculation of the density of electronic states in the valence band from
the experimental spectrum of interband absorption of amorphous semiconductors,” Journal of Applied Spectroscopy, 88(3),
378-382 (2021). https://doi.org/10.1007/s10812-021-01200-9

[4] R.G. Ikramov, A.A. Mamaxanov, M.A. Nuriddinova, R.M. Jalolov, Kh.M. Muminov, and B.Q. Sultonov, “Calculation of the
interband absorption spectra of amorphous semiconductors using the Kubo-Greenwood formula,” Journal of Applied Science and
Engineering, 25(5), 767-772 (2022). https://doi.org/10.6180/jase.202210

[5] R.G. Ikramov, M.A. Nuriddinova, and Kh.A. Muminov, “A new method for determining the distribution of the density of
electronic states in the tail of the valence band of amorphous solid solutions SexSix,” Optics and spectroscopy, 129(11),
1382-1386 (2021). https://doi.org/10.21883/0S.2021.1151636.1949-21

[6] M. Brodsky, editor, Amorphous semiconductors, (Mir, Moscow, 1982)

[71 D. Redfield, “Energy-band tails and the optical absorption edge; the case of a-Si:H,” Solid State Communications, 44, 1347-1349
(2014). https://doi.org/10.1016/0038-1098(82)90890-0

[8] S.Zainobinov, R.G. Ikpamov, R.M. Zhalalov, and M. A. Nuritdinova, “Distribution of electron density of states in allowed bands
and interband absorption in amorphous semiconductors,” Optics and Spectroscopy, 110(5). 762-766 (2011).
https://doi.org/10.1134/S0030400X11030271

[9] A.A. Pronkin, and A.V. Konstantinovsky, “Absorption and optical gap width of a-C films obtained by magnetron sputtering,”
High Temp. 53(2), 312-314 (2015). https://doi.org/10.1134/S0018151X15020212

[10] N. Bronshtein, and K.A. Semendyaev, Handbook of Mathematics for Engineers and Technical University Students, (Moscow,
1986). (in Russian)

PO3PAXYHOK IIIVIBHOCTI PO3NOALTY EJEKTPOHHUX CTAHIB ¥ 30HI IPOBITHOCTI 3
OYHIAMEHTAJIBHOT'O CHEKTPY IIOTJIMHAHHSA AMOP®HUX HATIIBITPOBITHUKIB
Pycramaxon I'. Ixpamos, Xypmnadek A. Myminos, Mamxypa A. Hypitainosa,
Booyp Q. Cyronos, Oiidex T. Xoumip3aes

Hamaneancoruil inocenepro-mexnonoziunuii incmumym, yi. Koconcou, 7, Hamanean 160115, Y36exucman
TeopernuHo mocCiTiKEeHO 007acTh (yHAAMEHTAIBHOTO IOTJIMHAHHS B ONTHYHHX CIEKTpax aMOp(HUX HAIiBIPOBIIHHUKIB 3
BUKOpUCTaHHAM HaOnmkeHHs J{eBica-Motra 3a popmynoro Ky6o-I'pinByzaa. Sk Bimomo, B 061acTi GyHAaMEHTAIBHOTO MOTJIMHAHHS
MOJKHA CIIOCTEPIiraTH TPH BUIM ONTHYHUX IIEPEXO/IiB €JIEKTPOHA; BiJl XBOCTA BaJIEHTHOT 30HU JI0 30HU MTPOBiAHOCTI, BiJl BAJIEHTHOI 30HU
JI0 30HH MIPOBIIHOCTI Ta Bl BAJICHTHOI 30HH JI0 XBOCTa 30HH MPOBiAHOCTI. 71 BCiX KX €IEKTPOHHUX MEPEXOIiB aHAIITHYHI BUPa3H
CIIEKTPIiB YaCTKOBOTO ITOTJIMHAHHS OTPUMaHi 3 JBOX pi3HUX THIIB (opmymn Kybo-I'pinByna. Illupuny 3a60poHeHOT 30HH ONTHYHOT
PYXJIMBOCTI Ta KOS(IL[ieHT MPONOPIIHHOCTI BU3HAYAIN B aHATITUYHIA (OpMi CIIeKTpa MI>K30HHOTO TOTJIMHAHHS IIUIIXOM X MiATOHKI
JI0 eKCIIEePUMEHTAIBHOTO CIIEKTPY MIDK30HHOTO MOTVIMHAHHSA. [IpeicTaBieHO HOBHH METOX PO3paxyHKy LIUTBHOCTI PO3MOTITY
SJISKTPOHHUX CTaHIB Y 30HI IIPOBITHOCTI aMOP(HHOTO BYTJICII0 HA OCHOBI €KCHEPHMEHTAIBHOTO CIIEKTPa MXK30HHOT'O ITOTJIMHAHHS Ta
aHaniTHYHOTO BHpasy ¢popmynu Kybo-I'piHByna, 3anucanoi uist CieKTpa MiXK30HHOTO ITOTJIHHAHHSL.
KurouoBi ciioBa: amopghui nanienpogionuxu, chexmpu onmuuHo20 NOIuHanHs, memoo anpokcumayii [esica-Momma,; gopmyra
Kybo-I'pineyoa; pynoamenmanoHuii cnekmp NOGIUHAHHA, YACMKOSI CHEKMPU NONUHAHHA, CHEKMP MIHCIOHHO20 NOTUHAHHA,
eNIeKMPOHHULL PO3NOOLN 2YCMUHU CIAHY
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This article presents experimental results on the technology of obtaining and studying the lateral photoelectric effect (LPE) in hybrid
structures (HS) of the Fe/SiO2/p-Si<B, Mn> and Fe/SiO2/n-Si<B, Mn> types. The technology for obtaining such HS consists of two
parts: firstly, obtaining compensated (C), highly compensated (HC), and over-compensated (OC) samples of Si <B, Mn>. Secondly,
obtaining HS Fe/SiO2/p-Si<B, Mn> and Fe/SiO2/n-Si<B, Mn>. Based on the results, it is shown that sufficiently good HS has been
obtained. Experiments on the study of LPE have shown that in the studied HS there is a pronounced manifestation of the lateral
photoelectric effect, the magnitude and nature of which strongly depend on the type of conductivity and resistivity of the compensated
silicon. The observed features are explained by the fact that in C, HC, and OC silicon samples, impurities that create deep levels in the
silicon band gap form various multi-charged complexes that modulate the energy band of silicon, which lead to significant changes in
its physicochemical and generation-recombination properties, which underlies the observed effects. Based on the LPE studies,
depending on the contact distance, it is possible to determine the numerical values of the diffusion lengths of the minor current carriers
(Lp and L), their lifetimes (7, and 7.), and diffusion coefficients (Dp and D») on the substrate material.

Keywords: Lateral photo effect; Hybrid structure; Compensated silicon,; Photovoltage; Diffusion,; Evaporation; Oxide; p-n junction

PACS: 68.37.Ps; 68.65.Ac; 78.20.—e; 73.30.+y; 73.43.Qt; 81.10.Bk; 81.65.Cf

INTRODUCTION

Although the discovery of LPE was first reported in 1930 by the German physicist Schottky [1], his pioneer in world
literature is considered to be Wallmark, who published an article on this topic in 1957 [2]. Since then, LPE in
semiconductor structures has been intensively studied due to its wide practical application in optoelectronic devices,
especially as position-sensitive sensors, since the LPE arising in them varies linearly with the distance relative to the
contacts. LPE occurs with uniform illumination of the p-n junction as a result of lateral diffusion and recombination of
photogenerated electron-hole pairs [3-4]. A similar effect has also been studied in metal-semiconductor (MS)
structures [5-10] and metal-oxide-semiconductor (MOS) [11-17]. In the last decade, so-called silicon-based hybrid
structures, which are essentially MOS structures, have been intensively studied [19-23].

Analysis of existing works has shown that in the studied structures, low-resistance plates of monocrystalline silicon
were mainly used as a semiconductor substrate with n- and p-types of conductivity: p-Si p =4.5+8.3 QXxcm and n-Si
p=7.5+ 80 Q xcm, respectively [11, 12, 18, 22, 24-25]. Despite the existence of a number of studies devoted to the
influence of the type of conductivity of substrates on their photovoltaic properties, there is currently no justification for
the choice of substrate material.

In this connection, there is an interest in the use of C, HC and OC samples of monocrystalline silicon doped with
various impurities as substrates in such structures by high-temperature diffusion. It is known that C, HC, and OC silicon
samples have unique physical properties, namely, high photosensitivity in both the impurity and intrinsic spectral
regions [26], infra-low-frequency oscillations of the photocurrent with a large amplitude [27-28], recombination
waves [29-30], large positive and negative magnetoresistance [31-32], deep temperature and infrared quenching of
photoconductivity [33-34], etc. In addition, the reproducible technology for producing compensated silicon with various
impurities has reached its perfection and can be used as an additional degree of freedom both in controlling the parameters
of the HS technology and in controlling the effects observed in them.

RESULTS AND DISCUSSION
Technology for obtaining C, HC, and OC silicon samples
The production of HS consists of two stages. In the first stage, it is necessary to obtain C, HC, and OC silicon
samples doped with manganese atoms by the high-temperature diffusion method. To do this, samples of 8x5x0.5 mm? in
the form of a parallelepiped with a crystallographic orientation [100] were cut from the original silicon plates of the

Cite as: E.U. Arzikulov, A.D. Nurimov, F.A. Salakhitdinov, U.A. Ashirov, T.S. Sharafova, A.Sh. Khujanov, R.M. Usanov, East Eur. J. Phys. 4, 159
(2023), https://doi.org/10.26565/2312-4334-2023-4-17
© E.U. Arzikulov, A.D. Nurimov, F.A. Salakhitdinov, U.A. Ashirov, T.S. Sharafova, A.Sh. Khujanov, R.M. Usanov, 2023; CC BY 4.0 license


https://orcid.org/0000-0001-9179-3402
https://orcid.org/0009-0008-1291-3380
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26565/2312-4334-2023-4-17
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334

160
EEJP. 4 (2023) Eshkuvat U. Arzikulov, et al.

KDB-10 brand (boron-doped silicon with a specific electrical resistance of 10 Qxcm at room temperature) used in the
electronics industry. To remove the damaged surface layer formed during plate cutting, the samples were first subjected
to mechanical and then chemical treatment with HF: HNOj3 etchant. The state of the surface of the initial substrate p-
Si<B> after chemical cleaning was studied using AFM in static force mode (Fig. 1).

The surface texture of the p-Si<B> substrate was measured in an area with horizontal dimensions of 60 umx60 um
and vertical dimensions of 20 nm. Figure 1 on the left shows the image of the data obtained on the Z axis, and the image
of the data obtained in the XY plane is placed on the right. The surface roughness parameters are given in Table 1.

Based on the results obtained, it can be said that the roughness parameters of the chemically treated surface show
that such a surface is smooth enough to obtain HS. There are almost no hills or deep valleys on the surface. The results
show that the chemical cleaning of the substrate p-Si<B> provides a smooth surface texture.

Opm X B60pm Opm X 60pm

a) b)

Figure 1. 2D AFM image of the surface of the initial samples p-Si<B> taken (60 pmx60 pm) along the Z axis and along the XY
plane in static force mode

High-temperature diffusion alloying of manganese into silicon was carried out according to a well-known
technique [35]. The initial silicon samples with manganese impurities were placed in a pre-purified quartz ampoule and
air was pumped out of the ampoule to a pressure of ~ 10> mm Hg. The diffusion of manganese into silicon was carried
out in a horizontal furnace of the SOUL-4.0 type, which ensures the maintenance of a constant temperature with an
accuracy of = 0.1°C for two hours. The temperature in the working area of the furnace was additionally controlled using
a type B thermocouple (a combination of platinum alloys (6% rhodium) or platinum (30% rhodium).

Table 1. Roughness parameters of the p-Si<B> substrate and Fe layers.

Surface Ru, Ra Rq Ry Rp Ry

fm nm nm nm nm nm

p-Si<B> -41.355 1.528 3.327 145.71 104.73 -40.979
Fe -19.009 26.446 33.783 254.31 167.74 -86.575

After the diffusion stage was completed, the samples were rapidly cooled at a rate of 120-150 °C/s to a temperature
of 18°C. To obtain samples with different values of electrical resistivity and types of conductivity, the diffusion
temperature was varied in the range of 10201060 °C. After the process of high-temperature diffusion, a manganese-
enriched layer with a thickness of about 15-20 microns is formed on the surface of the samples. To remove this layer, the
obtained samples were also subjected to mechanical and chemical treatment, as well as the original samples. To determine
the main parameters (electrical resistivity (p), concentration (n) and mobility of current carriers (1)) the Hall effect method
was used for both initial and doped samples [36]. This diffusion technology makes it possible to obtain C, HC and OC
silicon samples doped with manganese with both p- and n-types of conductivity, with a resistivity in the range of
p = 10?+ 10° Qxcm at room temperature.

It is known that in C, HC and OC samples of silicon, the impurity atoms that create deep energy levels in its band
gap in a charged state. The multiplicity of their charge depends on the degree of compensation. In addition, these charged
atoms can combine into complex multicharged clusters, which, in turn, leads to noticeable changes in both the energy
band of silicon and its generation-recombination parameters [26]. In the case of an impurity of manganese having a
sufficiently large diffusion coefficient at high temperatures, its atoms can be in one- and two-times positively charged
states, and can also be part of multicharged complexes of the type [Mn']* [31], which, in turn, determines the basic
physical properties of C, HC and OC Silicon samples, as well as HS, which they are part of. Thus, it can be concluded
that the main parameters of C, HC and OC of silicon samples doped with manganese, as well as HS based on it, are
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determined by the deep energy levels of the manganese atom in the silicon band gap. In addition, by regulating the
diffusion temperature, the vapor pressure of the diffusant and the cooling rate of the samples, it is possible to control the
basic physical parameters of C, HC and OC of silicon samples and HS based on it within a wide range [26].

Technology for obtaining HS

At the second stage, it is necessary to obtain a HS of the Fe/SiO,/p(n)-Si<B, Mn> type. It has been shown that the
properties of MOS HS are mainly determined by the thickness of the metal and oxide layers that provide tunneling of
carriers through them. At the same time, it was found that the optimal thickness of the oxide layer is up to 5 nm, and the
metal layer is 15 nm [24]. The growth of an oxide layer with a thickness of about 5 nm on the surface of diffusion-doped
samples of n(p)-Si<B, Mn> was carried out according to the method described in the ref. [21, 41]. Then, layers of pure
iron were obtained on the surface of purified and dried C, HC and OC samples of p(n)-Si<B, Mn> by thermal or electron
beam evaporation in high vacuum [37]. The surface characteristics of the HS deposited by a thin layer of Fe were re-
investigated using AFM in the static force mode (Figure 2).

10pm

opm x i B . 10um
a) b)

Figure 2. Two-dimensional AFM images of the surface (10 umx10 pum) of the iron layer in the Fe/p-Si hybrid structure in the Z
axis (a) and in the XY plane (b) obtained in the "static force mode"

As in Figure 1, the left part of the figure shows an image of the Z axis, and the right part shows an image of data in
the XY plane. The surface of the Fe film has the shape of hills and valleys. The average roughness of the substrate
decreased from -41 fm to -19 fmm as a thin layer of Fe was deposited. At the same time, the average roughness increased
from 1.5 nm to 26.4 nm. A decrease in the average roughness value from -41 fm to -19 fm and an increase in the mean
square (RMS) roughness value of the substrate from 1.5 nm to 26.4 nm during the formation of a thin layer of iron means
that during the formation of a thin layer of iron on the silicon surface, Fe pairs covered the porosity of the surface caused
by chemical cleaning, but the average roughness increased due to uneven distribution porosity on the surface. If you pay
attention to the image of the surface, you can see several roughness of the granular form. Such a sharp change in the RMS
of irregularities can be explained by the formation of these grains. The peak height value increased from 104.7 nm to
167.74 nm, and the depression depth value increased from -41 nm to -86.575 nm. This can be explained by the
inhomogeneous distribution of evaporated Fe over the silicon surface. This, in turn, provides an increase in the height of
the peaks of the valley. As the surface roughness increases, the probability of adsorption of charged particles on the crystal
film increases, which can be explained by the fact that high temperatures can stimulate the migration of grain boundaries
[38]. In addition, at high temperatures they can diffuse and occupy the right place in the crystal lattice, and grains with
lower surface energy will increase at high temperatures [39]. In addition, the surface roughness of conductive thin films
has a significant effect on the electrical characteristics of electronic devices manufactured on their basis [40].

The experiments conducted to study the I-V characteristics showed that good HS were obtained. Figure 4 shows the
1-V dependence for one of the obtained HS at different values of the external magnetic field. As can be seen from Figure 4,
I-V dependence shows good rectifying properties of HS and has a significant negative magnetoresistance. Thus, we can
say that on the basis of the described technology, it is possible to obtain sufficiently good HS with a Schottky barrier of
the Fe/Si0,/p(n)-Si<B, Mn> type.

If we compare the images, then after the deposition of iron on a chemically treated silicon substrate, the grain size
increased, which can be explained by the inhomogeneous distribution of iron atoms deposited on the surface during the
evaporation of pure iron. However, the surface roughness can be analyzed based on the data obtained using AFM. Table 1
shows that initially the average roughness on the silicon substrate is about 1.5 nm, but after applying the iron layer, this
value is 26.4 nm, which means that the surface roughness of the iron layer is significantly higher than the base. Comparing
the values of the RMS, we can say that the roughness on the surface of the silicon base is due to the inhomogeneous
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placement of Fe atoms on the silicon base, that is, the surface has a granular texture. In conclusion, we can say that the
surface of the iron layer in the Fe/p-Si<B> HS has a high hardness and a granular surface. This kind of research provides
a more complete understanding of the influence of shooting conditions and modes on the morphology of thin films and
can help in adapting deposition parameters in accordance with the requirements of surface topography for electronic
device applications.
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Figure 3. Three-dimensional images of the surface Figure 4. I-V dependence for one of the obtained
(10 umx10 um) of the iron layer in Fe/SiO2/p-Si HS HS Fe/SiO2/p-Si under an external magnetic field

Lateral photoeffect in HS

The experimental setup described in [25] was used for the experimental study of LPE in the HS. Diode-pumped
semiconductor lasers with wavelengths of 532 and 632 nm were used as a light source. Experiments conducted at T=293 K
showed that pronounced LPE is observed in the studied HS and the value of lateral photovoltage (LPV) is higher than in
the previously studied structures [2]. The sensitivity of the LPE is 1648.5 uV/mm. Figure 5 shows the dependence of the
LPV on the distance between the contacts for HS based on the initial samples of p-Si<B>.

The electrical resistivity of the sample p = 10 Qxcm, the wavelength and laser power A = 632 nm and 8§ mW,
respectively, T =293 K. As can be seen from Figure 5, the dependence of the LPV on the contact distance for the HS
manufactured on the basis of the initial samples of p-Si <B> has a linear character, which corresponds to the results of
theoretical [2, 3] and experimental studies [4]. We have studied the LPE in the HS Fe/SiO,/p-Si<B, Mn> and
Fe/Si0,/n-Si<B, Mn> under the same conditions as in the HS manufactured on the basis of the initial samples of p-Si<B>.
The results of the experiments are shown in Fig. 6. As can be seen from Figure 6, both Fe/SiO»/p-Si<B, Mn> and
Fe/S10,/n-Si<B, Mn> have LPE.
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Figure 5. The dependence of the LPV on the distance between the contacts for the initial structure of p-Si<B>. Electrical
resistivity of the sample p= 10 ohms x cm, A =632 nm, T =293 K, laser power: § MW.
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Mn> HSs. resistivity is p = 1:10° Qxcm, A= 532 nm, T = 300 K, Laser
power: 8 mW.

When the type of conductivity of C, HC and OC of silicon samples is changed, an inversion of the LPV polarity is
observed, which is explained by the fact that in the Fe/SiO2/n-Si<B, Mn> structure, the internal field of the transition is
directed from silicon to a thin layer of iron, and in Fe/SiO,/p-Si<B, Mn> from the iron layer to silicon, which is due to
the presence of interface states at the Fe/SiO,/Si<B, Mn> boundary [18]. For both structures, there is an extreme
dependence of the LPV on the thickness of the Fe film with a maximum localized near ~ 5 nm. It is assumed that in the
Fe/Si0,/Si<B, Mn> HSs, due to the high resistivity of C, HC and OC silicon samples, the characteristics of the LPE are
determined by the processes of lateral diffusion of excess photogenerated carriers drawn by the built-in barrier field from
the silicon volume into the area adjacent to the Fe/SiO»/p-Si <B, Mn> interface and the role of the iron film is reduced
only to the formation of bending zones in this region [18].

The observation of the linear dependence of the LPV on the position of the light spot in the studied structures can
be understood if we assume that the metal film on the surface of the MOS structure serves only to create a surface bending
of the zones into the silicon region adjacent to the SiO,/Si interface, and the process of LPV generation occurs in the near-
surface region of silicon. Depending on the degree of curvature of the zones in the near-surface region of silicon, inversion
layers, depletion or enrichment are formed, and the resulting transitions of the type p-n, pp (nn) or p*-p (n"-n) are
responsible for the observed effects. At the same time, the excess concentrations of photogenerated carriers will be greater
than the main ones in both the p-region and the n-region [2].

Usually, the LPV generated was measured at the contacts located on the side opposite to the illumination. However,
it has recently been shown that the sensitivity of LPE in MS and MOS structures can be increased by lighting and placing
contacts from the side of the metal film. For example, in Ti/Si and Co/Si structures, the sensitivity of the LPE measured
from the metal side is 1.45 times higher than the similar characteristic measured from the silicon side [7, 8, 11, 12]. Based
on theoretical calculations, it can be concluded that the use of metals with high output performance and high resistivity
in MOS structures leads to an increase in LPE.

The study of the effect of the contact distance on the value of the LPV showed that with an increase in the distance
between the contacts, starting from a certain distance from both contacts, the value of the LPV becomes zero (Figure 7).
As the contacts approach each other, the area on which the LPV is zero decreases, and at a certain value of the contact
distance, this area disappears altogether.

This phenomenon seems to be related to generation-recombination processes in a semiconductor substrate. When
the distances between the contacts are greater than the diffusive length of the non-basic charge carriers, i.e., d > L,, Ly,
the charge carriers formed under the action of light recombine without reaching the zone of action of the contact fields.
When d becomes comparable to L,, L, i.e., when the conditions d ~ L, L,are met, most of the generated charge carriers
reach the contact field area and thus contribute to the LPE. This fact shows that based on the study of the LPV value,
depending on the contact distances, it is possible to determine the numerical values of the diffusion lengths of minor
current carriers (L, and L,), their lifetimes (7, and 7,) and diffusion coefficients (D, and D,) on the substrate material.

To study the influence of the frequency of the radiation source on the magnitude and nature of the LPE, the
dependences of the LPV of the studied structures on the frequency of radiation were removed (Figure 8). In our
experiments, two diode-pumped semiconductor lasers with wavelengths of 532 and 632 nm and a power of 20 mW were
used.

LPE has high sensitivity and linearity. The dependence of the LPE on the wavelength of laser radiation is shown in
Fig. 8. As can be seen from Fig. 8, with an almost identical character, the change in the magnitude of the LFV and their
magnitude depends on the wavelength. In addition, there is a significant asymmetry in the shape of the dependence of the
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LPV on the contact distance. The value of the maximum LPV on the side of the negative electrode is significantly less
than on the side of the positive electrode. For a red laser, these values are 300 and 210 MV, respectively. The value of the
maximum LPV in the positive electrode for the red laser is almost 1.4 times greater than that of the green laser, at the
same time, the value of this for the negative electrode is 1.2 times. This allows us to assume that for the study of LPE in
Fe/Si02/p-Si<B, Mn> HS, the most suitable laser wavelength is 632 nm, and LPE will increase with increasing laser
radiation power in a certain range of power values and saturation is observed starting from a certain power value (Fig. 9).
These results are in good agreement with the results of the study of LPE in Ni-SiO2-Si structures, where a laser with a
wavelength of 632 nm is also suitable laser radiation for LPE [22].

The asymmetry of the shape of the LPV dependence on the contact distance is associated with an uneven distribution
of charged impurity centers associated with manganese atoms. Since manganese in silicon is in a positively charged state,
it is shifted towards the negative electrode under the action of the contact field, which leads to a decrease in the potential
of the negative electrode. Figure 8 shows that the LPV value increases non-linearly with increasing laser power.

In the initial phase of the dependence, with laser power in the range of 0-6 mW, the LPV grows quasi-linearly, in
the power range of 7-10 mW, the LPV grows very quickly and, starting from 11 mW, its growth slows down and reaches
saturation, starting from 12 mW. In a certain wavelength range of laser radiation and at high power, repeated excitation
of electron-hole pairs is possible. When the saturation state is reached, the LPV value does not change with increasing
laser power. The LPV value at saturation depends on the laser frequency. Apparently, this is due to the possibility of
multiple excitations of electron-hole pairs for different photons. Although the number of photogenerated electron-hole
pairs increases with increasing laser power, the number of electrons that can be transferred by the built-in internal electric
field is limited. The LPV value reaches saturation when the rate of generation of electron-hole pairs is equal to the rate of
their recombination. Consequently, the LPV cannot increase indefinitely with increasing laser power. This is indirect
evidence that the LPV is mainly due to electron diffusion, and not temperature effects.
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radiation with a power of 8 mW in HS Fe/SiO2/p-Si<B, Mn>. The the Fe/SiO2/n-Si<B, Mn> HS. The electrical resistivity of the
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The dependence of the LPV on the power of laser radiation, shown in Fig. 9, can be interpreted as follows. At low
laser powers, the number of photogenerated pairs is small and their number increases linearly with increasing laser power,
which corresponds to the linear growth of the LPV. Starting from a certain value of the laser radiation power, the number
of generated carrier pairs increases non-linearly. This is due to the fact that at high laser radiation powers, it is possible
to re-excite electron-hole pairs, which undoubtedly leads to a rapid increase in LPV. When the saturation state is reached,
the LPV value does not change with increasing laser power. The LPV value at saturation depends on the laser frequency.
Apparently, this is due to the possibility of multiple excitations of electron-hole pairs for different photons. Although the
number of photogenerated electron-hole pairs increases with increasing laser power, the number of electrons that can be
transferred by the built-in internal electric field is limited. The LPV value reaches saturation when the rate of generation
of electron-hole pairs is equal to the rate of their recombination. Consequently, the LPV cannot increase indefinitely with
increasing laser power. This is indirect evidence that LPV is mainly caused by electron diffusion, and not by temperature
effects [18].

CONCLUSIONS
In this paper, the technology of obtaining HS of the Fe/SiO/p-Si<B, Mn> and Fe/SiO,/n-Si<B, Mn> types and LPE
in them is investigated.
Based on the results obtained, it can be concluded that the technology described by us allows obtaining fairly good
HS. Experiments on the study of LPE have shown that a pronounced manifestation of LPV is observed in the studied HS.
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In these HS, LPE is observed and the nature of the change in LPV depends on the contact distance, wavelength and power
of the laser radiation.

Based on the LPV study, depending on the contact distance, it can be said that it is possible to determine the
numerical values of the diffusion lengths of minor current carriers (L, and L,), their lifetimes (z, and 7,) and diffusion
coefficients (D, and D,) on the substrate material.

The nature of the change and the magnitude of the LPV depend on the concentration of charge carriers and the type
of conductivity C, HC and OC of silicon samples. The observed features in HS are explained by the fact that in C, HC
and OC silicon samples, impurities that create deep levels in the silicon band gap form various multicharged complexes
that modulate the energy band of silicon, which underlies the observed effects in C, HC and OC silicon samples and HS
based on them.
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JATEPAJIBHUI ®OTOEJEKTPUYHUM EQPEKT Y KPEMHIEBUX INBPUIHUX CTPYKTYPAX
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EmxkyBat Y. Ap3ikyaos?, Aximep . Hypimos?, ®.A. Canaxitninos?, Y.A. Aiupos?,
T.C. llapagosa?, A.C. Xymkanos®, P.M. Ycanos?
@ Camapranocokutl oepicasuuil ynigepcumem imeni Illapogpa Pawuoosa,
m. Camapkano, Yuisepcumemcokuti 6ynveap 15, 140000, Pecnyonixa Y36exucman
b Camapranocokuii Oepacasnutl yrisepcumem 6emepunapHoi Meouyunu, meapurHuymea i 6iomexHono2ii,
M. Camaprano, eyn. Mipzo Ynye bBex 77, 140003, Pecnybaixa Y36exucman

VY crarTi HaBeAEHO EKCIEePUMEHTANbHI Pe3yabTaTh 3 TEXHOJIOTil OTPHUMAaHHS Ta JOCIiKeHHs JlatepanbHoro goroedexry (JIDE) B
ribpunaux crpykrypax tumy (I'C) Fe/SiO2/p-Si<B, Mn> ta Fe/SiO2/n-Si<B, Mn>. Texuomnorist otpuManss takux ['C ckiagaeTses 3
IBOX YacCTHH: Mo-mepime, orpuMaHHS KommeHcoBanux (K), BucoxoxommencoBanmx (BK) i naakommencoBanux (HK) 3paskis
Si<B, Mn>. Ilo-gpyre, orpumanas HS Fe/SiO2/p-Si<B, Mn> i Fe/SiO2/n-Si<B, Mn>. Ha ocHOBI pe3ynbTaTiB MOKa3aHO, o Oyio
orpumaHo nocratHbo xopommi I'C. Excnepumentn no BusueHHio JIOE moxasamm, mo B mocmimpkyBanux I'C cmocrepiraerbest
BUPAKCHUH MPOSB JIATEPaIBFHOTO (OTOS(EKTy, BEIMUNHA 1 XapaKTep SKOTO CHIBHO 3aJIe)KaTh BiJ THITYy IIPOBITHOCTI Ta MUTOMOTO
OMopy KOMIICHCOBAHOTO KpeMHir0. CIIOCTepeKyBaHi 0COOIMBOCTI MOSICHIOIOTHCS THM, 110 B 3pa3kax kpemHito K, BK ta HK momiriku,
SIKi CTBOPIOIOTH IIMOOKI PiBHI B 3200pOHEHIH 30HI KPEMHII0, yTBOPIOIOTh Pi3HOMAaHITHI 06araTo3apsiiHi KOMIUIEKCH, SIKi MOYJIIOIOTh
CHEPreTHYHy 30HY KPEMHiI0, 1[0 IPH3BOIUTH IO CYTTEBHX 3MiH Horo (i3uko-XiMiYHMX Ta TeHepaLiiHO-peKoMOiHAIHHIX
BJIACTUBOCTEH, 10 JIKUTh B OCHOBI croctepexyBanux edekriB. Ha ocnoBi nocmimkens JIOE 3amexHO Bif KOHTaKTHOI BiACTaHi
MOJKHAa BU3HAYUTH YHCENbHI 3Ha4eHHS AU(Y3IMHUX JOBXUH APYTOPSAOHUX HOCIIB cTpymy (Lp Ta L.), iX 4ac uTTd (7p Ta 7n) Ta
koedimientiB qudysii (Dp Ta Dy) Ha MaTepiaii MiAKIaAKN.

KnrouoBi cioBa: namepanvnuii  pomoegexm; 2ibpuona cmpykmypa; KOMNEHCOS8aHuti Kpemuill, gomonanpyea, oudysis;
BUNAPOBYBAHHS, OKCUO; P-N Nepexio
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This article discusses the electrical properties of silicon doped with rare earth elements (REE). Atoms of rare earth elements (REE)
diffused onto the surface of the silicon substrate. To measure the electrical parameters, samples of n-Si, n-Si<Lu>, n-Si<Er> and n-
Si<Gd> were prepared and their electrical properties were determined using the Hall effect, four-probe and thermal probe methods.
The studies were carried out in the temperature range 77+300 K. The samples were ohmically contacted using a mixture of 1%
Sb + 99% Au for measurement on the HMS500 instrument. The specific resistance of the samples in layers, the concentration of charge
carriers, and the mobility of the samples were also studied by the magnetoresistance method. The electrical parameters of the samples
were measured on an Ecopia Hall effect measuring system (HMS5000).

Key words: Silicon; Lutetium,; Rare earth elements; Magnetoresistive; Diffusion, Magnetic field; Temperature

PACS: 78.30.Am

INTRODUCTION

At present, special attention is paid to the study of the nature of defects formed by the introduction of atoms of rare
earth elements (REE) into semiconductor single crystals by the diffusion method. A lot of scientific work is being done
on the formation of a deep energy level in silicon, which is the main material of semiconductor devices, its doping with
additives that allow changing its properties, and the study of their resistance to heat and radiation [8-9].

Modern microelectronics main material silicon that it was due to, silicon in single crystal defects appear to be such
as technological processes to study is very important. The physical and optical parameters of silicon doped with hafnium
and lanthanum have been studied [1,5,6].

As is known, the first single crystals used for the manufacture of semiconductor devices are not without defects.
Point and volume distortions of the crystal lattice occur in a single crystal even during its growth. In subsequent device
manufacturing processes, these defects are filled with other defects in various parts of the semiconductor structure.
In recent years, there has been a sharp increase in interest in semiconductor materials with special properties. Doping with
rare earth elements is more widely used to obtain such materials. This is due to the use of silicon doped with these
compounds in special semiconductor devices, for example, various types of photoreceptors, solar cells, high-radiation
and thermally stable devices. In addition, most of the experiments were carried out using the Hall effect, and the sensitivity
of measuring electrical conductivity, magnetic susceptibility, and other measurement methods is relatively low.

MATERIALS AND METHODS

Investigate for the Czochralski method grown n - type (p=40 Qxcm) dimensions 7X 6 X1cm™, to the (111) surface
suitable silicon from a single crystal was used. Source diffusion was created by sputtering metallic lutetium
(purity ~ 99.99).

Propagation from making the first silicon into monocrystals mechanic and chemical processing considering VUP-4
device using single crystal silicon on the surface of lutetium atoms high vacuum (10°* mmHg.) under sprayed Use of
quartz glass high vacuum ampoule received. The diffusion method has been used in many studies to study the properties
of silicon with rare earth elements, transition elements, and refractory elements [1-7].

Distribution at high temperature 1523 K oven SUOL-0.4 30 hours of use time between was spent. From spreading
after the samples have cooled rapidly. After diffusion annealing samples repeatedly washed in hydrofluoric acid, aqua
regia, and also in a boiling mixture H,O,. HCI. Such washing usually allows almost completely remove the source of
diffusion remaining on the surface of the sample [2-5].

After this edge of the sample cleaned to a depth of ~ 10 um, significantly greater than the diffusion depth. The
profile was determined by etching thin layers (in IHF:50HNOs3 solution) and measuring surface resistance of a four-probe
sample method, as well as the method Hall effect using Van der Pauw probes. Samples on the device HMS 500 measure
for a mixture of 1% Sb + 99% Au received through an ohmic contact. The 175 Lu isotope was deposited onto the surface
of a silicon sample. After diffusion and subsequent washes, as well as in the process of removing the layers, X-ray
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diffraction of samples was carried out to control the uniformity of alloying. The electrical parameters of the samples were
determined using the Hall effect. Input concentration for the experiment: n-Si<Er> (Ng, = 2.3x10'7 ¢cm™), n-Si<Lu>
(NLy = 2.43x10" cm™) and n-Si<Gd> (Ngg= 1x10'® cm™). samples are prepared.

RESULTS AND DISCUSSION

In this work, we studied the magnetic field dependences of the magnetoresistive effect and the Hall effect in silicon
doped with Er, Gd, and Ho. Doping with rare earth elements (REE) was carried out in the process of growing from a melt
according to the Czochralski method. The magnetic field dependences of the magnetoresistance (MR) and the Hall effect
were studied in a constant magnetic field up to 1.4 T in the temperature range 20—300 K. The study of the temperature
dependence of the Hall mobility pH(T) showed that in samples doped with REE, its value was ~10-20% lower than in
the control material, which indicates that additional scattering of charge carriers occurs in Si<REE> due to the inclusion
mi lanthanides.

The magnetic field dependences of the magnetoresistive of the control undoped single crystals over the entire
temperature range have a close to quadratic (Ap/po) ~ br (uHB) vy, where y=1.8-1.9, dependence on the magnetic field.
At T =300 K, REE doping did not change the general form of the dependence of magnetoresistive on the magnetic field,
although the magnitude of the magnetoresistive effect decreased significantly. At liquid nitrogen temperature in SiI<SREE>
in a weak magnetic field (B < 0.5 T), the magnetoresistive effect is negative and reaches its maximum value in a field
B = 0.25 T. Negative magnetoresistive in fields B > 0.3 T begins to decrease and passes into the region of positive
magnetoresistance. A further decrease in temperature to 20 K leads to the disappearance of the negative MR and the
appearance of a positive magnetoresistive, despite the fact that the charge transfer mechanism has not changed.
Immediately after growth, lanthanides in silicon show no electrical activity. However, later studies did not confirm this

assumption. Samples magnet resistance magnet in the ﬁeldi—p~br (uyB)Y expression via connected [10-16]. Here
0

p - comparison resistance b,- magnetic resistance - magnetic field constant, B - magnetic field induction.
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Figure 1. T =220+320 K magnetic resistance to temperature depending on: n-Si (control) (1); n-Si <Lu> (2).

In Figure 1, the red line is lutetium doped with silicon, the black line is the control sample. As can be seen from the

figure, the magnetic resistance of a single crystal of silicon (control sample) in the temperature range 220+320 K
practically did not change.
The magnetic resistance of a silicon sample doped with lutetium (n- Si<Lu>) increased from 101 Q to 4308 Q in the
temperature range 220+260 K, decreased from 4308 Q to 87 Q in the temperature range 260+280 K, increased from 87 Q
to 175 Q in the temperature range 280+300 K and after 300 K the value has not changed. It was noticed that the magnetic
resistance of the control sample decreased exponentially from 3249 Q to 1349 Q in the temperature range 220-260 K.
Ascan be seen from Fig. 1, lutetium atoms have influenced the magnetic resistance of single-crystal silicon. The
resistivity of our lutetium-doped silicon sample increased dramatically below 220 K. Since the lutetium-silicon alloy is
being studied for the first time, the magnetoresistance compared with samples of silicon with rare earth elements.

Throughout the studied range of magnetic fields, the criterion of a classically weak ( 4y B << 1) magnetic field was
fulfilled, and the value of the magnetoresistance coefficient lay within the range b = 0.2...0.4, which is close to the

theoretical value of b characteristic of scattering charge carriers by acoustic phonons background b? "o — 0.27. The
slightly overestimated value of b may be caused by the additional contribution of the geometric effect to the
magnetoresistance due to the short-circuiting of the Hall emf by current contacts. The sample resistance in the absence of
a magnetic field is due to both the scattering of charge carriers by acoustic phonons and their scattering by magnetic
clusters with a random orientation of magnetic moments. According to the giant magnetoresistive model, an external
magnetic field orients the magnetic moments of clusters in the direction of the field, which leads to a decrease in the
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scattering of charge carriers (resistance of the sample), i.e. to negative magnetoresistive. The smallness of the negative
magnetoresistance in the studied Si<REE> samples is due to the fact that the conditions for observing a giant
magnetoresistive are far from optimal, when the sizes of isolated magnetic clusters and the distance between them is of
the order of the mean free path of the carriers.

On Fig. 2 shows a graph of the temperature dependence of conductivity. The red line is an n-Si sample (control),
and the black line is a single crystal of silicon doped with lutetium (n-Si<Lu>). The mobility of the control sample in the
range of 220+320 K did not change. In a sample of single-crystal silicon (n-Si<Lu>) doped with lutetium, the electron
mobility increased by 3x10° cm?/Vs in the range 220+240 K, decreased by 5.35x10" ¢cm?/Vs at 240+260 K, increased by
1.13x10" cm?/Vs in the temperature range 260280 K and after 280 K coincided with the control sample.

As aresult of our studies in Fig. 3 it is established that single-crystal silicon doped with rare-earth elements does not
change the general form of the dependence of magnetic resistance on the magnetic field at T = 300 K. At the same time,
due to the uneven distribution of lutetium atoms in a single crystal of silicon, the magnetic resistance coefficient of the
sample was higher than the theoretical value. As can be seen from Fig. 3, the magnetic resistance of silicon samples doped
with rare earth elements in a weak magnetic field (B < 0.5 T) at liquid nitrogen temperature has a negative value and
reaches a maximum value in the field B = 0.25 T. B > 0.3 T changed to a positive value. This indicates that the Hall
constant in rare earth doped silicon is almost positive.
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Figure 2. T =220+320 K mobility to temperature depending on:  Figure 3. Room temperature control n - Si (1); n - Si<Gd> (2);
n-Si (1); n-Si<Lu> (2) n-Si<Er> (3;) and n-Si<Lu> (4), magnet resistance magnet

samples in the field dependence

The magnetic resistance of silicon samples doped with rare earth elements at 77 K is evidenced by the nature of the
dependence of the magnetic resistance on the magnetic field (Fig. 4). This resistance is the algebraic sum of the measured
positive and negative component values:

Aps = Ap_ + Ap,

The closest to optimal conditions for observing negative MR due to scattering by magnetic clusters are realized in
samples doped with erbium at a concentration of 2.3x10'7 cm™. A decrease in the REE concentration leads to a decrease
in the size of lanthanide inclusions and, ultimately, to a decrease in the negative MR (see Fig. 4).
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Figure 4. At a temperature of 77300 K, control n - Si (1); n - Si <Gd> (2); n - Si <Er> (3); and n - Si <Lu> (4) samples magnet
resistance magnet in the field dependence.
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An additional confirmation of this mechanism of the negative component of the MR at B < 0.6 T can be the
independence of the Hall constant on the magnitude of the magnetic field, which is not typical for the band transfer
mechanism and "traditional" mechanisms of scattering of charge carriers, for which the Hall factor decreases with
increasing magnetic field in classical magnetic fields.

The results of studies carried out at temperatures of 300 and 77 K show that single crystals of silicon with rare earth
elements do not change their general properties at both temperatures. According to the results obtained, it was found that
the Si <Lu> sample is more resistant to magnetism than the Si <Er> and Si <Gd> samples.

CONCLUSIONS

A temperature graph of the magnetic resistance of samples doped with lutetium (n- Si <Lu>) has been obtained.
Such a conclusion can be drawn from the analysis of the obtained results.

1. Magnetic aging of lutetium-doped silicon (n- Si <Lu>) and control (n- Si) samples at room and nitrogen
temperatures was studied for the first time.

2. After alloying single-crystal silicon with lutetium atoms, it was found for the first time that the magnetic resistance
does not change at room temperature and changes at nitrogen temperature.

3. Samples in a weak magnetic field (B<0.5 T) The magnetic resistance of silicon samples doped with Lu, Er and
Gd elements at liquid nitrogen temperature has a negative value and reaches a maximum value in a field B~ 0.25 T.

This indicated that the Hall constant in silicon doped with Lu, Er and Gd elements is positive.

4. In the temperature range of 77-300K, it was established that the resistance of n-Si<Lu> samples to a magnetic
field is higher than that of n-Si<Er> and n-Si<Gd> samples.
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JOCIIIKEHHS MATHITHUX BJACTUBOCTEM KPEMHIIO JIETOBAHOI'O
PIIKO3EMEJIbHUMH EJIEMEHTAMHU
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f[ozc)y, 1, Tawxenm, Y3bexucman
b Inemumym ¢izuxu nanienposionuxie ma mixpoenexmponixu Hayionansrozo ynisepcumemy Ysbexucmany,
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VYV miif crarTi po3MIAAAIOTECS EJNEKTPUYHI BJIACTHUBOCTI KPEMHIIO, JIeroBaHoOro pinkosemensHumu enemeHtamu (P3E). Atomu
pinkozemenbuux enementiB (P3E) nudyHnayBanu Ha HOBEpXHIO KPEMHI€BOT MiAKIa KK, J[isi BUMIpIOBaHHS €IEKTPHYHUX TapaMeTpiB
Oynu miaroroieHi 3pasku n-Si, n-Si<Lu>, n-Si<Er> i n-Si<Gd> ta Bu3Ha4eHi iX eNeKTPUYHI BIACTHBOCTI 3a JOIOMOTrOI0 e(eKTy
Xomia, Y0TUPU30HAOBOTO Ta TEPMITHOT'O 30HIOBOTO METOIB. JlociiIKeHHs MPOBOAMIN B iHTepBai Temmepatyp 77+300 K. Omiunnit
KOHTAKT 3pa3KiB cTBOproBany cyminmro 1% Sb + 99% Au mns BumiproBanns Ha npuragi HMS500. Takox muToMuii omip 3paskiB y
mapax, KOHIIEHTPAIil0 HOCIIB 3apsay Ta pyXJIUBICTh 3pa3KiB JOCHTIIKyBaJIl METOIOM MarHitoonopy. EnexTpudHi mapameTpu 3paskiB
BHMIPIOBAJIX 3a JIOTIOMOT 010 CHCTeMH BUMipioBaHH: edekty Xomria Ecopia (HMS5000).

KunrouoBi cnoBa: kpemniii; niomeyiii; piokosemenvhi enemenmu,; MazHimope3ucmueHull, oug)ysis, macuimne noie; memnepamypa
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This research paper presents the findings of an investigation into the interaction between zinc (Zn) and nickel (Ni) impurity atoms
within a silicon (Si) matrix, which were doped sequentially in various combinations. The characterization techniques employed for this
study encompass X-ray diffraction and IR-Fourier spectrometry. It is noteworthy that the degree of crystallinity exhibited by the silicon
lattice, subject to the introduction of Zn and Ni impurities, is contingent upon the methodology employed for impurity incorporation.
The results of this study reveal a distinctive trend in the optical properties of these doped silicon samples. Specifically, upon the
introduction of Zn atoms into silicon that was pre-doped with Ni (Si<Ni, Zn>), there is a concomitant reduction in the concentration
of optically active oxygen atoms. Remarkably, this alteration in the dopant composition leads to a marked enhancement in the
transparency of the silicon crystal. In stark contrast, when the doping sequence is reversed (Si<Ni, Zn> Ni>), an opposing effect is
observed, resulting in a diminishment of crystal transparency. These findings underscore the intricate interplay between the introduced
impurity atoms, the dopant sequence, and their collective impact on the optical properties of the silicon matrix. Such insights contribute
to our comprehension of the nuanced behavior of doped silicon and have implications for applications requiring tailored optical
characteristics in semiconductor materials.

Keywords: Silicon, Zinc; Nickel; Diffusion; X-ray diffraction spectrum; IR transmission

PACS: 42.55.Ye, 61.72.Yx, 61.72.Tt

INTRODUCTION

Over the past few decades, extensive research has been conducted worldwide to investigate the behavior of defects
in semiconductors and elucidate the mechanisms underlying their formation. Additionally, significant efforts have been
directed towards the simultancous mitigation of undesirable defects [1-9]. The scientific community has developed
models to expound upon a diverse array of phenomena, encompassing topics such as the profile characteristics of dopants,
conditions governing diffusion doping, non-equilibrium effects induced by chemical reactions or radiation-induced
damage, diminishment in the electrical activation of dopant impurities due to the creation of impurity phases, clusters,
and complexes involving other impurities, as documented in references [6-8]. Furthermore, research has probed the
phenomenon of dopant accumulation at the interfaces and surfaces of semiconductor materials. The realm of transition
metal impurities in silicon (Si) has been a subject of long-standing investigation, yielding a comprehensive understanding
of the properties and electrophysical parameters of isolated atoms [9]. However, relatively limited attention has been
directed towards the study of complexes involving atoms of multiple elements that facilitate the nucleation of
precipitates [10, 11]. Transition element impurities, known for their ability to introduce deep energy levels within the
band gap of silicon, exhibit remarkable mobility. Consequently, the mechanisms governing the motion of impurity atoms
are contingent upon the doping methodology employed for their incorporation into the primary crystal matrix. The
heightened mobility of these impurities engenders interactions with other uncontrolled impurities present in silicon,
thereby giving rise to the formation of impurity pairs.

In light of these considerations, the investigation of defect formation processes in silicon doped with multiple
impurity atoms of transition elements, specifically Ni and Zn, and their responses to various influencing factors, such as
the interaction between technological and uncontrolled impurity defects in silicon [12], assumes paramount importance.
Furthermore, understanding the impact of thermal and radiation-induced defects on the development of a defect structure
in silicon when doped with Ni and Zn impurities emerges as a significant research challenge. These circumstances
necessitate the exploration of novel theoretical and practical methodologies aimed at uncovering the mechanisms
governing the formation and reconfiguration of structural defect complexes at the atomic level, thereby facilitating precise
control over the properties of silicon doped with diverse impurities.

Consequently, the primary objective of this study was to delve into the defect structure and its interplay with
technological impurities in the presence of rapidly diffusing transition elements, Ni and Zn, within the silicon lattice. To
achieve this, we employed IR-Fourier spectroscopy and X-ray diffraction analysis.

MATERIAL AND METHOD
For the experiments we used samples of n-type silicon grown by the Czochralski method with a resistivity of
100 Ohm-cm. In these samples, the phosphorus concentration was about ~10' cm™, the oxygen concentration
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was ~10'7 em™. During the diffusion of impurity atoms, metal Zn and Ni with a purity of 99.99% were deposited on the
cleaned surface of the samples in vacuum. Doping of silicon samples with impurities was carried out by the thermal
diffusion method in quartz ampoules evacuated to vacuum, in the temperature range from T=1000°C to 1100°C for
t=1-5 h. As aresult, 3 groups of silicon samples were obtained:

I) the first group was characterized by separate diffusions of impurities of nickel and zinc atoms into the initial
silicon (samples Si<P,Ni> and Si<P,Zn>);

IT) the second group was obtained by diffusion of zinc atoms into silicon preliminarily doped with impurities of
nickel atoms (samples Si<P,Ni,Zn>);

IIT) the third group was obtained by diffusion of nickel atoms into silicon preliminarily doped with impurities of zinc
atoms (samples Si<P,Zn,Ni>).

Structural studies of the samples were carried out on a third-generation X-ray diffractometer of the Empyrean
Malvern PANalytical L.T.D. type. (CuKoa radiation, A = 0.15418 nm) according to the ®-28 scheme in the step-by-step
scanning mode with a monochromator in the range 20 = from 15° to 140° continuously with a scanning speed of
0.33 deg/min and an angular step of 0.0200 (deg). The IR absorption spectrum of the samples was recorded using an
FSM-1202 IR-Fourier spectrometer at room temperature.

DESCRIPTION AND ANALYSIS OF RESULTS
After diffusion with Ni and Zn impurities, the values of the resistivity of the initial silicon changed significantly
(Table 1). The table shows that in the overcompensated samples p-Si<P,Ni,Zn> p decreases, and in the samples
p-Si<P,Zn,Ni> p increases. Such a difference in the value of p shows that the concentration of electroactive Ni atoms in
p-Si<P,Ni,Zn> is higher than in p-Si<P,Zn,Ni> samples.

Table 1. The values of the resistivity of the samples

Samples Technology of doping Diffusion Mode Conductivity type p (Ohm-cm)
Si<P> - - N 100
Si<P, Ni> Spraying N 305
Si<P, Zn> Spraying p 121
Consistently:
Si<P, Ni, Zn> Ni - depositi_on, T=1200°C. =2 h p 64.3
Zn - sputtering ’
Consistently:
Si<P, Zn, Ni> Zn - sputtering, p 200
Ni - deposition

In our previous works [12, 13], using capacitive spectroscopy and the photoconductivity method, we identified the
energy spectra of deep levels (DL) created by Ni and Zn atoms in Si upon their diffusion introduction and showed that in
n-Si<P, Ni> DL Ec - 0.42 eV, Ey + 0.17 eV are formed; in p-Si<Zn>, the DL Ey + 0.28 eV, Ec - 0.55 ¢V are formed, and
in the simultaneous doping of p-Si<P, Ni+Zn>, a new DL Ec - 0.25 eV is formed;

After recording the IR absorption spectra in polished samples in the range from 1000 to 1100 cm!, the concentrations
of optically active oxygen atoms Ng Pt and carbon Ng Pt were calculated. To calculate the concentration of optically active

oxygen atoms Ng P%and carbon Ng Pt formulas (1, 2) were used.
NOPt =33.10Y7 - 2iple ()
0 ! a

NP =1,1-107 -2 1n ™, Q)

where [ — is the intensity of the incident light; I — the intensity of the transmitted light; d— is the sample thickness.

On Fig. 1 shows typical IR absorption spectra of optically active oxygen in samples: Si<P>; n-Si<P, Ni>;
p-Si<P, Zn>; p-Si<P, Zn, Ni>; p-Si<P, Ni, Zn>, from which it can be seen that the oxygen band and the carbon band are
visible in the region of wave numbers k = 1100 cm™! (9.1 um). Analysis of IR absorption in the region of 1100 ¢cm™!

showed that in all silicon samples doped with nickel and zinc, there is a decrease in optically active oxygen Ng Pt and

carbon Né) P within 20-40%. This can be explained by the difference between the limiting solubility of nickel and zinc in
silicon at 1200 °C, which, according to the data of [12,15,16], is N}V, ~ 10'7 cm™ and NZ%,~ 10 cm™ electrically active
nickel and zinc Np%& ~10'* cm™ and NZ~10" cm™, respectively. This difference between Ny, and N, , is apparently
due to the precipitation of some part of the dissolved nickel and zinc atoms on some sinks or the binding of Ni and Zn
into neutral complexes, for example, such as Ni-O, Ni-C, Zn-O and Zn-C.

If we pay attention to the Si<Ni> samples, the IR band at 1100 cm' is shifted down, which indicates a loss of
transparency of the crystal itself. According to the authors of [17], the opacity of Si<Ni> samples is associated with the
arrangement of interstitial inactive nickel atoms: during quenching, clusters form and the sample becomes opaque.
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It is also assumed that the temperature interval and time at which diffusion of nickel atoms into silicon is carried out
leads to the dissolution of any kind of defective associations, precipitates of the second phase, accumulations of impurities,
including nickel atoms and their uniform distribution in the silicon lattice, and rapid quenching Si<Ni> samples after
diffusion leads to freezing of such a finely dispersed state of Ni atoms in the Si lattice [18-20].

In the case of Si<Zn> samples, a decrease in optically active oxygen of ~10-15% is observed, but without loss of
transparency. This is most likely due to site substitutions of zinc atoms in the silicon crystal.

Interesting phenomena occur when Zn atoms are introduced into Si with pre-doped nickel atoms (Si<Ni, Zn>).
Along with a decrease in the concentration of optically active oxygen atoms, the transparency of the crystal also improves,
while in samples with the reverse combination of doping (Si<Zn, Ni>), the opposite effect is observed (Fig. 1, curves 4
and 5).
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Figure 1. IR transmission spectrum of optically active oxygen in silicon:
1-Si<P>; 2-Si<Ni>; 3-Si<Zn>; 4-Si<Zn, Ni>; 5-Si<Ni, Zn>

To elucidate the cause of this phenomenon, an additional structural analysis of the samples was carried out. Fig. 2
shows the X-ray diffraction spectra of the main reflection Si (111) of samples Si<P>, n-Si<Ni>, n-Si<Zn>, n-Si<Zn, Ni>;
n-Si<Ni, Zn>.

The maximum intensity of the Si (111) reflection and the small width (FWHM) testify to the high perfection of the
silicon crystal structure, since the intensity of the main reflection indicates the number of atoms in the lattice site of the
crystal. It can be seen from Fig. 2 that the intensity in the X-ray diffraction spectrum of silicon after doping with Ni atoms
decreased by a factor of 10. This indicates that the periodicity of the crystal lattice is destroyed and the Ni atoms are in
the interstitial position, which also underlies the results of IR absorption. But in the p-Si<P, Zn> single crystal, the
intensity of the Si(111) reflection decreased insignificantly. It is known from the literature that Zn atoms mainly diffuse
into crystal lattice sites.

After indexing the X-ray diffraction pattern of a substance with a cubic lattice, the crystal period is easily determined
by formula (3)

as; VR R A2, (3)

= 2sind

The average crystallite size was estimated using the Scherrer formula [21]

kA
~ Bcos®’ “4)

where k- is the Scherrer coefficient (equal to 0.9), A is the X-ray wavelength, B is the full width at half maximum (FWHM)
of the crystalline peaks in radians, 0 is the Bragg angle of the diffraction peak, D is the grain size (in nm). The size of
subcrystallites estimated from the width of this peak was Ds; ~ 24.55 nm.

It can be seen from the Fig. 2 that the samples of the II-group (n-Si<Ni, Zn>) show the highest intensity, while the
samples of the III-group (n-Si<Zn, Ni>) give the lowest intensity. This indicates that silicon sequentially doped with Ni
and Zn impurities has a high degree of crystallinity, which depends on the intensity. The shift of the intensity of X-rays
towards smaller scattering angles shows the microdistortion of the silicon crystal with an increase in the lattice constant
d. If the position of the breakline is shifted without loss of intensity, then this indicates a uniform distortion of the crystal
lattice [14].

The table lists the positions of the Si(111) peak and the average subcrystallite size of a silicon single crystal. Table 2
shows that the samples n-Si<Ni>, n-Si<Ni, Zn> and n-Si<Zn> cause inhomogeneous microdistortion, which reduces the
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size of the silicon subcrystallite. In the case of n-Si<Ni, Zn> samples, the silicon crystal lattice is distorted uniformly, but
the crystallite size increases by 30 nm relative to the original sample.

Si<Ni, Zn>
\ =
-
=
wn 200 Si<Ni>
3 3
3 s
= 2
.é- § 100
2 : \
2 :
= Si<P> si<zn, Ni>
Si<zn> /
\ 2 2
ﬂ 26(deg.)
26 28 30 32
26(deg.)

Figure 2. X-ray diffraction spectrum of silicon doped with nickel and zinc at various doping technologies

Table 2. Main parameters of X-ray diffraction pattern

Samples Peak position Average size of Si subcrystallite,
20, deg. nm
Si<P> 28.62+0.05 24.55+0.01
Si<P, Ni> 28.40+0.03 15.56+0.01
p-Si<P, Zn> 28.43+0.02 22.53+0.01
p-Si<P, Ni, Zn> 28,4340.01 54.89+0.01
p-Si<P, Zn, Ni> 28,47+0.02 20.59+0.01

Comparing the obtained experimental data on IR absorption with the results of X-ray diffraction analysis of Si<Ni,
Zn> samples, the increase in intensity can be explained by two circumstances: 1) high-temperature diffusion of zinc atoms
serves as annealing for Si<Ni> samples, in which various kinds of defect states formed begin to decompose and
redistribute, gathering on some sinks 2) Zn atoms, being located at the nodes of the silicon crystal, fill the vacant places
by the mechanism V + Zn = Znuy, thereby improving the periodicity of the crystal lattice.

CONCLUSION

The findings obtained through IR-Fourier spectrometry and X-ray diffraction analysis reveal the strong influence of
the silicon doping process with nickel and zinc impurities on the initial silicon structure. Specifically, it is evident that
silicon subjected to sequential doping with Ni and Zn impurities exhibits a notably enhanced crystal perfection.
A noteworthy observation is the reduction in the concentration of optically active oxygen atoms, which ranges from 15%
to 30%, contingent on the concentration levels of nickel and zinc atoms during the high-temperature diffusion process.
Moreover, across all samples, a consistent decrease in the concentration of optically active oxygen and carbon atoms has
been observed. This phenomenon is attributed to the formation of electrically neutral complexes, namely Ni-O, Ni-C,
Zn-0, and Zn-C.
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MIABAIIEHHS JOCKOHAJIOCTI KPUCTAJIY KPEMHIIO, JETOBAHOI'O TOMIINKAMM HIKEJIO TA IUHKY

Jap'a6aii M. Ec6eprenos?, Eabmipa M. Haypsaniea®, Ca6ip6aii A. Typcinoaes?

@ Jlepoicasnuti nedazoziunuil incmumym imeni Aosxcunisnza, m. Hyxye, Pecnybnixa Kapaxammaxcman
b @inia Tawxenmcvrozo ynisepcumemy ingopmayiiinux mexnonoziti imeni anvb-Xopesmi, Hyxye, Pecny6nixa Kapaxamnaxcmar

L5t nocnigHUIBKA CTATTS PECTABIISsIE PE3YJIbTaTH JOCITIPKEHHS B3a€MOIiT MK IOMIIIKOBUMHU aToMaMH LUHKY (Zn) 1 Hikemto (Ni) y
KpeMHieBiit (Si) MaTpuili, siki OyJId JISTOBaHi MOCIIIOBHO B Pi3HUX KOMOiHaIisXx. MeTOIM BU3HAUCHHS XapaKTEPUCTHK, BUKOPUCTaH1
JUISL LbOTO JOCII/DKEHHS, OXOIUTIOIOTh PEeHTreHiBChbKy nudpakuito ta [U-Dyp'e-cnexrpomerpiro. Ciifg 3a3Ha4uTH, IO CTYIiHb
KPUCTANIYHOCTI, SIKMH JIEMOHCTPY€E peIlIiTKa KPEeMHil0, 32 YMOBH BBEACHHs AOMIMIOK Zn i Ni, 3aJeXHUTh BiJ METOMOJIOTII, sKa
BUKOPHCTOBYETBCS JUIA BKJIIOYEHHS JOMIIIOK. Pe3yibTaTH 1BOro AOCIHIUKEHHS IOKa3ylOTh BiIMIHHY TCHACHIIO B ONTHYHHX
BJIACTUBOCTSIX IIMX JITOBAaHUX 3pa3KiB KpeMHi0. 30KpeMa, NMpH BBEACHHI aToMiB Zn B KpEeMHil, momepeaHpo jeroBaHHid Ni
(Si<Ni, Zn>), BinOyBa€eThCs CYNMyTHE 3HWKEHHS KOHIIEHTPAMii ONTHYHO aKTUBHUX aTOMiB KHCHIO. [IpuMiTHO, 110 1151 3MiHA CKIIAAy
JIOTIAHTy TIPU3BOJUTH JO NOMITHOTO IiJBHIIEHHS HPO30pPOCTi KpHCTana KpeMHilo. Ha BiaMmiHy BiJ IIbOro, KOJNM HOCIiIOBHICTH
neryBaHHS 3MiHIOEThCS (Si<Ni, Zn> Ni>), crnocrepiractbcs NMPOTHICKHUH e(eKT, o NPH3BOIUTH IO 3MEHIICHHS IPO30POCTi
kpucrtana. [{i BUCHOBKH MiKPECIIOIOThH CKIIAIHY B3aEMOJIII0 MK BBEICHUMH aTOMaMH JIOMIIIIOK, MOCTiJOBHICTIO TOTIAHTIB Ta iXHIM
CYKYITHHM BIUTMBOM Ha ONTHYHI BJIACTHBOCTI KpeMHieBoi Marpuii. Taki inei copusioTh HamoMy PO3YMIiHHIO HIOQHCIB ITOBEIIHKH
JIETOBAHOTO KPEMHII0 Ta MalTh HACHIAKH JUIsI 3aCTOCYBaHb, SIKi BHMArarioTh IHAMBIAyalbHHX ONTHYHUX XapaKTePUCTUK Y
HaIliBIPOBIIHUKOBHX MaTtepiajax.
Ku1r040Bi ciioBa: xpemmiil; yuux, Hikenv, ougysisa,; penmeeniecokuti ougpaxyivinui cnekmp, [4-nponyckanms
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The paper presents the results of an experimental study of surface morphology, elemental composition, electrophysical and optical
properties of Si samples earlier doped with impurity atoms of Zn and S. The results of the study revealed a sufficient concentration of
Zn and S elements on Si surface after diffusion (3.1% and 2.6% by weight, respectively). After additional thermal treatment at different
temperatures, i.e., at 850°C and 875°C, the samples of I group have regained their initial parameters. However, it’s noteworthy that the
mobility of charge carriers in group I samples was comparatively lower than that in group II samples allegedly under the influence of
Zn and S binary molecules. After additional heat treatment of all samples at a temperature of 875°C, the authors have studied optical
absorption coefficients. And their band gap energies were determined using the Tauc Plot method. According to the results of the study,
the optical band gaps in group II and III samples were 1.12 eV, whereas the band gap energy in group I samples after additional thermal
treatment at a temperature of 875 °C turned out to be 1.31 eV. Having theoretically calculated the band gap by applying Vegard’s law,
the authors suggested that the new structure must be of Sio.02ZnSo.0s - type.

Keywords: Resistivity, Silicon, Impurity atoms, Binary compound, Diffusion, Mobility of charge carriers, Concentration of charge carriers
PACS: 61.72.uf, 68.43.Jk

1. INTRODUCTION

Wide-bandgap semiconductor compounds have over recently become a new opportunity for perspective optical
research and application development. An increased interest in ZnS-type semiconductor compounds in recent years was
largely due to its application in optical electronic devices such as light-emitting diodes, flat panel displays, non-linear
optical devices, sensors, lasers as well as photocatalysis [1-5]. Due to large band gap values, these materials are likely to
be proper source for the production of LEDs [6,7]. However, engineering single crystalline samples of ZnS-type binary
semiconductor compounds is both technologically and materially expensive. The authors in [8,10] are said to have
engineered the islets of GaSb binary compounds on the surface of Si by using the diffusion technique, thus theoretically
justifying and practically calculating the band gap energy and lattice parameters of the novel compound. Therefore, the
proper technology is in place so that one can actually engineer ZnS binary compounds in single crystalline Si, thus
allowing to obtain novel types of materials by applying the diffusion technique.

Therefore, it is of both scientific and practical importance to form ZnS semiconductor compounds in silicon crystal
lattice and study its fundamental parameters. It is known that the ZnS semiconductor is mainly formed in one of cubic
sphalerite (£,=3,54 eV [1-7]) or hexagonal wurtzite (E£,=3,8+3,91 eV [1-7]) structures.

2. MATERIALS AND METHODS

A single crystalline silicon wafer grown by the Chokhralskiy method, dopped with phosphorus impurity atoms, with
a specific resistance of ~100 Q-cm was chosen as a starting material (the concentration oxygen NO~10'7 cm™). The silicon
wafer was cut in geometry of 1x4x8 mm?> and the surface of the samples was subjected to mechanical treatment and
chemical cleansing. Afterwards, the Zn and S were diffused in into samples during the two-stage process. The samples
were divided into three groups:

The group 1 samples: in the first stage, S atoms were diffused into silicon samples at a temperature of T=1250°C
for t=10 hours, while in the second stage, Zn atoms were diffused at a temperature of T=1200 °C for t=1 hour;

The group 2 samples: in the first stage, S atoms were diffused into the silicon samples at a temperature of T=1250°C
for a period of t=10 hours, while in the second stage, the samples were additional annealed at a temperature of T=1200°C
for a period of t=1 hour;

The group 3 samples: in the first stage, pure silicon samples without inclusions were annealed at a temperature of
T=1250 °C for t=10 hours, in the second stage, Zn impurity atoms were diffused at a temperature of T=1200°C for a
period of t=1 hour.

After diffusion, the samples were repeatedly additionally subjected to mechanical treatment and chemically
cleansed. The elemental analysis of the samples was done using an Energy-Dispersive X-ray spectrometer (EDS - Oxford
Instrument) - Aztec Energy Advanced X-ray SDD scanning electron microscope (SEM) (Fig. 1), optical analysis was
obtained on a Shimadzu UV-1900i spectrophotometer. After that, the samples were additional annealed step by step at
temperatures of 600, 700, 800, 825, 850, 875, 900, 950 and 1000°C, and after each additional annealing, the
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electrophysical properties of the samples were measured on HLS-3000 Ecopia Hall Effect Measurement System. All
measurements were made at 300°K, i.e., the room temperature.

3. RESULTS AND DISCUSSION
3.1. Element analysis
Elemental analysis of samples was done after two-stage diffusion.

W Coexrp 62
Bec.%

W Crexrp 2

Figure 1. Elemental analysis and SEM images of the surface of the samples:
a), ¢), e) elemental composition of group I, II, III samples, respectively;
b), 1), d) SEM images of the surface of samples of groups I, II, III, respectively

As can be seen from Figure 1-a), Si, O, C, Zn, and S were detected in 80.7, 12.4, 1.2, 3.1, and 2.6 mass fractions in
the samples belonging to group I, respectively. In Figure 1-b), Si, O, C, S in the samples of group II were determined in
91.3,4.5,2.3, and 1.9 mass fractions, respectively. In Figure 1-c), in the samples of group II1, Si, O, C, Zn were detected
in 89.3, 4.8, 3.5 and 2.4 mass fractions, respectively. It is noteworthy, that the amount of oxygen detected in samples of
group I and III are were almost equal to each other. However, the amount of oxygen detected in the samples belonging to
group I appears to be significantly higher than the amount of oxygen detected in the samples of group II and III. The
reason for this can be explained by the fact that Zn and S atoms on the surface of silicon must have attracted and bonded
the oxygen previously contained in silicon.

3.2. Electrophysical analysis
Electrophysical properties [11-12] of the samples after two-stage diffusion were studied, and their results are
presented in Table 1.

Table-1. Electrophysical parameters of the samples after the diffusion process

Conductivity Resistance p, Mobility of charge carriers Concentrathn of charge
Samples 5 carriers
type Q-cm u, cm?(V-s) 3
n.orp, cm
Starting silicon sample n 108.71 1243 4.6x10"3
Group I samples, i.e., Si<S, Zn> p 9.05 292 2.36x101
Group II samples, i.e., Si<S> n 2.01 946 3.29x10"
Group III samples, i.e., Si<Zn> p 4.98 209 6.0x1013
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As can be seen from Table 1, the resistivity of the group I samples is 4.5 times greater than the resistivity of the
Group II samples, and almost twice bigger than the resistivity of the group III samples. This can be explained by the
mutual neutralization of Zn and S impurity atoms in the group I samples. It is known that in the silicon crystal lattice, S
atoms form 2 donor energy levels (Ec —0.26 eV and Ec — 0.48 eV) and they usually manifest themselves in three different
states: 1-neutral (S°), 2— one electron leaves, and the atom turns into a singly positively charged ion (S*), 3 —two electrons
leave, and the atom turns into a doubly positively charged ion (S™).

In their turn, Zn impurity atoms create 2 acceptor energy levels (Ev + 0.26 eV and Ev + 0.55 eV, respectively) in
the silicon crystal lattice, and they manifest themselves in three different states: 1-neutral (Zn°), 2—accepts an electron,
and the atom turns into a singly negatively charged ion (Zn"), 3 - accepts two electrons, and the atom turns into a doubly
negatively charged ion (Zn ).

If the above two last mechanisms take place, the positive and negative ions of S and Zn impurity atoms in the silicon
crystal lattice begin to attract each other. In this case, since the molar mass of Zn atom is 2 times larger than the molar
mass of S atom, the attraction of a positively charged S ion to the negatively charged Zn ion is probably stronger. But one
needs to create certain thermodynamic conditions to ensure that S and Zn ions migrate in the silicon crystal lattice
subsequently forming a ZnS-molecule. For this purpose, the samples were additionally annealed at various temperatures
for the same time duration. Afterwards, we have determined their electrophysical properties (Table 2).

Table 2. Electrophysical parameters (p,x,n) of the samples after additional thermal treatment at various temperatures.

T,°C 600 700 800 825 850 875 900 950 1000
samples
t (hours) 1 1 1 1 1 1 1 1 1
I-group 9,85 10 27,8 85,5 92,3 150 129 112 63
p, Q-cm 1I-group 2,1 2,06 2,04 2,05 2,1 2,2 2.4 2,5 2,7
1II group 5,15 5,21 5,32 5,33 5,41 5,61 5,71 6,2 7,2
I-group 285 240 443 324 783 810 57 276 335
u, cm?/(V:s) II-group 924 920 921 923 923 927 931 940 964
I-group 198 196 194 197 195 198 202 207 211
I group 2,2:101%] 2,6:10 | 5,7-10" | 2,3-10'% | 8,6:10"3 |[5,1-10'3|8,5-10'%]| 2-10'* | 2,9-10™
n,p (cm) 11 group 3,2:10%] 3,3-10% | 3,3-10'5 | 3,3-10% | 3,2-10" |3,1-10'5(2,8:10'3|2,7-10'5 | 2,4-10'5
1T group 6,1-10] 6,1-10"° | 6,0-10'5 | 5,9-10° | 59-10" |5,6:10'5(5,4:10'3]4,9-10'5 | 4,1-10'5
S 2 1 group P ) ) ) n n ) ) )
g 3 II group n n n n n n n n n
S
& & 11 group p r r p p bz p p bz

As can be seen from Table 2, the Group 3 samples were additional annealed step by step at temperatures of 600,
700, 800, 825, 850, 875, 900, 950 and 1000°C and their resistivity (p, Q-cm), charge carriers mobility (u, cm?/(V-s)),
charge carriers’ concentrations (n,p, cm), and the conductivity type were subsequently determined. As can be seen
from Table-2, the results of electrophysical measurements in Group I samples annealed at temperatures 7=850°C and
T=875°C are rather anomalous. The rest of the results obey the known rules of physics due to which we will only
discuss the results in the Group I sample annealed at temperatures 7=850 °C and 7=875 °C. The conductivity is n-
type, the resistivity is 92.3 and 150 Q-cm, respectively, the concentration of charge carriers is 8.6x10'3 and 5.1x10'3
cm3, respectively, the mobility of charge carriers is 783 and 810 cm?/(V's). From these results, one can conclude that
the parameters in Group I samples regain their original values. When it comes to discussing the mobility of charge
carriers, it can be seen that mobility parameters do not completely regain their initial value at these temperatures.
Assuming that the mobility of charge carriers in n-type ZnS compound semiconductor is ~200 cm?/(V-s), it can be said
that the mobility of charge carriers of the initial silicon decreases due to forming of Zn and S compounds in the bulk
of silicon. That is, the formation of the ZnS molecules in the silicon crystal lattice can be explained based on the results
shown in Figure 2 below.

—@=0=0=0= @ ‘ 6" 0— —9=-0=-9=-0=-0=-9=-9=-90-=
Il Il Il Il I Il I Il Il Il Il I I

= ‘ — ‘ _‘ 6“ ‘ e ‘ G = = . — SH—Z 0: €++: @ = §++: | — ==
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Figure 2. Zn and S atoms in the silicon monocrystal lattice:
a) before additional thermal treatment; b) after additional thermal treatment.
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3.3. Optical analysis

One of the most preferred methods for determining the band gap of semiconductors is optical absorption method.
There are no special requirements for the shape and geometry of samples under investigation, and the accuracy level of
the measurement is sufficiently high.

The technique consists in the behavior of light whereby a certain portion of the monochromatic light beam directed
at the surface of a semiconductor sample is reflected from the surface, a certain portion passes through the bulk of the
sample, while the rest is absorbed in the bulk of a semiconductor material. As a result, the light intensity decreases. The
relative change in the light intensity per unit volume is called the absorption coefficient. The value of the absorption
coefficient depends on the wavelength (1) of the incident radiation, and the function is called the absorption spectrum.

Absorption coefficient can be calculated based on the measurement of reflectance (R) and transmittance (7) using
the following formula:

2
a= 1 In (1-R)
d T

)

where d is the sample thickness, R is the reflection coefficient, T is the light transmission coefficient. The Formula (1) is
valid at T<10%. If T>10%, the relation (2) hereunder should be used to calculate the absorption coefficient:

(1—R)2 exp(—ad)

= 1-R* exp(—2cxd) )

The absorption spectra of the samples were received using a Shimadzu UV-1900i -type spectrometer, and the optical
band gaps of the samples were determined using the Tauc plot's method [11] (Figure-3). Before the UV-1900i
measurements, all samples were had a thickness of d~200 pm.

2,2

—Si
2,0 {—Si:S
—Si:Zn

187 Si:ZnS

(wtv)lll

1,10 1,15 120 1,25 1,30 135 140 145 1,5 1,55 1,60
hv, eV

Figure 3. Optical band gaps of the samples

Figure 3 shows the measurement results of samples belonging to Group III, reference sample and Group I samples
after additional thermal treatment at 7=875 °C. As can be seen from Figure 3, optical band gaps of samples belonging to
Group II and IIT and the reference sample are almost the same, that is ~1.12 eV. The optical band gap of Group I samples
after additional thermal treatment at temperature 7=875 °C was ~1.31 eV. Taking into account that the band gap energy
of ZnS semiconductor at temperature 7=300 °K is ~3.54 eV, the results are assumably indicative of the formation of ZnS
binary molecules in the silicon crystal lattice.

Based on the measurement results and applying reciprocal calculation of Vegard’s law [12] we will calculate the
portion of each Si and ZnS in Si;..ZnS. compound.

Eg’AHBX =(1—x)-Eg’A+x-Eg’B — E =(1-x)-E, g +x E_ 3)

2.8i,_ . ZnS,

where x is the molar fraction of the substance, E

E

8,80 ZnS,

o.si s, 18 the band gap of the newly formed structure i.e.,

=13leV, E, -theband gap of silicon whichis £, =1.12 eV and E, ,, is the band gap of ZnS, equal
to E,,s=3.54el (the band gap of ZnS of cubic sphalerite structure). We will calculate the value of the unknown

coefficient x in equation 3 based on the above information. According to the calculations, it was found that x = 0.08.
Therefore, it can be said that the band gap energy of the newly engineered structure formed in silicon is equal to 1.31 eV.
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4. CONCLUSION

The results of electrophysical and optical experiments showed that after two-stage diffusion of Zn and S into a
monocrystalline silicon sample these elements incidentally do not form a compound in silicon due to the fact that both
Zn and S are not deep-level creating impurities. To achieve that certain thermodynamic conditions are required to be in
place in order to ensure forming bonds between these impurities in the silicon crystal lattice. The measured electrophysical
results show that the formation of ZnS binary compounds was negatively affected by the low temperature when the
samples of Group I were additional annealed in the temperature range of 600+800°C, and the ZnS binary compounds
began to form when additionally annealed in the temperature range of 800+850°C. ZnS binary compounds are fully
formed under additional thermal treatment in the temperature range of 850+-900°C, while in the temperature range of
900+1000 °C, ZnS binary compounds must have dissociated into atoms again. This conclusion was confirmed by the
surface morphological and elemental analysis of the samples, as well as the results of optical measurements.
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MEXAHI3M YTBOPEHHSI BIHAPHUX CIIOJIYK MK JOMIIIKOBUMU ATOMAMMU
Zn TA S Y KPUCTAJIIYHIN I'PATIII Si
Hypyana ®. 3ikpinnaes, Mapyd K. Xakkysos, bodip O. Icakos
Tawxenmevkuti Oeporcagrutl mexuiunuil ynisepcumem, Y30exucman, 100095, m. Tawxenm, eyn. Yuisepcumemcoka, 2

VY crarTi HaBEAGHO pe3yNbTaTH SKCIIEPHMEHTAIBHOIO JOCTiMKeHHsT MOPQOIIOrii MOBEpXHi, €IEMEHTHOTO CKIIaAy, CIeKTPO(I3HIHHUX 1
OINTUYHMX BJIACTHBOCTEH 3paskiB Si, paHille JETOBAHUX JOMIIIKOBUMH aToMaMd Zn i S. Pe3ynbraté JOCTiDKEHHS BUSBHIH JOCTATHIO
KOHIICHTpALIifO eJTeMEeHTIB Zn i S Ha moBepxHi Si micist qudysii (3,1% 1 2,6% mac. BignosiaHo). Ilicis qogaTkoBoi TepmidHOi 00poOKH pH
pi3HEX Temmeparypax, Tooto mpu 850°C i 875°C, 3pasku | rpyrnu BigHOBIIM BUXiqHI mapameTpr. [IpoTe BapTo BiI3HAUMTH, IO PYXJIMBICTh
HOCIIB 3apsy B 3paskax | rpymnm Oyiia HOpIiBHSHO HYDKYOIO, HDK y 3paskax Il rpynu mibuTo min BrmBoM OiHapHHX Moiekyl Zn i S. ITicis
JIOIaTKOBOI TepMiuHOT 06pOoBKH BCiX 3paskiB Tpu Temrepatypi 850°C aBTOpH I0CTiKYBAIN KOedillieHTH ONTUHMHOrO MOTTMHAHHS. [XHIO
SHeprio 3a00poHeHoi 30HM OyJI0 BU3HAYEHO 3a Jornomoroo Meroxy Tauc Plot. 3a pesysibraTaMu DOCIIPKEHHS BCTAHOBIICHO, IO MIMPHUHA
3aboponeHol 30uu B 3paskax Il ta Il rpymu cranoBuna 1,12 B, Toni six y 3paskax rpynu I micist nogaTkoBoi TepMiuHOi 00poOKY 1pu
temrepatypi 850°C eHeprist 3a60opoHeHoi 30u1 BusiBiiacs 1,31 eB. TeopetnuHo po3paxyBaBIiy IHPUHY 3a00POHEHOT 30HHM 32 JIOITOMOTOI0
3aKoHy Berapza, aBTOpH MPHITYCTUIIH, 1[0 HOBA CTPYKTYpa Ma€e OyTH THILy Sio,92ZnSo,0s.

Knro4oBi ci1oBa: numomuil onip; Kpemuiil, omiuKkosi amomu, OiHapHa Choayka, Ougysis, pyxaugicns HOCIi8 3apady; KOHYeHmpayis HOCiig
3apsady
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This study is devoted to the investigation of mechanical properties of a series of low-antimony Pb—Sb—Sn—As—Se grid alloys for lead-
acid batteries in as-cast condition and after natural aging during storage. Mechanical properties were characterized by ultimate tensile
strength, yield strength, elongation, and Young's modulus determined at room temperature using TIRAtest 2300 and P-0.5 universal
testing machines. For most investigated as-cast alloys, an increase in ultimate tensile strength is accompanied by an increase in
elongation. Within the temperature range between 70 °C and 150 °C, higher heating temperature of a casing mold does not markedly
affect average elongation but causes the slight decrease (by ~4 %) in average ultimate tensile strength. When aged during storage for
30-33 days, the Pb—Sb—Sn—As—Se grid alloys, attain higher values of ultimate tensile strength, yield strength, and Young's modulus
but lower values of elongation. This is due to precipitation of second-phase particles from lead-based solid solution oversaturated by
antimony, arsenic, and selenium. The most noticeable effect of strengthening is observed during first five days of natural aging.
Keywords: Lead-acid batteries, Low-antimony Pb—Sb—Sn—As—Se grid alloys, Natural aging during storage, Tensile tests, Ultimate
tensile strength, Yield strength, Elongation, Young's modulus

PACS: 61.82.Bg, 61.66.Dk, 62.20.-x, 62.20.Fe, 62.20.Mk, 64.70.Dv, 81.70.Bt, 81.40.Cd, 81.40.Lm

For many years, the most common battery chemistries used for lead-acid batteries were the high-antimony lead
alloy compositions. Antimony gave to the pure lead strength, good castability and high performance on charge-
discharge characteristics [1-4]. The concentrations of antimony to lead were initially in the 4-12 wt.% range [5-9]. But
most battery manufacturers tried to minimize the antimony addition especially in batteries for stationary applications.
High-antimony grids have higher hydrogen evolution (which also accelerates as the battery ages), and thus greater
outgassing and higher maintenance costs. These problems are caused by the dissolution of antimony from positive
electrode and its deposition or plating on negative electrode. This leads to lower charge voltage, a high discharge rate,
increased water loss of the battery and therefore a short lifetime [10-14].

Using alloying elements, the antimony content of grid alloys can be reduced to the level that the drawbacks of low
antimony are almost eliminated, but the positive effects are mainly retained [15-20]. Nowadays the grids for lead-acid
batteries are made from lead antimony alloys together with minor additions of elements such as Sn, As, and Se [21-27].
These are added to confer properties such as grain refinement, castability and performance characteristics to the grids.

Adding antimony to produce hypoeutectic lead antimony alloys also ensures hardening of lead. The alloys
containing 6 wt.% Sb appears to undergo optimum hardening, but the alloys with 2 wt.% Sb and less harden
comparatively slow [28,29]. Antimony in low-antimony lead alloys has difficulty in precipitating and therefore
substantially remains in solution through the casting, working process and aging period. Therefore, small amounts of
arsenic and selenium retain beneficial characteristics of high-antimony alloys, such as the precipitation hardening effect,
increasing supersaturation of antimony in lead when its concentration is relatively low (<2 wt.%). Additional alloying
elements typically produce a fine and homogenize distribution of precipitation [27]. But only when the alloys are heat
treated the alloys strengthen on aging due to formation of metastable arsenic- or selenium-bearing nuclei which
facilitate the antimony precipitation process [30-32].

Heat treatment of the low-antimony lead alloys is performed under time and temperature conditions which do not
result in a conventional solution treatment effect [33-40]. Solution treatment requires diffusion-controlled dissolution of
the already precipitated antimony-rich phase. Such processes are slow since they depend on the solid-state movement of
individual atoms from one crystal site to the next [41-45]. Strengthening occurs after quenching when the super-
saturated solution precipitates in a form which strains the alloy crystal lattice and inhibits dislocation motion [46-51].

In alloys of the lead-antimony system, the initial hardening produced by alloying is quickly followed by softening
as the coarse structure is formed during storage. The effects of tin, arsenic, and selenium on low-antimony Pb—Sb alloys
were investigated by some authors [29,32], but there is not complete research about the influence of these additives on
the evolution of the tensile properties of Pb—Sb—Sn—As—Se alloys from as-cast condition and under natural aging during
storage. The purpose of this paper is to achieve the mechanical strength within aging times suitable for storage using the
combination of alloying elements such as antimony, tin, arsenic, and selenium with lead to manufacture lead-acid
battery grids with low antimony contents (<1.77 wt.%), which show the necessary grid quality.
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MATERIALS AND METHODS

Commercial Pb—Sb—Sn—As—Se grid alloys for lead-acid batteries received from Westa ISI Corp. (City of Dnipro,
Ukraine) were used in this research. The chemical composition of the studied castings is presented in Table 1. The
alloys were composed of Sb (1.55-1.77 wt.%); Sn (0.11-0.17 wt.%); As (0.097-0.13 wt.%); Se (0.018-0.025 wt.%);
impurities, such as Cu, Bi, Ag, S, Fe, Ni, Cd, and Zn (in descending order), (0.0217-0.0533 wt.% altogether); Pb — the
remainder. The chemical analysis of elements present in the castings was performed using an ARL 3460 optical
emission spectrometer. The Pb—Sb—Sn—As grid alloys were prepared in the melting pot of Wirtz manufacturing book
mold grids casting machine (the USA). The melts at temperatures of 440-460 °C were poured into a casting mold
preheated in the temperature range between 70 °C and 150 °C. The temperatures of the mold were controlled using
chromel-alumel thermocouple.

Mechanical properties of the as-cast Pb—Sb—Sn—As—Se grid alloys used in this study were assessed in terms of
ultimate tensile strength (cu) and elongation (y). The tensile tests were performed at room temperature in P-0.5 tensile
testing machine providing controlled uniformly increasing tension force. The specimens flat in the cross section which
had a thickness of 0.3 cm, a total length of 6.0 cm, and a gage length of 4.5 cm (prepared according to DSTU 11701-84)
were stretched up to failure. Six tests were conducted for each alloy composition and the average values were reported.
The measurements were presented with their standard error of 2—8 %. In the results section, the mean curves determined
from tensile tests are shown.

The as-cast Pb—Sb—Sn—As—Se alloys were put into storage where they naturally aged at room temperature for
30-33 days. Determination of the tensile properties was made 1 day after casting and then at intervals of 3—4 days. After
each interval of aging time, six specimens in a row were exerted for tensile tests carried out on TIRAtest 2300 universal
testing machine. Altogether were tested sixty specimens broken into 10 sets of 6 specimens each. Tensile experiments
were carried out on the flat specimens at room temperature with a crosshead speed of 10 mm/min. Tensile force was
applied stepwise with a step of 100 N until the stress part of stress-strain diagrams started falling back down slowly. As
the load was applied, the stress and strain experienced by the test specimen were captured digitally and graphed. Values
of ultimate tensile strength (ou), yield strength (oy), and Young's modulus (Y) were determined from plotted stress-
strain diagrams. The data obtained were each calculated from an average of six specimens with error 3—5 %.

RESULTS AND DISCUSSION

The studied as-cast Pb—Sb—Sn—As—Se grid alloys consist of two phases, namely primary dendrites of a-Pb solid
solution and B-Sb phase formed at the boundaries of a-phase [1-3]. In the investigated compositional range, the
influence of major alloying elements on ultimate tensile strength and elongation is quite irregular (Table 1). These
irregularities are believed to be more experimental errors than significant variations in the properties of the alloys. But
in general, ultimate tensile strength increases with increasing arsenic content. Most alloys become more ductile when
become stronger. The combination of high ultimate tensile strength and high elongation ensures high toughness of the
Pb—Sb—Sn—As—Se grid alloys. Meanwhile, increasing content of impurities in the investigated Pb-based alloys leads to a
decrease in their elongation. This is because impurities segregate at grain boundaries of a-Pb phase forming brittle
secondary phases. Also, there are more interfaces between the phases which hinder the dislocation motion [35].

Table 1. The mechanical properties of the as-cast Pb—Sb—Sn—As—Se grid alloys for lead-acid batteries

. 1 11 0,
C?\?gng Chemical composition, wt.% _ ou. MPa 1%
’ Sb Sn As Se Impurities
952 1.62 0.14 0.10 0.021 0,0549 22.3 6.7
433 1.55 0.12 0.10 0.020 0.0533 25.5 8.7
980 1.58 0.13 0.11 0.018 0.0480 25.8 9.5
827 1.64 0.14 0.11 0.023 0.0452 26.3 9.7
696 1.77 0.13 0.10 0.024 0.0318 26.3 9.7
870 1.67 0.15 0.11 0.022 0.0314 26.8 9.7
836 1.61 0.13 0.11 0.025 0.0527 27.0 9.5
146 1.65 0.11 0.11 0.023 0.0270 29.4 13.9
202 1.66 0.13 0.12 0.022 0.0258 29.9 12.6
137 1.56 0.14 0.11 0.023 0.0212 30.4 154
150 1.70 0.11 0.12 0.023 0.0269 30.4 15.6
152 1.63 0.17 0.11 0.022 0.0217 304 16.0
0005 1.68 0.15 0.13 0.024 0.0291 31.7 124
Average 1.64+0.04 0.1310.01 0.1110.01 0.02240.001 0.036110.0113 27.9+2.3 11.4+2.7

The ultimate tensile strength data show a decrease with increasing heating temperature of casting mold in the
range between 70 °C and 110 °C, folowed by practically constant or slightly decreasing values at temperatures upwards
of 110°C (Fig. 1a). Tensile strength results on as-cast specimens tend to be influenced by imperfections, such as
microscopic cracks or cavities which weaken castings produced at the mold temperatures above 110 °C due to slower
cooling rate. These defects create a weak point where a crack can initiate. The experimental data indicate some
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irregularities in elongation behavior although this characteristic is usually affected by casting imperfections to a greater
degree than the ultimate tensile strength (Fig. 1b).
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Figure 1. Effect of heating temperature of casting mold on tensile properties of castings: a — ultimate tensile strength; b — elongation

Based on the tensile test results, average curves for a set of specimens in the as-cast condition are calculated and a
linear trend line is given for the subsequent analysis of the influence of heating temperature of casting mold on tensile
properties, as shown in Fig. 2. The data confirm that the tensile strength is lowered (Fig. 2a), although the elongation of
the alloys is not appreciably affected by heating temperature (Fig. 2b). With mold temperature increasing from 75 °C to
150 °C, average tensile strength decreases from 29.8 MPa to 28.5 MPa (by ~4 %). The temperature dependence of
ultimate tensile strength is approximately 0.017 MPa/°C. It is possible that changes in ultimate tensile strength behavior
may be attributed to the fact that cooling rate of the as-cast specimens decreases as a heating temperature of casting
mold increases. Aside from deleterious effect of casting flaws, the slower cooling rate also produces coarser
microstructure of the alloys, weakening them in ultimate tensile strength, while not appreciably affecting their
elongation to failure. Besides, in slow cooling the lead grains tend to push the major alloying elements and impurities to
the grain boundaries which is the lowest energy condition. These elements at the grain boundaries still provide
dislocation blocking, but not so well as uniformly dispersed ones. The residual internal stresses cause tensile strength
tests to give lower values. Meanwhile, considering instability of tensile properties at heating temperatures below
110 °C, a mold during casting should be preheated over the temperature range of 110 °C to 150 °C despite the slight
deterioration in average values of ultimate tensile strength.
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Figure 2. Average values of tensile properties vs. heating temperature of casting mold: a — ultimate tensile strength; b — elongation

The mechanical properties of the Pb—Sb—Sn—As—Se alloys are dependent not only on the heating temperature of
casting mold but also on the time of natural aging during storage after cooling to room temperature. The casting
conditions assure oversaturation of lead-rich o-phase in the structure of the alloys which is sufficient for age-
strengthening. Fig. 3 shows the effects of room temperature storage on the aging characteristics of the alloys identified
by changes with time in the ultimate tensile strength and the elongation determined using P-0.5 tensile testing machine.
Some alloys experienced up to a 40-% increase in ultimate tensile strength (from 22-32 MPa to 30-44 MPa) during
33 days of storage after casting. All aging curves have the same characteristic shape since strengthening occurs in two
stages: at first rapid strengthening during the first 5 days, followed by a much longer period of gradual strengthening
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(Fig. 3a). This process is mainly attributed to the precipitation of the finely dispersed antimony in the supersaturated
lead-rich matrix [29,30]. What is more, the best strengthening results are obtained with alloys of higher selenium and
arsenic contents. As known, these additional alloying elements produce a fine and homogenize distribution of
precipitates [27]. The smaller grains have the larger area of grain boundaries that inhibit dislocation motion. Therefore,
reducing the grain size increases the available nucleation sites for precipitated antimony.
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Figure 3. Effect of aging time on tensile properties of castings: a — ultimate tensile strength; b — elongation

The aging effect of the Pb—Sb—Sn—As—Se alloys during storage also results in a decrease in the elongation
(Fig. 3b). Depending on castings composition, elongation reduces by 50-57 % (from 7-11 % to 3.5-5.1 %) after
33 days of storage. Such behavior can be explained by precipitation of supersaturated lead-based solid solution which
makes the alloys lattice distortion and hinders dislocation motion. The casting No. 0005 combining a sufficient tensile
strength with the highest elongation of any contains simultaneously the highest amounts of arsenic (0.13 wt.%) and
selenium (0.024 wt.%) (Table 1). This alloy undergoes precipitation strengthening due to antimony as well as other
minor alloying elements, particularly arsenic and selenium, forming particles within the lattice of the casting. The grids
produced contain a higher volume of second-phase particles which inhibit dislocation and grain boundary movement
and thus make the grids more stable.

Average values of the ultimate tensile strength and elongation for the investigated castings are plotted in the
graphs of Fig. 4. As expected, ultimate tensile strength raises from 26.7 MPa to 37.0 MPa (by ~40 %), but elongation
reduces from 9.7 % to 4.5 % (by ~2 times) after 33 days of aging. Aging time dependence of the ultimate tensile
strength is 0.39 MPa/day, whereas the elongation's dependence is 0.54 %/day. Thus, as the ultimate tensile strength
increases, the alloys tend to become more brittle and less prone to tension, as shown by the decreased elongation to
failure. But for grid alloys, the increase in ultimate tensile strength might be of greater importance than the decrease in
elongation which accompanies the aging processes.
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Figure 4. Average values of tensile properties vs. aging time: a — ultimate tensile strength; b — elongation

Fig. 5 illustrates typical stress-strain diagrams that use data from tensile tests performed in TIRAtest 2300
universal testing machine (exemplified by six specimens aged for 14 days). All curves display a linear elastic range
where the stress and strain are proportional to each other and a gradually rising part (without pronounced yield plateau)
where specimens undergo plastic deformation.
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Figure S. Typical stress-strain curves for tensile tests on Figure 6. Stress-strain diagrams averaged over 10 sets of
6 specimens aged for 14 days 60 specimens aged for 1-30 days

The slope of a linear region of the stress-strain graphs increases with prolonging aging time during storage, which
evidences the improvement of elastic properties (Fig. 6). Besides, the curves have a larger elastic region where the
stress-strain relationship is linear, so the stress at which specimens deform plastically increases. The lift height of the
stress-strain graphs increases with aging time which means that the studied Pb—Sb—Sn—As—Se alloys become stronger.
These observations are confirmed by calculated average values of Young's modulus, yield strength, and ultimate tensile
strength as functions of aging time (Fig. 7). After 30 days of aging, the values of Young's modulus raise from 21.5 MPa
to 26.4 MPa (by ~23 %) (Fig. 7a), yield strength and tensile strength increase correspondingly from 7 MPa to 18 MPa
(by 2.4 times) and from 27 MPa to 39 MPa (by ~44 %) (Fig. 7b). Experimental data also show a distinct parallelism
between the yield strength and ultimate tensile. Both curves rise steadily as the aging time is increased up to 30 days.
Elongation decreases from 10 % to 5.3 % (by 47 %), which is in good agreement with results shown in Fig. 4b.
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Figure 7. Average values of tensile properties vs. aging time: a — Young’s modulus; b — yield strength and ultimate tensile

A higher Young's modulus indicates that the investigated Pb—Sb—Sn—As—Se alloys become stiffer after natural
aging and require higher force to be deformed. The yield strength is most affected by the second-phase particles
precipitated during aging because they inhibit dislocation and grain boundary movement and decrease permanent
deformation of the alloys when stresses exceed the yield strength. As the number of second-phase particles is increased
by longer aging time, the yield strength reaches a highest value. The ultimate tensile data confirm the results obtained in
other mechanical tests on P-0.5 tensile testing machine (Fig. 4a). The yield strength is proportionally lower than the
ultimate tensile strength during the studied period of natural aging. This is due to the grain structure and second-phase
particle distribution in the structure of the alloys. Lower amounts of alloying elements are present in solution which
precipitate as second-phase particles within the lead matrix. This location of the precipitates is less effective in
increasing the yield strength by blocking the motion of dislocations within the grains.

CONCLUSIONS
In this study, the effects of alloying elements, casting conditions and aging time during storage on the tensile
properties of the Pb—Sb—Sn—As—Se grid alloys were investigated. From the experimental results and their analysis, the
following conclusions can be made. Ultimate tensile strength and elongation results for the alloys in as-cast condition
are quite irregular, but in general do not change greatly with changing composition within the range of Sb (1.55-
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1.77 wt.%); Sn (0.11-0.17 wt.%); As (0.097-0.13 wt.%); Se (0.018-0.025 wt.%); impurities (0.0217-0.0533 wt.%);
Pb — the remainder. Most of the as-cast Pb—Sb—Sn—As—Se alloys simultaneously combine enhanced values of ultimate
tensile strength and elongation, which made them valuable for structural grid components that experience high dynamic
loads. Increase in a heating temperature of casting mold causes the slight decrease in the tensile strength but does not
significantly affect the elongation. Pouring of the molten metal into a casting mold preheated in the temperature range
between 110 °C and 150 °C was found to be effective in stabilizing the tensile properties of the studied grid alloys.

The storing of Pb—Sb—Sn—As—Se alloys for 30-33 days does not weaken them in any degree. Due to natural aging
the structure of the alloys undergoes microscopic changes that increase both the yield strength and the ultimate tensile
strength, simultaneously increasing Young's modulus and decreasing elongation. The strongest effect of strengthening
is observed during the first 5 days of natural aging. Thus, the investigated alloys strengthen rather rapidly so that the
grids can be utilized in a short period of time after production without excessively long aging time or artificial aging.

The work was performed within the framework of research projects of National Academy of Sciences of Ukraine No. 1.3.6.18
“Development of new methods and improvement of known ones to investigate mechanics of transport and energetic systems”
(2017-2021) and No. 1.3.6.22 “Development of mathematical models and investigation of ground transport and energetic systems”
(2022-2026).
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3MIHA MEXAHIYHUX BJACTUBOCTEM CILJIABIB Pb—Sb—Sn—-As—Se JJISI CTPYMOBIJIBOJIB CBUHITEBO-
KHUCJIOTHUX BATAPEM ITIJI YAC TPUPOJTHHLOT'O CTAPTHHS
Bikrop O. /I3en3zepcbkuii, Cepriii B. Tapacos, Osnena B. Cyxosa, Borogumup A. IBanos
Incmumym mpancnopmuux cucmem i mexuonoeiti Hayionanonoi Akademii nayx Yxpainu
49005, Yxpaina, m. [ninpo, eyn. IHucapcescokozo, 5

Po6oTy npHCBsUCHO MOCHIIKEHHIO MEXaHIYHUX BJIACTUBOCTEH HU3BKOCYpM siHHX Pb—Sb—Sn—As-Se cmiaBiB aiist cTpyMOBIABOIIB
CBUHIIEBO-KUCIOTHUX OaTapell y JUTOMY CTaHi Ta MICJsi NPUPOTHBOTO CTapiHHS MiA yac 30epiraHHg Ha CKiali. 3 BUKOPHCTAHHSIM
yHiBepcanpHUX po3TsoKHUX MammH TIRAtest 2300 1 P-0.5 Bu3HaueHO MeXy MIIHOCTI Ha PO3TAT, MEXY IUIMHHOCTI, TTOJOBKEHHS 1
Monyns FOHra 3a xiMHaTHOI Temnepatypu. st OLIBIIOCTI JOCTIPKEHUX CIDIABIB y JIMTOMY CTaHi 301IbLIEHHS MeXi MIITHOCTI Ha
PO3TSAT CYNPOBOKYETHCS 30UIBIICHHAM IMOJOBKEeHHs. [liBHINEHHST TeMIepaTypHu HarpiBy JmBapHOi (JOPMH B TeMIEepaTypHOMY
inrepBaii 70-150 °C npakTHYHO HE BIUIMBAE HA CEpPEHI 3HAUYCHHS MOJOBKEHHS CIUIABIB, ajie HE3HAYHO 3HIDKYE IX CEPEeTHIO MEXY
MinHOCTI Ha po3rsar (Ha ~4 %). Bracuminok crapiHHA mix wac 30epiraHHs Ha ckiagi Bhpoiomx 30-33 ni6 cmocrepiraeTbest
MiIBUILCHHSI 3Ha4YeHb MEXI1 MIILIHOCTi Ha PO3TIT, Mexi MIMHHOCTI 1 Moayisi FOHra, ane 3HmKeHHs 3Ha4YeHb MOJIOBXKEeHHsI cuiaBiB Pb—
Sb—Sn—As—Se aist ctpymoBiBoaiB. Taki 3MiHH 1MOB’s3aHi 3 BHAUICHHSIM YaCTHHOK BTOPHHHUX (a3 3 TBEpIOro PO3UMHY Ha OCHOBI
CBUHIIIO, TIEPECHUCHOTO CYpMOIO, MUII SIKOM 1 ceneHoM. HaiOinpmuii 3MiHIOBAIBHIN €EeKT CIOCTEPIraeThCs BIPOIOBK MEPLINX
II’SITU 110 IPUPOAHBOTO CTAPiHHS.

KurouoBi cnoBa: ceunyeso-xucromui 6amapei; nuzokocypm sini Pb—Sb—Sn—As—Se cnnagu ons cmpymogiosodis; npupoone cmapinisi
nio uac 30epicanus; GUNPOOYBAHHSA HA PO3MSA2; MENCA MIYHOCNIL HA PO3ZMSA2; MeXHCAd NIUHHOCIE; NOO0BNCEHH s, MOOYIb FOHea



189

EAsT EUROPEAN JOURNAL OF PHysIcs. 4. 189-192 (2023)
DOI:10.26565/2312-4334-2023-4-22 ISSN 2312-4334

STUDY OF THE MOBILITY AND ELECTRICAL CONDUCTIVITY
OF CHROMIUM SILICIDE

Makhmudhodzha Sh. Isaev?®, Tokhirjon U. Atamirzaev’, Mukhammadsodik N. Mamatkulov®,
Uralboy T. Asatov’, Makhmudjon A. Tulametov®
@ National University of Uzbekistan, Tashkent, Uzbekistan
b Namangan Engineering Construction Institute, Namangan, Uzbekistan
¢ Tashkent Institute of Chemical Technology, Tashkent, Uzbekistan

*Corresponding Author e-mail: isayevmahmud02@gmail.com
Received August 8, 2023; revised September 16, 2023; accepted September 18, 2023

The temperature dependence of the mobility in chromium silicides in the temperature range of 80 + 780 K was studied. The mobility
gradually increases to a temperature of 350 K, then it saturates in the temperature range of 350 + 450K, then gradually decreases. It is
shown that the mobility depends on the scatter of charge of carriers on a crystal lattice, impurity ions, dislocations, and silicide inclusions.
The frequency of collisions is proportional to T>?, and the mobility varies with temperature as T2 At high temperatures, phonons may
be considered as “frozen” defects and collision frequency with its will proportional to T. The temperature dependences of the electrical
conductivity in this temperature range were also studied. Areas with negative and positive temperature coefficients are revealed.
Keywords: Diffusion; Associate; Lifetime; Film; Acceptor center; Radioactive isotope,; Distribution; Mobility, Resistivity, Diffusion
coefficient; Enthalpy

PACS: 71.20. - b, 71.28. +d

INTRODUCTION

The use of diffusion-doped single-crystal silicon to produce Schottky diodes, sandwich photoresistors, infrared
sensors, thermal sensors, and solar cells is an urgent task today [1-3]. A well-developed technology for growing single-
crystal silicon, a fundamentally new technology for creating low-dimensional objects in silicon, modifying properties by
various methods, as well as discovering new physical phenomena in the near-surface region that are not typical for bulk
silicon, attracts close attention of researchers as an active material for the needs of micro- and nanotechnology [4,5].

Currently, transition metal silicides are becoming the base material for new, promising technological schemes of future
generations due to their resistance to aggressive media and high-temperature treatments [6-9]. Therefore, a comprehensive
study of the mechanism of the entry of impurities into the bulk of the crystal and their interaction with both the matrix atoms
of the crystal and technological impurities is relevant. From this point of view, the study of the formation of silicides in the
surface region of silicon during diffusion doping and the development of new semiconductor devices based on them is of
particular scientific importance in the context of the creation of new materials for micro- and nanoelectronics.

Therefore, in this work, we investigated the mobility of charge carriers and electrical conductivity, which are
necessary in studying the mechanism of current flow through chromium silicides.

MATERIALS AND METHODS

Chromium has a large diffusion coefficient in silicon, so the diffusion method of doping was used. This method has a
number of other advantages: 1) relative simplicity of technology; 2) the possibility of studying the influence of annealing
temperature on the initial parameters of the crystal; 3) the ability to regulate the concentration of electrically active chromium
atoms by changing the temperature. [10, 11]. For doping, single-crystal silicon samples of the KDB-10 and KEF-20 brands
grown by the Czochralski method were used. Samples in the form of a parallelepiped with dimensions of 2x2x10 mm’,
3x5%16 mm® were cut out from single crystal ingots. The samples were degreased and subjected to chemical etching in a
1HF:5HNO:s solution for 1+2 minutes, washed in deposited water, and dried at a temperature not exceeding 373 K.

Ampoules with silicon samples and powders of chromium atoms were evacuated to a vacuum of ~0.133 Pa and
sealed. The ampoules were placed in a horizontal furnace and annealed at a temperature of 1123 + 1323 K for
30 + 80 minutes. After annealing, the samples were quenched at a rate of 150 K/s. Using the methods of helium ion back
scattering spectrometry [12], X-ray photoelectron spectrometry, the formation of new chemical compounds was proved:
mono-, di- higher chromium silicides. Electrical conductivity and mobility were measured by classical methods [13-15].

RESULTS AND DISCUSSION
In Fig. 1 the temperature dependence of the mobility of charge carriers is given. As can be seen from this figure, the
mobility increases smoothly up to a temperature of 350 K, then it saturates in the temperature range of 350 + 450 K, then
gradually decreases. Mobility is a characteristic that depends on the scattering of current carriers.
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Carriers scatter for various reasons: on vibrations of atoms of the crystal lattice, on impurity ions, when colliding
with each other, on neutral impurities, on crystal imperfections, such as dislocations, boundaries of crystal grains,
boundaries of silicide inclusions, etc. Thus, the frequency of collisions of carriers with scattering centers will be the sum
of the frequencies of collisions with various kinds of defects.
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Figure 1. Temperature dependence of mobility in Si<Cr> samples

Carriers scatter for various reasons: on vibrations of atoms of the crystal lattice, on impurity ions, when colliding
with each other, on neutral impurities, on crystal imperfections, such as dislocations, boundaries of crystal grains,
boundaries of silicide inclusions, etc. Thus, the frequency of collisions of carriers with scattering centers will be the sum
of the frequencies of collisions with various kinds of defects.

In different temperature regions, the role of collisions of various kinds is not the same. Scattering of carriers occurs
as a result of thermal vibrations of atoms. The cross section associated with thermal vibrations of atoms and leading to
scattering of the carrier is proportional to the square of the amplitude of thermal vibrations, which in turn is proportional
to the energy kT. In this case, the effective frequency of carrier collisions will be proportional to the cross section of
scattering centers and the velocity of carriers moving between them: < vy > ~v/T. Thus, the frequency of atomic
vibrations is proportional to T>?, and the mobility varies with temperature as T-2. At sufficiently high temperatures, the
phonon velocity is 10° cm/s, and the current carrier velocity is 107 cm/s. Therefore, for current carriers, phonons are
practically “frozen” lattice defects. The frequency of collisions with these "frozen" defects will be proportional to their
number, i.e. 7.

In Si<Cr> samples, in the near-surface region with a thickness of 35 um, when carriers are scattered by impurity
ions, the mobility increases with increasing temperature, then it reaches saturation, and at high temperatures, when
scattering occurs mainly on phonons, the mobility decreases.

Typical temperature dependences of electrical conductivity for chromium silicides are shown in Fig. 2.

a, 107 Ohoien . 107 Ohmeem”

Figure 2. Temperature dependence of electrical conductivity
of chromium silicides: 1- for CrSi; 2—for CrSi>

It can be seen from the figure that both for CrSi and CrSi, there are three regions. The first section is the temperature
range 73 + 423 K, where the electrical conductivity decreases linearly with increasing temperature. The second section is
the temperature range 423 + 523 K, where the electrical conductivity almost does not change. The third section is the
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temperature range 523 + 773 K, where the electrical conductivity increases linearly with increasing temperature. In the
first region, chromium silicide behaves metal-like, having a negative temperature coefficient.

In the third section, the temperature dependence of chromium silicide is similar to that of a semiconductor (positive
temperature coefficient). The electrical conductivity of chromium monosilicide is about 6-7 times greater than that of
disilicide, which is explained by the difference in the number of charge carriers.

The decrease in electrical conductivity in the first section is due to the increased scattering of electrons on lattice
phonons, on the boundaries of crystal grains, on crystal imperfections, on impurity ions, and so on. It should be noted that
the role of collisions of various kinds is not the same in different temperature regions. In our crystals, the main role is
played by scattering by vibrations of lattice atoms and by the boundaries of crystal grains.

CONCLUSIONS

Diffusion doping of silicon with chromium revealed a near-surface region 35 pm thick, where chromium silicides
are formed. The temperature dependences of the mobility of current carriers and the electrical conductivity of the silicide
layer of the crystal were experimentally studied in the temperature range 350 + 780 K. It was shown that the mobility
increases smoothly up to 350 K, then saturates, then gradually decreases.

The reasons for this dependence are indicated. Three segments were revealed in the temperature dependence of
mobility: the first segment is the temperature range 77 + 423 K, where the electrical conductivity linearly decreases with
increasing temperature. The second section is the temperature range 423 + 523 K, where the electrical conductivity does
not change. The third section is the temperature range of 523 + 773 K, where the electrical conductivity of the linear
increases with increasing temperature, the conductivity increases linearly with increasing temperature. Such a temperature
dependence of the electrical conductivity is explained by the difference in the type of scattering in different temperature
regions.
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JOCIIPKEHHSA PYXOMOCTI TA EJIEKTPOITPOBIAHOCTI CWJIIOIUIAY XPOMY
Maxmyaxomxa III. Icaes?, Toxipaskon Y. Aramipsaes®, Myxammanconix H. MamaTkyJ10BS,
Ypanooii T. AcaroB, MaxmymkoH A. Tynameros®
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¢ Tawkenmcokuil Ximiko-mexuonoeiunutl incmumym, Tawikenm, Y30exucman

JlociipkeHO TeMIepaTypHY 3aIeXKHICTh PYXJIMBOCTI B CHIIIIIUIAX XpoMy B iHTepBaii Temmepatyp 80 + 780 K. PyxnmBicTs moctymnoBo
3pocrtae j10 remuepatypu 350 K, nmotim Hacnuyetbes B aianasoni temnepatyp 350 + 450 K, notiM noctynoso 3meHuryethes. [TokaszaHo,
IO PYXJIMBICTh 3aJICKHUTh BiJl PO3KKAY HOCIIB 3apsiiy Ha KPUCTATIUHIM PEIIiTIM, TOMIIIIKOBUX 10HIB, JUCIOKAIIN Ta CHIIIMIHUX
BKJIIOYEHb. YacToTa 3iTKHeHb mponopiiiiHa T2, a pyXJIMBICTH 3MiHIOCTbCS 3a1€kKHO Bim Temmneparypu sk T2, Ilpu BHCOKHX
Temreparypax (POHOHH MOXHA PO3TIIAATH SIK «3aMOpPOXKeHI» NedeKTH, a 4acToTa 3iTKHEHb 3 iX Boui nponopuiitaa T. JJocmimkeHo
TaKOXX TEMIIEPATYpHi 3aJIeKHOCTI E€NEeKTPOIPOBIIHOCTI B LBOMY Jiama30Hi TemIlepaTyp. BHsABICHO AIISHKHA 3 HETaTHBHUMH Ta
MMO3UTUBHUMH TEMIIEPaTypHUMHU KOe(illieHTaMH.
KuarouoBi cnoBa: oughysis; acoyiam; yac scumms,; niiska; akyenmopHuil yenmp; paoioaxmusHutl i30mon; po3nooii; pyxaugicmo,
numomuii onip; xKoegiyicum ouysii; enmanvnis
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In this work, lutetium-doped silicon samples were studied using the Raman scattering method. Registration and identification of both
crystalline and amorphous phase components in the samples was carried out. There is some violation in the spectra of Raman scattering
of light samples of silicon doped with lutetium in comparison with the original sample. It was found that the intensity of Raman
scattering of doped samples is 2-3 times higher than the scattering from silicon. The comparison is carried out for the intensities
associated with the intensities of the single-phonon line of the silicon substrate. This effect of the Raman spectra in the range
930 cm™' — 1030 cm™' appearing in this range is similar to the data reduction for multiphonon propagation on silicon. For the obtained
images (n-Si<Lu> and p-Si<Lu>), the bands in the atomic range of combinatorial scattering have a mixed broad and oval background
in the range from 623 cm! to 1400 cm™'. This background can change the shape of the observed bands.

Keywords: Silicon,; Lutetium; Raman spectroscopy; Diffusion; Doping; Temperature
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INTRODUCTION

Modern world scientific and technological progress is largely determined by the development of electronics,
the achievements of which directly depend on the success of fundamental sciences, primarily solid-state physics
and semiconductor physics [1]. Recent advances in these areas are related to the physics of low-dimensional
structures and the creation of technologies for obtaining nanostructures with fundamentally new functionality for
nano- and optoelectronics, communications, new technologies, measuring equipment, etc. Structured silicon is
currently of great interest, since Si itself is an extremely promising material not only for electronics, but also for
optoelectronics and solar cells [2,5]. In this regard, studies of the formation of low-dimensional objects and the
study of their influence on the electrophysical, optical, photoelectric, and magnetic properties of semiconductors
are topical tasks of today [4,6-8]. In the last two decades, Raman spectroscopy (Raman Spectroscopy) has been widely
used to study the structure and dynamics of solids. Roman spectroscopy is one of the most powerful analytical methods,
when analyzing the chemical and phase state of various objects and their structure and when researching and developing
new semiconductor materials, composites, superconductors. Raman scattering has become a standard tool for studying
silicon and nanostructured silicon for many years [5,13,14]. Raman studies of nanomaterials provide us with information
about energy dispersion, structure, bonding, and disorder [3,16]. In this work, we present the spectra of one- and two-
phonon Raman scattering of light from single-crystal silicon doped with lutetium (Lu) atoms.

MATERIALS AND METHODS

Samples of n-Si and p-Si with initial resistivity from 0.3 to 100 Q-cm were chosen for the study. The samples were
doped with Lu impurities sequentially by the thermal diffusion method. Before alloying, the samples were subjected to
chemical cleaning and etching, while the oxide layers were removed from the surface of the samples using an HF solution.
After thermal degassing of the samples, high-purity (99.999%) Lu impurity films were deposited on clean Si surfaces
using vacuum deposition. Vacuum conditions in the volume of the working chamber of the order of 1010 Torr were
provided by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. The diffusion of Lu impurities
into the Si bulk was ensured by heating the deposited samples in a diffusion furnace at a temperature of 1250°C for
30 hours followed by rapid cooling. To study the interaction of impurity atoms in silicon, it is necessary not only to
uniformly dope the material, but also to maximize the concentration [9,10,17].

The Raman spectra were obtained using a SENTERRA II Bruker Raman spectrometer. This fully automated
instrument combines excellent sensitivity with a high resolution of 4.0 cm™. Sunterra’s calibration was automatic and tied
to NIST standards, acetaminophen and silicon, resulting in a wavelength measurement accuracy of 0.2 cm’'. The
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experiments were carried out with a laser with a wavelength 1y = 532 nm, maximum power Pn.x = 25 mW, acquisition
time 100 s, and summation of two spectra. This device makes it possible to obtain spectra in the range from 50 to
4265 cm!. The Raman spectra were specially processed in order to be able to compare the intensity ratios between the
samples. Before normalizing the spectra at the peak at 522 cm!, which corresponded to the most intense peak in the
spectral region 4265-50 cm™!, we subtracted the baseline for each spectrum [11].

Mathematical data preprocessing included offset and cosmic ray removal, baseline correction, and intensity
normalization. The intensity of the one-phonon silicon line “523 cm™" was chosen as a condition for normalization, and
the value equal to 1 was chosen. Preliminary processing was carried out using the OPUS 8.5 program (Senterra II, Bruker,
Germany). The measured spectra for materials with high k¥ were compared with the data obtained for n-Si and p-Si.

Samples: n-Si, p-Si and lutetium-doped silicon, n-Si<Lu>, p-Si<Lu> were characterized by Raman spectroscopy.
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Figure 1. Raman spectrum measured for n-Si and p-Si samples, excitation wavelength 532 nm
a) n-Si spectrum; b) p-Si spectrum

Figure 1 shows the data collected for n-Si and p-Si samples. In the studied spectra are present as signals modeling a
single-phonon silicon line. The following bands can be recognized in the spectrum (except for the Si “523 cm™” line):

(I) faint band peaking around 230 cm’';

(II) relatively strong propagation of the band from 300 cm™ to the one-phonon Si line (~550 cm™);

(111) band with one maximum at about 623 cm™;

(IV) a broad band with a maximum at about 810 cm™';

(V) relatively average band spread from 930 cm™ to 1030 cm™';

The Raman spectra measured for silicon wafers doped with Lu (n-Si<Lu> and p-Si<Lu>) are shown in Fig. 2. The
two most important similarities observed for both semiconductor materials can be distinguished without detailed analysis:

(I) the absence of the so-called bosonic band;

(I1) the presence of a band between 930 cm™ and 1030 cm™! in the literature is attributed to multiphonon scattering
generated in a silicon substrate [12].
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Figure 2. Raman spectrum measured for n-Si<Lu> and p-Si<Lu> samples, excitation wavelength 532 nm

Analysis of the Raman spectrum taken for reference samples of n-Si and p-Si (Fig. 1). The band located between
930 cm™ and 1030 cm! refers to multiphonon scattering generated in the silicon substrate [12]. The first feature that
appears in the spectra recorded for silicon wafers doped with Lu (n-Si<Lu> and p-Si<Lu>) (Fig. 2) is a significant signal
below 300 cm™'. This corresponds to the boson band recorded for excitation with visible Raman scattering [15].
The absence of a relatively strong band in the Raman shift range between 930 cm™ and 1030 cm'! is attributed to second-
order scattering in doped silicon also observed for both impurity layers (n-Si<Lu> and p-Si<Lu>). The spectra obtained
for n-Si<Lu> and p-Si<Lu> contain not only broad bands, but also narrow lines; the full width at half-height of these
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lines is about 1 cm™. This suggests fluctuations in crystal structures as the origin of these lines. Amorphous structures
generate bands with a half-width on the order of 10 cm™. The appearance of the first line in the scattering observed for
both semiconductors has a maximum of about 300 cm™'. The broad band merged with the one-phonon Si line begins
between 305 cm™! and 440 cm™! and is much narrower than the main band. This is followed by a lower growth in the
range of 420 cm'+500 cm'. In the Raman shift range of 500 cm™' and 540 cm™, the single-phonon Si line dominates in
the Raman spectrum. One narrow line peaking at 395 cm™! and a slightly wider band peaking at 452 cm™! appear in the
spectrum of the obtained composites. The next two bands appearing in the Raman spectra have maxima at 622 cm™ and
680 cm™'. A maximum of 622 cm™' corresponds to an unconsolidated structure, and 680 cm™ corresponds to a densified
structure. The next band present in the Raman spectra, registered for composites, has a maximum at about 780 cm™'. The
intensity of the band related to the intensity of the one-phonon Si line in the case of composites is approximately two
times greater than that for silicon. The following features can be distinguished in the range of the Raman shift from
930 cm+1030 cm™.

The Raman spectra recorded for n-Si<Lu> and p-Si<Lu> show a broad oval background that ranges from
623 cm™' + 1400 cm™'. The bands described earlier appear against this background. In this case, the Raman scattering
signals do not have the typical shape of the observed band for the Si layer and are assigned to multiphonon scattering
from the silicon substrate [12]. It is possible that the band assigned to multiphonon scattering is modified and partially
masked by the broad background. The last two bands that can be recognized in the spectra measured for the obtained
composites have maxima around 1070 cm™ and 1200 cm'. The band with the maximum at 1070 cm™! has a symmetrical
shape. The group with a maximum at 1200 cm™! seems asymmetric. The tail of this band reaches 1400 cm™'. The maxima
of these bands reported in the literature are approximately 1075 cm™ and 1200 cm’!, respectively.

CONCLUSIONS

In this work, samples of n-Si, p-Si were studied, as well as samples doped with lutetium, n-Si<Lu>, p-Si<Lu>,
according to the data obtained, were characterized using Raman spectroscopy. Raman spectra of doped n-Si<Lu> and
p-Si<Lu> samples were compared with silicon. It was found that the intensity of Raman scattering of doped samples is
2-3 times higher than the scattering from silicon. The comparison was made for intensities related to the intensity of the
single-phonon line of the silicon substrate.

The last thing to sum up is the behavior of the Raman spectra in the range 930 cm'+1030 cm™'. The band appearing
in this range is similar to the reduction of data for multiphonon scattering on silicon.

For the obtained n-Si<Lu> and p-Si<Lu> samples, the bands in this range of Raman scattering are shifted with a broad
and oval background in the range from 623 cm™'+1400 cm™'. This background can change the shape of the observed bands.
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BU3HAYEHHS CTPYKTYPHU TA AHAJII3 JE®EKTIB n-Si<Lu>, p-Si<Lu>
3A JTOIIOMOI'OI0 PAMAHIBCBKOI CHEKTPOCKOIIII
Xomkakoap C. Janies?, Illapidpa B. Yramypanosa®, 3askinain E. Baxponkyios®,
Animep X. Xair6aes®, [:xonioex k. Xammaamon®
 Pinin GIBY «Hayionansnuii docnionuyvkuii ynisepcumem MITEIy, Hoz0y, 1, Tawxenm, Y3bexucman
b Inemumym ¢izuxu nanienposionuxie ma mixpoenexmponixu Hayionanstozo ynisepcumemy Ysbexucmany,
100057, Tawkenm, Y36exucman, gyn. Aneu Anmaszap, 20
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VY naniii po60Ti METOIOM KOMOIHAILIHHOTO PO3CIsIHHS JOCIIKEHO JIeTOBaHi JIFOTELIEM 3pa3ku kpeMHiro. [IpoBeneHo peecTpartito Ta
izeHTU]IKAIiI0 KOMIOHEHTIB SIK KPUCTANIiYHOI, Tak i amop¢Hoi (a3 y 3paszkax. CrocTepiraetbCs AesKe MOPYIICHHS B CIIEKTPax
KOMOIHAIIHHOTO PO3CIIOBAaHHA CBITJa 3pa3KiB KPEMHiI0, JIETOBAHOTO JIIOTEIi€M, IOPIBHAHO 3 BUXiTHHM 3pa3koM. BcraHoBieHO, 110
IHTEHCHBHICTh KOMOIHAIHHOTO PO3CiIOBaHHS JIETOBAHHMX 3paskiB y 2-3 pa3u NepeBHIIyE PO3CilOBaHHsA KpeMHiro. [lopiBHAHHS
IIPOBEAEHO ISl IHTCHCUBHOCTEH, ITOB'I3aHHUX 3 IHTEHCUBHOCTSIMU OJHO(OHOHHOT JMiHIT KpeMHieBoI migknaaku. Lleit edekr crekTpis
koM6iHaliHOrO po3ciroBanHs B Aianazoni 930 cm™! — 1030 cM™!, 1m0 3’ IBISAETBCA B IHOMY JIialla30Hi, TOAIOHUH 10 3MEHIIEHHS JaHUX
JUISL PO3IIOBCIOIKEHHS MyJIbTU(OHOHIB Ha KpeMHii. /st orpuManux 306paxens (n-Si<Lu> i p-Si<Lu>) cMyru B aTOMHOMY Jiana3oHi
KOMOIHATOPHOTO PO3CIAHHA MAIOTh 3MilIaHMl IMPOKUIA 1 oBanbHMIT Gou B mianasoni Big 623 cm™! mo 1400 cm!. et don mMoxe
3MiHIOBAaTH ()OPMY CITOCTEPEIKYBAHUX CMYT.
KuarouoBi ciioBa: kpemniil; nomeyill; pamaniécoka cCnekmpocKonisi, Oughy3is; ne2y8anns; memnepamypa
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The paper investigates the influence of the electrophysical characteristics of silicon on the final parameters of photoelectronic elements
using p-i-n photodiodes as an example. It has been found that photodiode samples made on the basis of silicon with a higher resistivity
are more prone to the formation of inversion channels at the oxide-semiconductor interface. Also, the dark current and responsivity of
such photodiodes reach saturation at a lower voltage. It has also been shown that silicon-based photodiodes with a longer lifetime of
non-basic charge carriers have lower dark current values. It has been shown that products with crystallographic orientation [111] have
a much lower density of surface dislocations after technological operations than in the case of silicon with orientation [100]. It was
also found that materials with different crystallographic orientations have different phosphorus diffusion coefficients. It has been
experimentally established that a silicon oxide film grows faster on the surface of crystallographic orientation silicon [111] than on the
surface of crystallographic orientation silicon [100]. This is due to the difference in the surface density of silicon atoms inherent in
different crystallographic planes.

Keywords: Silicon; Photodiode; Responsivity; Dark current; Dislocations; Crystallographic orientation

PACS: 61.72.]i, 61.72.Lk, 85.60.Dw

Semiconductor photovoltaic devices with p-n junctions are becoming increasingly popular. For example, they are
used in automation, telemechanics, various protective devices, control and measuring equipment, surveillance and
guidance circuits, etc. [1]. The emergence of new and improved sources of monochromatic radiation modulated by
frequencies in the hundreds and thousands of megahertz, as well as new types of photoelectric semiconductor devices
capable of converting an optical signal into an electrical signal, has made it possible to realize many tasks of opto- and
photoelectronics.

In recent decades, researchers have paid special attention to the development and production of photodetectors for
near-infrared spectral range detection. The manufacture of perfect photo receivers (PR) for this wavelength region remains
an urgent scientific and technical task. One of the first issues to be solved in the design and manufacture of photodetectors
is the choice of the base semiconductor material. Today, the most commonly used photodetectors are p-n junction
photodetectors based on A3Bs compounds, in particular GaAs, as well as Ge or Si. The choice of material depends
primarily on the type of their spectral resposivity characteristic. For example, for wide-band GaAs (E, =1.42 eV), the
spectral response shifts towards short wavelengths, since photons with higher energy (short-wave radiation) are required
to create electron-hole pairs and, accordingly, the photocurrent [2]. For semiconductors with a small band gap, such as
Ge (E; = 0.66 eV), the spectral response is shifted to the long-wave region (An=1.54 um) [3, 4]. In narrow bandgap
semiconductors, electron-hole pairs can occur under the influence of photons with lower energy (long-wave radiation).

The dependence of the light absorption coefficient on the wavelength has an impact on the appearance of the spectral
response and the location of the maximum. For semiconductors with a sharp dependence of the absorption coefficient on
the wavelength (Ge), the maximum of the spectral response for different types of devices usually occurs at the same
wavelength regardless of the technology. For semiconductors with a less sharp dependence of the absorption coefficient,
such as Si, the maximum spectral response, depending on the design of the photodetector and the technology used, can
vary in a wide range from A=0.6 pm up to the intrinsic absorption edge of A=1.1 um [5].

Comparing the capabilities of Si and GaAs materials, we can see that the main influence on the spectral characteristic
is due to differences in the mechanism of light absorption. GaAs is characterized by a sharp edge of the main absorption
band and a weak dependence of the absorption coefficient on the wavelength in the range of A=0.4 - 0.9 um. In this regard,
in GaAs photonics cells, the photocurrent value is determined mainly by the base (depth of the p-n junction) of the device.
Therefore, by changing the thickness of the base, it is possible to change the shape of the spectral response of these
photodetectors. In turn, for silicon PRs, the shift in the maximum of the spectral response can be realized both by changing
the thickness of the base and by changing the diffusion lengths of non-main charge carriers in the base. By keeping the
thickness of the silicon photo receivers base constant and changing the diffusion length of non-basic charge carriers in
the source material, it is possible to change the maximum of the spectral curve both in absolute value and in wavelength.
The described capabilities of silicon photodetectors to detect wavelengths of a wide range have led to their widespread
use in solving photoelectronics problems. In addition to the above, important factors in the use of silicon as the main
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material not only for photoelectronics but also for solid-state electronics in general are its widespread use and high
manufacturability [6, 7]. In particular, silicon ranks second in terms of its prevalence on Earth: about 27.6 % of the mass
of the Earth's crust, about 17 % of the mass of the lithosphere, and about 7 % of the mass of the core (Fig. 1). Note that
the mass fraction of silicon in the universe is less than 0.1% [8].

Figure 1. The abundance (in mass %) of silicon in the universe and in the planet Earth

It should be noted that the choice of the base material for the manufacture of photodetectors is not limited to the
choice of semiconductor, as there are a number of other parameters of semiconductor ingots or wafers that should be
taken into account when designing. These parameters include the type of conductivity, resistivity, density of structural
defects, lifetime of minority charge carriers, crystallographic orientation, etc. The ability to estimate the requirements
of material parameters, in particular silicon, for the manufacture of specific types of photodetectors is an important
and relevant scientific and technical task. A review of the literature shows that most of the works are devoted to the
production of defect-free silicon ingots [9], and the influence of growth or acquired defects in the semiconductor
material on the parameters of the resulting electronics elements [10, 11]. Also, many works are devoted to the study
of technological processes or modes on the parameters of final products, but no works on the influence of the
parameters of the source silicon on the parameters of the final photodetectors have been found. Accordingly, the aim
of this work is to study the dependence of the final parameters of silicon photodiodes on the electrophysical
characteristics of the source silicon.

EXPERIMENTAL

The research was carried out on the example of silicon four-element p-i-n photodiodes (PD) with guard ring (GR)
designed to detect radiation with a wavelength of 1,,=1064 nm. Two different materials with different electrophysical
parameters were chosen for comparison. The first material was single-crystal dislocation-free p-type FZ-Si with
orientation [111], resistivity at p=16-20 kQ-cm and life time of minority charge carriers at z=1.1-1.3 ms (PDy;11;). Another
material was single-crystal dislocation-free p-type FZ-Si with orientation [100], resistivity at p=45-55 kQ-cm and life
time of minor charge carriers at 7=2.2-2.4 ms (PDyi00). The devices were prepared using diffusion planar technology in a
single process cycle under the same conditions. The PDs technological route consisted of a complex of four thermal
operations and three photolithographies: semiconductor substrates were oxidized according to the principle of dry-wet-
dry oxidation; photolithography was carried out to create windows for phosphorus diffusion; diffusion of phosphorus
(predeposition) to the front side to create n'-type responsive elements (RE) and GR; driving-in of phosphorus to
redistribute the alloying impurity and increase the depth of the n*-p junction; diffusion of boron to the reverse side of the
substrate to create a p*-type ohmic contac; photolithography for creating contact windows; sputtering of Cr-Au on the
front and back sides, separation of pastes into crystals by scraping or cutting with a disk with an external diamond edge.
The thickness of the final photodiode crystals reached 390-400 microns. The parameters of the obtained devices were
compared.

After oxidation and each subsequent thermal operation, the high-frequency volt-farad (C-V) characteristics of the
metal-oxide-semiconductor-strctures were measured at a frequency of 30 kHz, which made it possible to predict the final
parameters of the products.

An important parameter of multi-element PDs with GR is the resistance of the isolation of the REs and the GR (Rcox),
the decrease of which leads to an increase in the photocoupling coefficient and dark currents. This parameter characterizes
the presence of inversion conduction channels at the Si-SiO, interface. Determination of insulation resistance of REs and
GR was carried out according to the method given in [3] with Usi,i=2 V and load resistance R=10 kQ.

The dark current (/;) and /-V characteristics of PDs were measured using a hardware-software complex implemented
on the basis of the Arduino platform, an Agilent 34410A 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 (dark current density J, is given).
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Monitoring of current monochromatic pulse responsitivity (Syuse) was carried out by method of comparing
responsitivity of the investigated PD with a reference photodiode certified by the respective metrological service of the
company. Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1:103 W;
load resistance across the responsive element R= 10 k€, at the bias voltages of Ujiss = 2-120 V and pulse duration
7: = 500 ns. The spectral characteristics of photodiode responsivity (S(A)) at different bias voltages are also obtained. The
measurement was carried out using the KSVU-23 automated spectral complex.

The capacitance of REs (Crg) was determined at a Upjo=2-120 V

To investigate the defective structure of the substrates with [111] orientation, chemical treatment was performed in
selective Sirtle’s etchant [12] with the following composition:

HF - 100 cm?®, CrO; — 50 g, H,O — 120 cm®

To investigate the defective structure of the substrates with [100] orientation, chemical treatment was performed in
selective Secko's etchant [13] with the following composition:

4.4% KzCI‘207Z HF=1:2

Then the surface was examined in microscopes of different magnifications. The number of dislocations was
calculated by the metallographic method [14].

The growth rate of SiO; on substrates of different crystallographic orientation has been investigated. The thickness
of the oxide films was measured by the ellipsometric method. The depth of the diffusion layer (x,+.,) of phosphorus was
also compared at the same diffusion durations. Determination of the depth of the p-n junction was performed by spherical
grinding.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of C-V characteristics and insulation resistance between responsive elements and guard ring
As mentioned above, C-V characteristics were monitored after each thermal operation. After thermal oxidation and
subsequent heat treatments, the silicon substrates with lower resistivity (PDyi1117) had a classic volt-faradic characteristic
curve for p-type material (Fig. 2, curve 1). As for the substrates with a higher resistivity (PDyio0)), a slight inverted
characteristic curve was observed after the first thermal operation (Fig. 2, curve 2). After boron diffusion, a complete
inverted C-V characteristics was observed (Fig. 2, curve 3).
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Figure 2. C-V characteristics of PDs:
1 - characteristic of PDpi113; 2 - characteristic of PDyio0j after oxidation; 3 - characteristic of PDyi00) after diffusion of boron

The inversion of the C-V characteristics indicated the presence of inversion layers at the Si-SiO; interface.
Technological reasons for the appearance of inversion layers are improper chemical treatment of substrates, the presence
of alkali metal impurities in deionized water, quartz dishes, or a quartz reactor and carrier gases. The deterioration of the
characteristics after boron diffusion is caused by the redistribution and diffusion of impurities in SiO; to the Si-SiO,
interface introduced during thermal operations due to the high total duration of heat treatment [15, 16]. Silicon for PDy;o
is more prone to the formation of inversion layers, since in this case a smaller amount of impurity is required to change
the surface conductivity to the opposite one, unlike a material with a lower resistivity.

The parameter that is a vivid quantitative characteristic of the presence of conductive inversion channels at the Si-
SiO; interface is Rco,. Measurements showed that samples PDyjii; had Re0»~3.9-5.5 MQ and samples PDyioo had
Rcow=0.7-1.1 MQ. As indicated above, Rcon of PDjigg; is much lower than of PDypij, as evidenced by the
C-V-characteristics. In case of difficulty or impossibility of manufacturing PDs with low R, due to the formation of
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surface inversion channels, it is worth forming surface areas of leakage channel restriction isotypic with the substrate
material between the REs and GR of the photodiodes [17]. This is especially important when using silicon with a p>20 kQ.

B) Study of dark currents of photodiodes
The I-V-characteristics of photodiodes were obtained (Fig. 3).
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Figure 3. [-V-characteristics of PDs: 1, 3 - characteristic of PDyiooj; 2 - characteristic of PDyi113

The volt-ampere characteristic curves for PDy;11; were typical for all samples from the experimental batch with some
variation in J; (curve 1, Fig. 3). The dark currents for PDyy11y at Upis=2 V reached J; =52-78 nA/cm?, and at Upis=120 V
J4=156-208 nA/cm?.

In the case of PDyiq), a slightly different picture was observed. For some PDs, the characteristic of curve type 1 of
Fig. 3 was inherent, and for the other part, the characteristic of curve type 3 of Fig. 3. As for the samples with the
I-V-characteristic of curve type 1, in this case, the value of the dark current reached slightly lower values than in PDyj1y;
(at voltages above the saturation voltage), since in PDy1117 the initial lifetime of minority charge carriers of the material
is much higher, and the generation component of the dark current (£,°) is inversely proportional to the T [11]:

1§ = ez WArg (1)

where 7n; is own concentration of charge carriers in the substrate; e is the charge of the electron; Axg is effective area
of RE; W; is space charge region (SCR) width.

It is also worth noting that curve 1 of I-V characteristic reaches saturation at Us,s=10-15 V, in contrast to curve 2,
which reaches saturation at Upi,s=70-80 V. This can be explained by the fact that the SCR of PDyioq; stretches over the
entire thickness of the substrate (not including the diffusion length of minority charge carriers) at lower bias voltages,
since the PDyj0; material has a much higher resistivity, and the W; is directly proportional to the p [18]:

W, = Y2bes 10~ @)

It should be added that in some samples of the PDyi00; type, an increase in the dark current was observed with an
increase in the reverse bias voltage over the entire measurement range (curve 3 of Fig. 3). To determine the reasons for
the increase in dark current, it was decided to examine the surface of such PDs for surface structural defects. For this
purpose, selective etching of the samples was performed (Fig. 4a, b). For comparison, PDyj11; was also treated in a
selective etchant (Fig. 4c, d).

It should be noted that in both cases studied, the silicon substrates were doped with the same phosphorus
concentration in a single technological cycle. However, as can be seen from Fig. 4a, b, the surface of PDy111; had a much
lower surface density of dislocations than PDyjo. The density of dislocations of PDyiyyy in the n'-regions reached
Nuis=2-103-2-103 cm?, and in the p-regions Ny=50-90 cm™. In the case of the n*-regions of PDyigq), the determination of
the dislocation density is complicated due to the high density of dislocations and the merging of their dislocation lines
and grids, but it can be estimated that in this case Ng=10°-10'" cm™2. As for the p-regions of PDyigq}, in this case
Nuis=1-10°-2-10° cm™. Note that the increased density of dislocations provokes an increase in the surface generation
component of the dark current (%) [19]:

Isurf. _ eNssUdriftIssAp—n

g = 3)
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where oy is capture cross-sectional area; Ny — density of surface states; A, - is the area that contributes to the surface
component of the dark current; va — is the average relative (relative to the center of re-combination) velocity of thermal
charge carriers.

The influence of these defects and their number on /; can be explained in several ways. First, the presence of
dislocations can lead to the appearance of levels in the band gap due to the elastic stress fields associated with dislocations;
these structural defects can serve as carrier recombination centers. The presence of recombination centers in the depleted
region of the p-n junction will be manifested in an increase in the generation currents at the reverse bias on the PD.
Secondly, dislocations can accumulate impurities due to their elastic fields. Decorated dislocations that cross the
p-n junction lead to the appearance of a high density of generation-recombination centers in the spatial charge region.
This again leads to an increase in the generation currents at the reverse bias [20, 21]. This situation was observed in some
products of the PDyjo0; type.

c) d)
Figure 4. Image of the PD surface after selective etching in the dark field: a, b) PDji113; ¢, d) PDjioo

We also investigated the value of the dark currents of the guard rings (Jgr). It was found that the dark current of the
PDy100; guard ring was significantly higher than that of the PDyi11}. At Upies=120 V J5r=288-432 pA/cm? in PDyj0) and
JGr=3.6-22 pA /ecm? in PDy113. The increase in the guard ring currents in the case of PDyoo; is caused by the presence of
inversion channels at the interface between the Si-SiO, phases, which provokes an increase in currents when the SCR
expands with an increase in the bias voltage.

B) Investigation of current monochromatic pulse responsivity of photodiodes.

The graph of Spuse(Uprias) for both photodiode variants was obtained (Fig. 5). Figure 5 shows that the
Spuise(Unias)dependence curve of PDyigo) reaches saturation faster (at Upias=7-9 V) than the PDy111; curve (at Upias=70-80 V).
This is due to the fact that in PDyj90), as mentioned above, the SCR stretches to its maximum width at lower bias voltages,
respectively, the charge carrier collection coefficient, which depends on W}, reaches saturation also at lower Upiys, and the
responsivity, being directly proportional to the charge carrier collection coefficient, also reaches saturation at lower bias
voltages [22]:

3= (1= RTQey =, @)
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where R is the anti-reflective coating reflection coefficient; 7 is the transmission coefficient of the input window or optical
filter; O is the quantum output of the internal photoeffect; a,., is the collection coefficient of minor charge carriers
generated by radiation in the active region of the photodiode.

Fig. 6a shows that the maximum of the spectral characteristic (S,;) of PDy;11; shifts towards longer wavelengths with
increasing bias voltage. This is caused by the expansion of the SCR with increasing reverse voltage, and when the W;
reaches saturation, no further shift of the maximum occurs. In the case of PDyio0), a different picture was observed
(Fig. 6b): even at low bias voltages, the maximum of the characteristic is at its maximum value of wavelenghts and does
not shift with increasing voltage due to the high diffusion length of non-basic charge carriers and the maximum charge
carrier collection coefficient even at two volts.
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Figure 5. The graph of Spuise(Ubias) PDp100] and PDyii1)

The spectral characteristics of the photodiode’s responsivity are also obtained (Fig. 6).
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Figure 6. Spectral characteristics of the photodiodes responsivity: a) PDi113; b) PDiooy; inset in figure (b) is spectral
characteristic of PDj100) with a short-wave minimum of the spectral characteristic of about A = 700 nm

Note that in Fig. 6a and 6b the short-wave responsivity is different. For example, at A = 700 nm, S; = 0.5S,,-0.6S;,
for PDyi1113, and for PDyio) S; = 0.4S,, . The change in the short-wave resistivity and the shift of the short-wave minimum
of the spectral characteristic can be explained by the change in the depth of the n*-p junction (x,+,). Indeed, when
measuring the x,+.p, it was seen that in PDyj11) X+ = 4-4.2 um, and in PDjig0) Xu+- = 5.8-6 pm. Accordingly, as depth of
the n™-p junction decreases, the influence of background radiation and short-wave responsivity increases. This is due to
the fact that with a decrease in the wavelength of radiation, the depth of its absorption decreases, and in p-i-n PDs, the
formation of photocurrent occurs during the generation of charge carriers in the high-resistance p-region. And in the case
of PDyio0), a larger range of wavelengths is absorbed by the n*-region due to the higher depth of the p-n junction. In
particular, in some samples of the PDyiq0] type, a shift of the short-wave minimum of the spectral characteristic to 700 nm
was observed (Fig.6b-inset). Note that the different depths of the diffusion layer in the two cases may be due to the
difference in phosphorus diffusion coefficients for different crystallographic orientations.
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B) Investigation of the growth rate of SiO: on the surface of different types of silicon
During the phosphor deposition operation, a anti-reflective SiO, is grown on the surface of the REs that meets the
minimum reflection condition (5) [23]:

% = ndsip2, (5)
where A is the working wavelength; n the refractive index of SiO»; dsio> is the thickness of the anti-reflective film.

For the working wavelength of the described photodiodes, the anti-reflective oxide should be
dsi02~0.18-0.19 pm [24]. When studying the thickness of the grown anti-reflective oxide in the two studied variants of
photodiodes, it was found that the thickness of SiO, in PDyii1j reaches dsi02~0.183 um, and in PDyjgo; reaches
dsi02~0.17 um. Presumably, the different growth rate of the oxide film is caused by the different surface concentration of
silicon atoms (#) for different crystallographic orientations, since it can be assumed that the growth rate will increase with
increasing surface concentration of atoms. To test this, we calculated the surface concentrations of silicon atoms for
different crystallographic orientations. The surface concentration of atoms of different crystallographic planes of silicon
can be visually estimated from Fig. 7a.

The surface concentration (the number of atoms per unit area) of atoms is calculated by the formula [25]:

n=% (©)

where N is the number of atoms that are completely contained in a unit cell of a two-dimensional surface lattice;

S is the area of the unit cell.

Let's calculate the value of n for plane (100). Plane (100) in the diamond structure is a two-dimensional square lattice
with Si atoms in the nodes. The side of the square (the elementary cell of a two-dimensional lattice) is equal to half the
diagonal of the face (Fig. 7b). A unit cell of the lattice contains one atom, since 1/4 of the atoms from each of the four
atoms at the vertices of the square fall into the unit cell. So, the number of atoms per unit area of the plane (100) will be:

1 -
N(100) = WT)Z =6.78- 10" cm™2 (7)
where a is silicon lattice period.

For plane (111), the two-dimensional lattice is hexagonal (graphene structure). An elementary cell is a thombus with
side length a (angle 60°) and containing two Si atoms (Fig. 7b). Thus, the number of atoms per unit area of the plane (111)
will be:

1 -
n(lll) = (12—\/5/2 =7.83" 1014 cm 2. (8)
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Figure 7. A schematic representation of the density of silicon atoms inherent in different crystallographic planes: a) schematic
illustration of an ingot; b) number of atoms in unit cells

For clarity, the surface density of silicon atoms for plane (110) is also shown. In the case of plane (110), a two-
dimensional lattice is a rectangular lattice containing two atoms in a unit cell (Fig. 7b). The unit cell of the lattice is a
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rectangle whose larger side is equal to the lattice constant a, and the other side is half the diagonal of the face of the
elementary cube of the structure. Thus, the number of atoms per unit area of the plane (110) will be:

1 -
N(110) = PN =9.59-10™ cm~2. )
As can be seen from the calculations, the surface density of silicon atoms for different crystallographic planes is
different, respectively, with an increase in the density of atoms, the growth rate of the oxide film increases.
As described in the paper, the final parameters of electronics elements, in particular photodiodes, depend on
electrophysical parameters and the type of silicon used.

CONCLUSIONS

The influence of the electrophysical characteristics of silicon on the final parameters of photoelectronic elements on
the example of p-i-n photodiodes is investigated. The following conclusions have been made:

1. Photodiodes made on the basis of silicon with a higher resistivity are more prone to the formation of inversion
channels at the oxide-semiconductor interface. Samples with higher resistivity of the base material have lower insulation
resistance between responsive elements.

2. The dark current and photosensitivity of such photodiodes reach saturation at a lower voltage.

3. Silicon-based photodiodes with a longer lifetime of non-basic charge carriers have lower values of dark currents.

4. Products with crystallographic orientation [111] have a much lower density of surface dislocations after
technological operations than in the case of silicon with orientation [100].

5. Silicon of different crystallographic orientations has different phosphorus diffusion coefficients. This was
established by determining the depth of charging of the diffusion layer of phosphorus at the same diffusion time.

6. Silicon oxide film grows faster on the surface of crystallographic orientation silicon [111] than on the surface of
crystallographic orientation silicon [100]. This is due to the difference in the surface density of silicon atoms inherent in
different crystallographic planes.
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BIVINB XAPAKTEPUCTHUK KPEMHIIO HA TAPAMETPU BUT'OTOBJIEHUX EJIEMEHTIB ®OTOEJIEKTPOHIKHN
Muxoaa C. Kykypymsax®®, Bomogumup M. Jlinka*?
@ AT «Llenmpanvne koncmpyxkmopcoke o1opo Pummy, 58032, m. Uepnisyi, syn. ['onosua, 244, Vrpaina

b Yepniseyvruii nayionarvnuii ynisepcumem imeni FOpia @edvkosuua, 58002, m. Yepnisyi, eyi. Koytobuncovrozo, 2, Ypaina

B crarTi q0OCIikeHO BIUIMB eIEKTPO(I3HIHUX XapaKTEPUCTUK KPEMHII0 Ha KiHIIEB] MapaMeTpH eIeMEHTIB (POTOCICKTPOHIKM Ha
npukiani p-i-n goroxioxis. Iix yac mociigkeHs BCTAHOBIEHO, IO 3pa3Ku (pOTOIONIB BUTOTOBJIEHI HAa OCHOBI KPEMHIIO 3 BHIIUM
IIUTOMHUM OHOPOM OLBII CXMJIBHI 0 YTBOPEHHI iHBEPCIMHUX KaHAJIB Ha MEXI PO3MITYy OKCHI-HAMIBIPOBITHUK. TakoX TEMHOBHI
CTpYM Ta (hOTOUYTIMBICTH TaKUX (POTOMIONIB BUXOIATH B HACHUCHHS IIPU HIDKUIM Hampysi. Taxoxx mobGadeHo, mo ¢oromionn Ha
OCHOBI KPEMHIIO0 13 BHIIMM YacOM JKUATTS HEOCHOBHHX HOCIIB 3apsay BOJOMAIIOTh HIDKYUMH 3HAYECHHSAMH TEMHOBUX CTPYMIB.
JHocmimkeHo, mo BupodH i3 KpucTanorpadigyaoro opienTaniero [111] BomoaitoTs 3HAYHO HIKYOIO T'yCTHHOO TIOBEPXHEBUX JHCIOKALIIH
MiCJII TEXHOJOTIYHMX OIepaliif, HiK B BHUMNAAKy KpeMHi0 3 opieHramieo [100]. Takox BcTaHOBIEHO, IO MaTepian pi3HOI
kpucranorpadiqaoi opieHtanii Mae pi3Hi koedinientn audysii pochopy. ExcriepuMeHTaT HO BCTAHOBICHO IO IUTIBKA OKCHIY
KPEMHIIO pOCTe IBUALIE Ha IIOBEPXHi KPEeMHIt0 Kpuctaiorpadiuaoi opienrarii [111], Hixk Ha HOBEPXHI KPEMHIIO KpHCTaIorpadigHoi
opienTanii [100]. Lle cipruanHEHO BiAMIHHICTIO B IOBEPXHEBIH T'YCTHHI aTOMiB KPEMHIIO IPUTaMaHHIN Pi3HUM KpHCTAIOrpadidvHuM
TUTOLMHAM.
KurouoBi cinoBa: xpemniil; pomodiod; uymaugicms, memHogull cmpym,; OUCiokayii; kpucmanozpagiuna opienmayis
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Capacitance spectroscopy was used to study the capacitive-voltage characteristics of multilayer structures with a Si-SiO: transition
layer in Al-SiO2-n-Si type samples fabricated by the thermal oxidation of a semiconductor. It is shown that the inhomogeneous
distribution of the density of surface states is a localized electroactive center at the very semiconductor-dielectric interface, due to over-
barrier charge emission or thermal ionization of impurity centers.

Keywords: MDS structure; Silicon; Transition layer; Interface; Temperature; Dielectric layer

PACS: 78.30.Am.

INTRODUCTION

An integral part of most modern semiconductor devices is silicon MDS or MOS structures. Given that the physical
processes occurring on the semiconductor-insulator transition layer have a significant impact on the performance of
semiconductor devices. Layers of amorphous silicon dioxide grown on silicon by thermal oxidation satisfy most of the
requirements listed above. At the same time, the technological modes of its production easily fit into the existing
technological processes for the production of semiconductor devices and integrated circuits. The foregoing made SiO»
films the most common material for creating passivating and insulating layers in semiconductor instrumentation.
Analysis of the dielectric and transition layers of Si-SiO, may eventually prove useful for constructing theoretical or
computer simulations of impurity states [1,12]. To solve it, it is necessary to have information about the nature of
electron and hole trapping centers (trapping centers). One of the important features of semiconductors is that their
electrical and optical properties can differ significantly depending on the state of the surface and change with its various
processing (grinding, etching), and changes in environmental parameters. The common cause of these phenomena is
that in a limited crystal there arise not only quantum states of electrons moving in the bulk of the crystal, but also
additional states in which the electrons are localized on the very surface of the crystal. Accordingly, in addition to the
volume energy levels that form the energy zones of an infinite crystal, there appear local energy levels located near
the surface itself [1,2,13].

The presence of local surface energy levels leads to the fact that electrons and holes can "stick" to the surface,
forming a surface electric charge. In this case, an induced charge equal in magnitude and opposite in sign appears in the
volume under the surface, i.e. enriched or depleted near-surface layers appear. The appearance of such layers explains the
influence of the surface on the equilibrium properties of semiconductors (electrical conductivity, work function, contact
potential difference, etc.). Based on these results, our goal is to obtain cheap microchips.

MATERIALS AND METHODS

To experimentally study the effect of Si-SiO, transition layers on the capacitance-voltage characteristics in three-
layer structures, we used the most widely used in microelectronics metal-dielectric-semiconductor structures of the
Al-SiO,-n-Si type, fabricated by the thermal oxidation of silicon KEF-5 with crystallographic orientation < 100>. To form
MDS structures, aluminum field electrodes 0.8 mm in diameter were deposited on the SiO, film by thermal deposition in
vacuum. The contact to the semiconductor substrate was also made of aluminum. For comparison, different methods were
used [2,3,14] and to study the effect of transition layers, measurements of capacitance-voltage characteristics were carried
out (Fig. 1). Measurements of the dielectric constant were carried out in the range from 30°C to 200°C and a voltage
sweep in the range from -10 to 8 V. The films have a specific resistance p = 10'3...10'® Ohm cm, a breakdown field
strength E = (1...3) 10° V/cm . The value of the relative permittivity for different layers € = 5...12.

RESULTS AND DISCUSSION
The obtained characteristics strongly depend both on the technological regimes for the manufacture of layered
structures and on the impurity content in the starting materials. It is shown that the best characteristics are achieved at an
annealing temperature from 650°C to 900°C, but for a dielectric, the tangent of the angle increases to 0.1, but the insulating
properties of the films also deteriorate. These data are also confirmed by the results obtained by other authors [4-6].
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On the whole, the Si-SiO; structure is characterized by the presence of mechanical stresses in it. Mechanical stresses
already arise in a non-oxidized silicon wafer during processing of its upper and lower surfaces in different ways. In the
case of growing oxide on one of the surfaces of a semiconductor wafer, mechanical stresses can be significant. This is
primarily due to the difference (almost an order of magnitude) in the coefficient of linear expansion of silicon materials,
since the oxide film is grown (or deposited) at an elevated temperature. The cooling of the Si-SiO; structure leads to the
appearance of mechanical stresses, and, consequently, causes deformation of the structure (the SiO; film is compressed,
and the surface part of the Si plates is stretched). The cause of the occurrence of mechanical stresses can also be the
difference in the structure of the materials of the semiconductor and dielectric.
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Let us briefly consider the main characteristics of the semiconductor-insulator transition layer. The capacitance-
voltage characteristics of MDS structures with Si-SiO, transition layers do not differ significantly from the
C-V characteristics for silicon. From a comparison of the obtained C-V characteristics with the calculated one, the surface
charge Q and the density of surface states Nss at the semiconductor-dielectric interface were determined (Fig. 2). For our
structures obtained at a temperature of about 200°C, the minimum density Nss for the <100> silicon orientation
was =~ 2-10' ecm™? eV, and for <111> Nss = 1.2°10'%cm™ eV-!. Such differences in the values of Nss are explained by
different values of the activation energy and the number of free bonds of atoms for different orientations of the crystal
surface [7,15].
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Figure. 2. Theoretical and experimental capacitance-voltage characteristics of silicon structures normalized to the capacitance
value of the dielectric layer
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Comparative detailed analysis of the theoretical and experimental methods showed that the formulation of the
density of surface states near the inversion region of the C-V characteristics, as well as not far from the region of strong
enrichment. To describe the properties of the interface, the three-layer model is most often used [6.9], in which the
semiconductor-dielectric system is divided into three regions qualitatively different in their properties: the region of
regular SiO; and single-crystal Si, the transition region of the non-stoichiometric composition of SiO, and the regions of
deformed SiO; attached to it and cushioned Si [1,10]. The thickness of the SiO, layer is 0.6 + 2 um and depends on the
pre-treatment of the silicon substrate and the oxidation mode. The disordered layers of Si and SiO, applied to this region
are characterized by an increased content of various kinds of defects and mechanical stresses caused by different
coefficients of thermal expansion of the SiO; layer and the silicon substrate [8,16]. It is the region of the nonstoichiometric
composition of SiO; and the regions of disordered SiO; and Si adjacent to it that in this model are united under the concept
of an interface, and the defects contained in these regions determine its electrophysical characteristics. [6,11]. The energy
state density distributions at the Si-SiO, interface over the band gap of silicon are shown in Fig.3. As for Si-SiO;
structures, the density of states is minimal near the middle of the band gap and increases near the edges of the C- and
V- bands. The value of the maximum density Nss, in accordance with [3,17], depends both on the orientation of the
substrate and on the conditions for obtaining the dielectric layer.
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Figure 3. Sample-averaged distribution of the density of surface states over the band gap of a semiconductor and dielectric

It can be seen from the figure that the smallest scatter of the obtained data takes place in the energy range from
E.- 0.2 eV to Ec- 0.75 eV. Significant scatter of values for MIS structures, fabricated and previously obtained
results [3,11]. This, according to the authors of [5,6], is a consequence of optical inactive oxygen and the presence of
local spatial inhomogeneities in the distribution of the surface charge on the Si — SiO, transition layer and the fluctuations
of the surface potential associated with them. It is in this energy range that a good uniformity of the results of all
measurements is observed. Meanwhile, a rather large spread in the values of the averaged values of the density of surface
states near the edges of the energy bands is synchronously observed. It is possible that from Figure 3, in the energy range
from E; to Ec-0.2 eV and from Ec-0.75 eV to E,, this spread reaches 30%. In our opinion, the reason for this scatter of
data may be as follows. As the enrichment voltage applied to the structure decreases, the electrons localized on the surface
states begin to be ejected into the conduction band due to thermal generation. In this case, the probability of their recapture
is high, since the concentration of electrons near the interface is rather high [3,8].

CONCLUSIONS
From the experimentally observed characteristics, an important point here is the way holes appear in the dielectric,
since the heights of the Al-SiO, and Si-SiO; barriers are large in order to appear by hole tunneling. Consequently, the
center localized on the semiconductor-insulator transition layer itself is responsible for the inhomogeneous distribution
of the density of surface states. As for Si-SiO; elements, this is typical for electrical conductivity due to above-barrier
charge emission or thermal ionization of impurity centers [11,18]. In the absence of voltage on the structure and at low
depleting voltages, the indicated center is neutral. At sufficiently high inversion voltages, the center is ionized, releasing
electrons localized on it, which are captured by the charge of the inversion layer, reducing the rate of its formation. With
full ionization of the center, the charge of the inversion layer increases due to the thermal generation of minor charge
carriers, which leads to a further decrease in the measured capacitance of the structure [8,19,20]. Based on the above, it
can be assumed that the experimentally observed, dielectric parameters of the Si-SiO, elements studied by us are close to
the characteristics of silicon MDS structures, and even better in a number of parameters. The low-temperature technology
for producing oxide films makes it possible to use these materials to create MIS structures based on multicomponent

semiconductors, for which high-temperature treatment is undesirable.
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PO BJIACTHUBOCTI IEPEXITHOT'O HIAPY Si-SiO2 Y BATATOINAPOBUX KPEMHIEBUX CTPYKTYPAX
Maxpyx X. daxies, ®aiizynnna A. Canapos
Tnemumym @izuxu nanienpogionuxis i mikpoenekmponixu Hayionanvrnoeo ynieepcumemy Y3bexucmany,
100057, Tawxenm, Y36exucman, 6yn. Aneu Anmasap, 20

MeTtonoM €MHICHOI CIIEKTPOCKOMIl JOCTIPKEHO BOJNBT-EMHICHI XapaKTEPHCTHKU 0araToIlapoBUX CTPYKTYP 3 HEpeXiJHUM IIapoM
Si-SiO2 y 3paskax Tumy Al-SiO2-n-Si, BUTOTOBICHMX TEPMIYHMM OKHCICHHSM HamiBIpoBigHuka. [TokazaHo, 1o HeoIHOpimXHUI
PO3MOMIT LIIJIBHOCTI NOBEPXHEBUX CTAHIB € JIOKAJII30BAaHUM €JIEKTPOAKTHBHHUM IIEHTPOM Ha caMili MeXi po3Jily HamiBIPOBIIHHK-
JIieNIeKTPUK BHACIIOK Han0ap’ epHol eMicil 3apsay abo TepMidHOi 10Hi3aIil JOMIIIKOBHUX LIEHTPIB.

Kirouosi cnoBa: cmpyxkmypa MDS; kpemniil; nepexionuii wap,; inmepgetic; memnepamypa, dieleKmpuyHuil wap
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Due to the necessity of reducing the reliance on fossil fuels, several systems are considered to be alternative and/or additional support
for the existing battery material. In this report, structural and electronic properties of aluminium oxide (Al203) and aluminium sulfide
(Al2S3) with hexagonal symmetry (a-phase), are investigated by utilizing density functional theory technique based on r++SCAN
functional. The calculated lattice parameter and insulating gap for both systems are well matched with previous experimental studies
and display higher accuracy compared to the results from local density approximation (LDA) and generalized gradient approximation
(GGA) studies. The calculated insulating gap values are 10.3 eV and 4.1 eV for a-Al2O;3 and a-Al>Ss respectively. For a-Al2O3 system,
we observed hybridized s-p-d orbital of Al-O in the conduction states, consistent with the interpretation of past X-ray Absorption Near
Edge Structure (XANES) data. Finally, the bulk and young modulus for a-Al>O; are determined to be 251 GPa and 423 GPa which is
very close to the known experimental values of 280 GPa and 451 GPa.

Keywords: DFT; meta-GGA; r++SCAN; a-Al20s, a-Al>S3

PACS: 31.15.E—, 31.15.eg, 31.15.es

INTRODUCTION

Recently, global interest is increasing for the development of renewable energy storage material that is clean and
affordable, leading to the reduction of reliance on fossil energy. Battery technology based on lithium ion is one of the
most researched for the energy storage system. However, due to the current technological advancement, the power density
and life cycle of lithium-ion battery does not meet the current global needs [1,2]. This situation motivates many
researchers to design an alternative to the lithium-ion battery [3,4]. One such system is the aluminium-based sulfide
battery, Al,Ss, that has been attracted interest recently due to its promising characteristics to achieve low-cost and high-
performance energy storage system [5]. It was observed from the experimental studies that Al,S; is stable in P6; space
group symmetry (the so-called a-phase) [6]. On the other aspect, similar a-phase system based on aluminium, AL,Os3, is
also utilized to support the existing lithium-based battery material by coating its surface to improves the electrochemical
performance and cycling capacity of the battery [7,8].

Both structure of a-Al, 05 and a-Al,S; can be described based on the hexagonal crystal axes, in which both systems
contain 12 Al atoms and 18 O or S atoms. For a-Al,05, the lattice parameters of a = 4.756 A and ¢ = 12.982 4 is
observed at 4.5 K by using Bragg backscattering method [9]. Whereas the lattice parameter for Al,0; is calculated to be
a=64384 and c = 17.898 A from a single crystal x-ray diffraction (XRD) refinement [6]. From its electronic
properties, both systems are insulating and confirmed experimentally by optical spectroscopy for a-Al,05 [10] and
photoconductivity experiment for a-Al,S; [11].

Several theoretical studies have been reported for both of the systems. For a-Al,0; system, it was initially
investigated by Xu et al., that an indirect insulating gap of 6.29 eV is obtained from local density approximation (LDA)
of density functional theory (DFT) calculation [12]. Following this result, further studies using generalized gradient
approximation (GGA) suggested similar insulating gap albeit with direct gap characteristics [13]. Considering that the
experimental gap is reported to be 8.8 eV, the calculated values based on LDA and GGA functionals are
underestimated [14,15]. Higher gap values can be obtained by employing hybrid functionals such as B3LYP (8.5 eV) and
HSE (9.2 ¢V) [16,17]. For a-Al,S; system, GGA-PBE functional gives a gap value of ~3 eV [18], while hybrid functional
of HSEO06 gives a higher gap at 4.95 eV [19]. From those theoretical results, the lower gap values from the semilocal
functional such as LDA and GGA can be increased by using hybrid functional such as B3LYP and HSE. However, hybrid
functional is also known to be very expensive from the perspective of computational resource, making it difficult to utilize
this functional on more complex DFT calculation such as surface dynamic and/or atomic substitution effect. Thus,
semilocal functional is preferably used for those type of calculation [20], while ignoring the facts that insulating gap is
severely underestimated. Based on those facts, more DFT studies with more efficient functional is still required.

Recently, the meta-GGA functional which obeys all 17 known constraints of for the exact exchange-correlation
(XC) at semilocal level named SCAN (strongly constrained appropriately normed), attract wide interest due to its accuracy
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on predicting different type of materials [21]. Lane et al., report a proper insulating gap values on the Mott-insulator of
La,CuO, without any additional parameter [22]. Our group also successfully describe the most realistic structure of
superhard material B,C from the perspective of both electronic and elastic characteristics [23]. Other successful
implementation of SCAN is also reported for the problematic germanium atom, in which 0.57 eV gap is opened, contrary
to the metallic behavior observed when using GGA-PBE functional [24]. Furthermore, the composite structure made from
Si and Ge atom can also be properly described when discussing its composition effects on the calculated gap [25].
However, SCAN functional is also known to suffers numerical instability which leads to the increasing computational
cost making it closer to the inefficiency level of hybrid functional [26]. To remedy this, regularized SCAN (rSCAN)
functional is developed by Bartok and Yates, which reduces the number of satisfied constraints (13 out of 17 exact
constraints) [27]. Further investigation based on rSCAN shows a reduced accuracy compared to the original SCAN
functional [28]. To improve this situation, Furness et al., modifies the rSCAN functional and introduces three new
functionals with increasing adherence to the constraint named r++SCAN, r2SCAN, and r*SCAN [29]. Out of those three
new functionals, *SCAN is the one that is recommended by the author, to achieve balance between accuracy and
numerical performance. Later study by Kingsbury et al., confirm the robustness of r’SCAN calculation’s time with the
caveat that the calculated band gap is smaller and larger lattice volumes are obtained for many strongly-bound
structures [30]. The fact that r’SCAN functional predicts larger lattice parameters can also be seen on the original report
by Furness et al., where the r’'SCAN has a tendency to overestimate lattice parameters for a system that consists 2 elements
such as LiCl, LiF, MgO, NaCl, NaF and SiC. For those type of systems, r++SCAN is actually superior in terms of
predicting lattice parameters and achieves the accuracy level of SCAN functional (Furness et al., 2022).

Following those results, we chose r++SCAN functional to investigate the electronic structure of a-Al, 05 and a-Al,S;
and try to provide more insight on the application of SCAN-type functionals to different type of materials.

COMPUTATIONAL METHODOLOGY
All calculations were conducted based on Quantum Espresso (QE) v.7.0 package [31,32]. The chosen functional for
exchange-correlation is r++SCAN which is provided via Libxc v.6.0.0 [33]. The pseudopotential that considers additional
kinetic term for the electron density are based on Yao ef al. [24]. Both a-Al,05 and a-Al,S; are optimized using the
kinetic energy cut-off of 80 Rydberg (Ry) to accomodate a denser fast fourier transform (FFT) grids that is necessary for
this type of functional. The chosen value for the kinetic energy cut-off is determined by looking into the relation between
calculated total energy and its kinetic energy cut-off as depicted in Fig. 1.
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Figure 1. Calculated total energy of Al203 and Al>S3 with respect to kinetic energy cut-off

Brillouin zone of a-Al,05 (a-Al,S;3) system is considered within the automatic k-points arrangement of 9 X 9 X 3
(6 X 6 X 2). Then, we expand the k-points to 18 X 18 X 6 (12 X 12 X 4) for the density of states calculations. The
electronic and structural optimization is conducted following the convergence criteria of 1 X 107¢ Ry, 1 x 10~5 Ry/Bohr,
and 5 X 10~ kbar for the energy, force and pressure respectively. These convergence criteria show good consistencies
for both electronic and structural parameters of both systems. LDA and GGA-PBE functionals are also used for the
structural, electronic, and elastic properties following same k-points arrangements and convergence criteria, with reduced
kinetic energy cut-off. The elastic parameters of bulk (B) and young (E') modulus of a-Al, 05 is calculated based on Voigt-
Reuss-Hill approximation as implemented in thermo_pw v.1.6.0. package by utilizing the optimized crystal structure from
the initial calculation, and fixed the atomic positions.

RESULTS AND DISCUSSION
Optimized structures for both systems are described in Fig. 2 and its calculated values are summarized in Table 1.
For comparison, we also include the calculated lattice parameter values from LDA and GGA-PBE functional [35,36]. For
a-Al, 05 system, the calculated lattice parameter of a and c-values based on r++SCAN functional are 4.781 A and
13.022 A. These values are 0.52 % and 0.31 % higher compared to the experimental result [9]. Reported calculated values
based on LDA functional are 0.98 % and 1.0 % smaller, while GGA-PBE functional lattice parameters (a and c) are
overestimated by either 0.59 % and 0.66 % [35], or 1.03 % and 1.02 % [36]. The difference on the reported GGA-PBE
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results could be very likely due to the different initial calculation’s condition (kinetic energy cut-off, sampling k-points,
convergence criteria, DFT-code, etc.). Similar situation is observed for a-Al,S; system, where the difference between our
calculated results and the experimental data are 0.67 % and 0.50 % higher for a and c-lattice parameter. The LDA
functional underestimate the lattice parameter by 1.71 % and 1.27 %, while the GGA-PBE functional overestimate the
lattice parameters by 1.88 % and 0.89 %. Looking into those results, the r++SCAN functional gives a better estimation
on the lattice parameters for both a-Al,05 and a-Al,S; system, albeit with a slightly overestimated lattice parameter that
is also previously reported on different systems [29]. The better accuracy on estimating the lattice parameter by this type
of functional is due to its capability to describe the atomic-bonding interaction properly [21].

(&

)

:’;,>o ~>ﬁ9 * I O°° 0

Figure 2. Optimized structure of a-Al:S; and a-Al20;. Red and yellow balls indicate S and O atom, while silver balls show the
coordinate for Al atom. The drawings are produced by VESTA software [34]

Table 1. Optimized lattice parameter of a-Al,05 and a-Al,S;

LDA GGA-PBE r++SCAN Experiment
(X-A1203
a () 4.709° 4.784* 4.781 4.756¢
4.805°
c(d) 12.846* 13.068* 13.022 12.982¢
13.116°
V(&) 246.740° 259.0722 257.787 254.338¢
262.252b
a-Al,Ss
ah) 6.330¢ 6.5624 6.473 6.438°
cd 17.660¢ 18.0544 17.970 17.898¢
%4 (A) 612.808 673.386¢ 652.080 640.206°

aRef. 35 PRef 36 °Ref.9 9This work °Ref. 6

We further analyze both system from density of states (DOS) and partial density of states (PDOS) calculations. It
was known from previous studies that the calculated gap of a system depends on the functional. Our calculated data shows
that the a-Al, 05 have an insulating gap of 10.3 eV. This value is actually larger compared to the optical gap (8.8 eV) and
the value provided by SCAN functional (7.2 eV) with the same calculation’s condition. Similar situation is also reported
by Swathilakshmi et al., where the 2ZSCAN band gap gives larger value compared to SCAN functional for oxide system
such as V,0s, CrO3, MnO, and Fe, 05 [37]. Even by changing the exchange-part to the more accurate r*SCAN functional,
we also observed similar ~10 eV gap for a-Al,05. The fact that similar trend (r++SCAN gives larger gap compared to
SCAN) is observed on the oxide system, we believe that more detailed study needs to be addressed for this type of system
in the future. Other possibilities that the 8.8 eV gap obtained from the experiment are considered to be an optical gap in
which by definition is lower than the fundamental gap estimated by DFT calculation. Nevertheless, the DOS general
characteristics for a-Al,03 is the same with previous study based on GGA-PBE functional, with the valence states are
dominated by oxygen and the conduction states mainly originated from aluminium as shown in Fig. 3(a). Looking into
its orbital contribution on Fig. 3(c,d), we observe that the conduction states are originated from the hybridized states
between s-p-d orbitals of AI-O. This is actually differs with what is shown from the previous GGA-PBE result, where
only s and p-orbital that is observed [35], but consistent with the interpretation of experimental XANES data, where the
distorted nature of the AI-O octahedral structure allowed such hybridization (s-p-d) to be exist [38].
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Moving on to the a-Al,S; system, the calculated insulating gap by using r++SCAN functional is 4.1 eV, which is
very close to the experimental value of 4.2 eV. The DOS general characteristic for both conduction and the highest valence
states is dominated by sulfur. This calculated value significantly improves the results obtained from the PBE (2.72 eV
and ~3 eV) and LDA (2.51 eV) functionals [18]. As the gap value given by hybrid functional HSE06 is 4.95 eV [19],
r++SCAN functional seems to improve the accuracy of HSE06. However, the experimental 4.2 eV gap is considered to
be an optical instead of fundamental gap that is calculated from DFT technique. Thus, one can always argue that r++SCAN
functional slightly underestimates the insulating gap of a-Al,S;. While the trend of r++SCAN functional calculated gap
in respect to the reported hybrid functional seems to be differs for both a-Al,05 and a-Al, 05 system (higher in a-Al,04
and lower in a-Al,03), note that the SCAN-type functional is a “parameter-free” calculation (additional parameter are set
without any reference to the real systems) while hybrid functional depends on the adjusted mixing parameter (exact
Hartree-Fock exchange) that differs on different systems and need to be adjusted accordingly. Therefore, whether
r++SCAN functional gives a better electronic structure prediction compared to the reported hybrid functional is still an
open question.
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Figure 3. Density of states for (a) a-Al203 and (b) a-Al:S3. Black solid lines indicate Al electronic states, while blue and green
lines indicate O and S electronic states. The highest valence state energy for each system is defined as 0 eV. (c) Orbital contribution
of's (black), p (red), and d-orbitals (green) for Al atom (d). Orbital contribution of s (black) and p-orbitals (red) for O atom

Finally, we discuss about the calculated elastic parameters of a-Al,05; and a-Al,S; and compare to the previous
study based on PBE functional and known experimental data. All calculated elastic parameters are summarized in Table 2.
For a-Al,05 system, r++SCAN functional overestimates the elastic constants of C;; by 3.01 %, C,, by 8.98 % and
slightly underestimate the bulk (B) and young (E) modulus by 10.36 % and 6.21 % respectively when compared to
experimental observation [39]. From the elastic parameter calculation of a-Al,05, the calculated values given by
r++SCAN are better compared to the results obtained by PBE functional [40], where the PBE functional significantly
underestimates all elastic parameters (9.23 % for C;1, 9.58 % for Cg¢, 17.14 % for B, and 19.29 % for E). Furthermore,
the experimental values of C;; and Cgq are obtained at room temperature (~297 K) and tends to be reduced with an
increasing temperature. Thus, by fitting the reported data with the 2" order polynomial function, the fitted value at 0 K
is 510 GPa and 171 GPa for C;4 and Cg¢ respectively, aligning more with our calculated r++SCAN results. To the best of
author’s knowledge, there is no experimental report on a-Al,S; elastic parameter, however similar trend is observed
where r++SCAN functional gives larger elastic parameters compared to the PBE functional.

Table 2. Calculated elastic parameters of a-Al,05 and a-Al,S;

Cyy (GPa) Ces (GPa) B (GPa) E (GPa)
a-Al, 04
r++SCAN 513 182 251 423
GGA-PBE? 452 151 232 364
Experiment® 498 167 280 451
a-Al,S;3
r++SCAN 162 59 77 127
GGA-PBE? 150 55 71 116
*This work °Ref. 39
CONCLUSION

Structural, electronic, and elastic properties of a-Al, 053 and a-Al,S; were studied using DFT technique by utilizing
r++SCAN functional. Calculated lattice parameters show improvement over LDA and GGA-PBE functionals. Insulating
gap of a-Al,05 and a-Al,S; are determined to be 10.3 eV and 4.1 eV. Compared to the known experimental values,
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calculated values of a-Al,0j5 is larger in contrast to the underestimated gap trend of semilocal functional. For a-Al,S;
system, the values are slightly underestimated and shows better accuracy compared to the past studies based on LDA,
GGA, and hybrid functionals. Detailed description of a-Al, 0 electronic orbital in the conduction states shows hybridized
s-p-d orbital confirming the interpretation of known XANES data. Calculated bulk and young modulus for a-Al,05 are
251 and 423 GPa respectively, and relatively consistent with the known experimental data.
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PO3PAXYHOK EJIEKTPOHHOI CTPYKTYPH CUCTEMM a-Al:X3 (X=0,S) HA OCHOBI ®YHKIIOHAJY R++SCAN
Myxamman P. Pamaaxan?, Cansa A. Xanca?, Kopiana 3yainapa?, [liau I1. Xaunaaui®, Hina A. Bapaaui®, ®axmis AcryTi®
@ Kagheopa ximiunoi insicenepii, ghaxynvmem npomuciosoi inocenepii, 55283 Cneman, Inoonesis
b Kagpeopa izuxu, @axyremem nayku ma ananizy oanux, Incmumym mexnonoziii Cenynyx Honembep, 60111 Cypabas, Inoouesis

Yepes HeoOXiqHICTh 3MEHIICHHS 3aJICKHOCTI B/l BUKOITHOTO ITaIMBa KiJlbKa CHCTEM BBAXKAIOTHCS aJIbTEPHATHBOIO Ta/ab0 10AaTKOBOIO
MiATPUMKOIO [UIs iCHYI04Oro MaTepiany Garapei. Y 1bOMY 3BiTi CTPYKTYpHI Ta eIeKTPOHHI BIacTUBOCTI okcuay atoMitio (Al203) i
cynb¢iny amominito (Al2S3) 3 rekcaronansHOI0 cumeTpiero (0-(aza) TOCTIIKYIOTBCS 33 JOIIOMOTOI0 TEXHIKH Teopii (hyHKIiOHATY
TYCTHHH Ha OCHOBi ¢yHKIioHamy r++SCAN. Po3paxoBaHuii mapaMmeTp PELIiTKH Ta i30JSAMIHHUA 3a30p A 000X cuCTeM aolpe
Y3TOJUKYIOTHCS 3 [OIEPEeTHIMH SKCIIEPHUMEHTAIbHIMHE JIOCIIIJUKCHHSAMH Ta IEMOHCTPYIOTh BUILY TOYHICTH MOPIiBHSHO 3 pe3yJibTaTaMu
JIOCIIIKEHb anpokcuManii jokansHol mutsHocTi (LDA) Ta y3aranshenoi rpangientHoi anpokcumarii (GGA). Po3paxoBaHi 3Ha4eHHS
i3ousIifiHOrO 3a30py cranoByATh 10,3 eB i 4,1 eB ans a- AlOs i a- AlS3 BiamosigHo. [ns cucremu o- Al2O3 Mu cnocTepiraiu
ribpunusoBany s-p-d-opOitans Al-O y craHax HpOBIAHOCTI, IO Y3TOMKYEThCS 3 IHTEPIPETALICI0 MUHYJIMX JaHUX ITOTJIMHAHHS
PEeHTreHiBChbKOT0 BUIIPOMiHIOBaHHs 015151 kparo ctpyktypu (XANES). Haperuri, 06’ emuuii i Mmonoaunit moxysib st o~ Al2O3 Bu3HaueHO
sk 251 I'Tla i 423 T'Tla, oo aye GJIM3bKO 0 BiJOMHX ekcriepuMeHTanbanx 3HadeHb 280 ['Tla i 451 I'Tla.

Kmouosi ciioBa: DFT: mema-GGA; r++SCAN; a-Al:03, a-A12S3
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This paper presents a comprehensive investigation into the DC analog and AC microwave performance of a state-of-the-art T-gate
double barrier AlGaN/AlInGaN/GaN MOSHEMT (Metal Oxide Semiconductor High Electron Mobility Transistor) implemented on
a 4H-SiC substrate. The study involves meticulous numerical simulations and an extensive comparison with a single barrier design,
utilizing the TCAD-Silvaco software. The observed disparity in performance can be attributed to the utilization of double barrier
technology, which enhances electron confinement and current density by augmenting the polarization-induced charge during high-
frequency operations. Remarkably, when compared to the single barrier design, the double barrier MOSHEMT exhibits a notable 15%
increase in drain current, a 5% increase in transconductance, and an elevated breakdown voltage (VBR) of 140 V in E-mode operation.
Furthermore, the radio frequency analysis of the double barrier device showcases exceptional performance, setting new records with a
maximum oscillation frequency (fmax) of 1.148 THz and a gain cutoff frequency (ft) of 891 GHz. These impressive results obtained
through deck-simulation affirm the immense potential of the proposed double barrier AlGaN/AlInGaN/GaN MOSHEMT for future
applications in high-power and terahertz frequency domains.

Key words: TiO:>-MOSHEMT; T-gate; Double barrier; AllnGaN Quaternary material; Maximum THz frequency, TCAD-Silvaco
PACS: 73.40.—, 85.30.Pq

1. INTRODUCTION

The emerging generation of power switching circuits has garnered significant attention due to the impressive
capabilities of AlGaN/GaN HEMTs (High Electron Mobility Transistors) in facilitating high power and high-frequency
operations. These HEMTs are poised to find applications in diverse fields such as 5G technology, sensors, automotive
systems, defense, and space communications [1, 2]. The exceptional performance of AlIGaN/GaN HEMTs can be attributed
to the presence of a high-mobility two-dimensional electron gas (2DEG) formed and accumulated at the AlGaN/GaN
interface, resulting from a strong sheet polarization charge effect [3]. To reduce gate leakage current and enhance
performance, a MOS (Metal Oxide Semiconductor) HEMT heterostructure is employed by introducing an oxide layer at the
intersection of the gate electrode and AlGaN barrier. Various gate oxide materials, such as TiO,, HfO,, Al,O;, SiO,, and
Si3N4, are commonly used in MOSHEMT transistors [4-7]. Conventionally, GaN-based HEMTs operate in a depletion mode
(normally-on operation) since the 2DEG is present at the heterointerface even without gate polarization. However,
enhancement mode functionality is preferred to reduce production charge, simplify digital circuits, and enhance safety.
Multiple technological approaches have been proposed to achieve normally-off behavior [8-10]. One novel approach,
initially suggested by Ketteniss et al. and subsequently confirmed, involves using a thin quaternary AllnGaN barrier layer
that introduces polarization engineering between the barrier and the GaN channel, enabling E-mode operation [11, 12].
Quaternary nitride has garnered significant attention as an alternative to AlGaN barrier layers due to its promising DC and
RF performance, including the ability to utilize high aluminum content, leading to increased spontaneous polarization
induced by high 2DEG carrier density (ns > ~1.8x10'* cm) and high mobility (u >~ 1800 cm?/V s) [13-15]. Traditionally,
since 1991, HEMT transistors have been designed and fabricated with a single barrier layer [16]. However, in 1999,
Gaskaetal. first demonstrated a double AlGaN barrier structure [17]. Subsequently, various designs featuring
Aly1Gay1N/AlyxGay,N/GaN double heterojunctions have been explored theoretically and experimentally, showcasing high
current and high-frequency performance due to enhanced carrier confinement properties and higher 2DEG density [18-20].
Moreover, recent investigations have focused on bilayer barrier structures with quaternary alloys, resulting in the
development of an AlxIny;Ga,N/Alx,Iny»Ga,,N/GaN HEMT with high current density [21, 22]. However, to date, most
experimental and theoretical studies have focused on dual AlGaN or double AllnGaN barrier-based HEMTs, with limited
optimization efforts targeting the DC and RF properties of an AlGaN/AlInGaN/GaN double heterostructure.

In this study, we propose, for the first time, an E-mode Alp30Gao70N / Alggolne.13Gag.0o2N/GaN MOSHEMT with
a double barrier structure, incorporating an ultra-thin quaternary spacer layer (Al 36Ing.08Gao.s6N). The proposed design
aims to enhance electron accumulation in the channel and improve radio frequency performance, extending it into the
terahertz regime. To analyze and optimize the structure, we employed the Silvaco-Atlas software, enabling a thorough
investigation of the proposed double barrier MOSHEMT and a comparison with a single barrier Aly30Gao70N/GaN
MOSHEMT design.
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2. DEVICE SETTINGS AND SIMULATION PROCESS

Figure 1 presents a comprehensive 3D view of the proposed GaN-MOSHEMT transistor. The device parameters
utilized in this study are listed in Table 1. To enhance the device's characteristics, T-gate technology is employed, allowing
for a short gate length of 10nm (corresponding to the base of the T-shape) [23]. Examining the heterostructure design
from top to bottom, a Silicon dioxide (SiO2) passivation layer is implemented to minimize surface traps. Underneath the
source and drain regions, a two-graded, heavily doped n++ GaN layer with 2x10”cm™ donors is regrown to minimize
access resistance [24]. An oxide layer comprising high-k Titanium dioxide (TiO,) with a dielectric constant (k) of 80 is
deposited beneath the gate electrode. Research has shown that employing a TiO, oxide layer facilitates high off-state
breakdown voltage and reduced current losses, thereby enabling E-mode operation [25, 26]. A thin (2nm) GaN cap layer
follows the oxide layer. The heterostructure continues with a non-doped AlGaN first barrier layer featuring a 30%
aluminum concentration, positioned under the GaN cap. The conventional composition (x) of the ternary alloy leads to
material relaxation. To further enhance the device's performance, a thin Al sslng.0sGag.ssN spacer layer is inserted between
the GaN channel and the AlGaN barrier. Recent research indicates that the 2DEG-charge at the AlIn,Ga,N/GaN interface
(associated with the Al,InyGa,N thin spacer layer) is greater than that at the AIN/GaN interface (related to the AIN spacer
layer). This is attributed to the induction of a high polarization charge, resulting in improved mobility and current flow
through the region [21, 27]. Therefore, a quaternary material, Al 3sIng 0sGaN, is employed as the spacer layer. To further
optimize 2DEG confinement in the channel region, an A10.80In0.18GaN second barrier layer with high aluminum/indium
content is placed between the AlGaN first barrier and the Al 36Ing.0sGaN spacer (as shown in Figure 1(b)). The calculated
Al In, and Ga composition for the AllnGaN materials ensures lattice-matching with the GaN channel, promoting superior
transport performance [28]. These studied structures are grown on a preferred substrate of silicon carbide (4H-SiC). Nanjo
et al. have confirmed that the 4H-SiC epitaxial substrate outperforms sapphire substrates, primarily due to its excellent
thermal stability [29]. Referring to Figure 1(a) and Figure 1(b), the single barrier device is designated as STR0O1-SB, while

the double barrier device is designated as STR02-DB.
\ TO: Eﬂde

N“harner

Figure 1. 3D view design of a 10nm T-gate (a) Single barrier Alo.30Ga0.70N / Alo.36In0.0sGao.ssN / GaN MOSHEMT, (b) Double barrier
Alo30Gao.70N / Alo.golno.18Gao.02N / Al0.361In0.0sGao.seN / GaN MOSHEMT

Table 1. Geometrical specifications of the studied device with single and double barrier.

Gate specifications Structure specifications
Parameter Dimension Layer STR01-SB STR02-DB
Gate structure T-shape TiO2 oxide layer 5 nm 5nm
Gate foot length 10 nm GaN cap layer 2 nm 2 nm
Gate head length 400 nm Alo30GaN 1% barrier 20 nm 20 nm
Gate stem height 50 nm Alo.goIno.18GaN 2% barrier - 4 nm
Gate-drain distance 355 nm Alo.36Ine.osGaN spacer 2 nm 2 nm
Gate-source distance 355 nm GaN channel 796 nm 796 nm
Gate work function 5.93 4H-SiC substrate 2165 nm 2161 nm

The electrical parameters of the suggested MOSHEMT transistor are evaluated using a physical model of 2D-TCAD
simulation at 300k, the fundamental model used for all semiconductor device is the Drift-Diffusion model; by resolving
the Poisson and electron/hole continuity equations. It computes at each moment and any point of the structure the
concentration of electrons and the value of the potential. Shockley-Read Hall recombination/generation model, field-
dependent mobility model, and polarization model are applied as additional physical models in the deck-simulation.
Selberherr’s impact ionization model is considered for device breakdown simulation. These physical models are resolved
using the numerical Newton's method [30, 31]. The electrical characteristics of the proposed MOSHEMT transistor were
assessed through a rigorous evaluation utilizing a 2D-TCAD simulation based on physical models. This evaluation was
conducted at a temperature of 300 K. The Drift-Diffusion model, which is widely used for semiconductor devices, was
employed as the fundamental model. By solving the Poisson equation and the electron/hole continuity equations, this
model determines the concentration of electrons and the potential values at any given point and time within the structure.
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In addition to the Drift-Diffusion model, several other physical models were incorporated into the simulation to enhance
its accuracy. The Shockley-Read Hall recombination/generation model, which accounts for recombination and generation
of charge carriers, was utilized. Furthermore, a field-dependent mobility model and a polarization model were applied to
accurately capture the device behavior under different electric fields. To simulate the breakdown behavior of the device,
Selberherr's impact ionization model was employed. This model provides insights into the phenomenon of impact
ionization, which can lead to device breakdown under certain conditions.

The bandgap energy of AliGa,N and Al,In,Ga,N materials is dependent on the composition of mole fraction x, y
and z, using Vegard’s Law, it can be expressed as a sum of the bandgap energies of GaN, InN and AIN binary
semiconductors with appropriate bowing parameters [21, 25]. AlInyGa,N alloy offers an additional degree of freedom in
the bandgap mole fraction ratio where x+ y + z = 1 compared with AlyGa?N, where x + z = 1. Equations (1) and (2)
describe their expressions:

EON = xEAN 4 2B (1)

Al In,Ga_N a n
E, ZXE;IN +yEgGN +ZEg[N —xy(1=2)b,yy = yz(1=X)by, G,y - ()

The following equations provide the dielectric constant for ternary and quaternary alloys as a function of alloy
composition:

Eygay =85x+89x, 3)
€ 41 Gay = 89X +15.3y +8.9z. “

The creation of a large 2D electron gas density in the heterojunction is the most important operation of the charge
polarization property. For sample I (STRO1-SB), two negative polarization-induced charges are present at the
Alo30Gag.70N/Alg 36In0.08Gag 5N interface and Alosslne.osGao.ssN/GaN interface (noted 6’1 and o2, respectively). Thanks
to a lattice-matched between the AllnGaN material and the GaN channel, the piezoelectric polarization effect is neglected.
Therefore, the total polarization ¢';,, is a function of spontaneous polarization (Psp) as 6"y, = 6'l + ¢"2 with:

o= B, (Alyo5Iny,sGay o, N) = B, (Al 3,Gay 1,N) . (5)
O-; =P, (AlysIn, s Gay ssN ) — F, (AlygoIny 15Ga,,N) (6)
o= P, (Al o5In, sGa, 0, N) — F, (Al 3,Ga, 10N . (7

The mathematical equations of the spontaneous polarization of the ternary and quaternary alloys is mentioned in
equations (8) and (9), the details is reported in [32, 33].

AIGaN _ _pAIN GaN
P =xP7 —zP " + XZb yGun 5 )

AlnGaN _ _pAIN N GaN
F, =xP"" +yP" + 2P+ X2b iy + YZbyay +XVD gy - (€))

According to equations (8) and (9), AlInGaN material has a higher spontaneous polarization due to the additional
contribution of the spontaneous polarization and the bowing parameter corresponding to indium content, which enhances
the 2DEG concentration and the charge carrier density. The calculated polarization of both structures at the active
interfaces are displayed in Fig.2.

STRO1-SB
'AIGaN > 6’1 =-1.038x108cm™
% 4 c': =+1.038x10'3cm"?
STRO02-DB
AlGaN "

&' = -2.309x10%%cm>
o' = +1.270x103cm2
S5 = +1.038x103cm >

Alo.solno.18GaN
 Alo36in0.08GaN _

Inn

Figure 2. Polarization interface charge of both STR01-SB and STR02-DB.
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The sheet charge density ns of AlGaN and AllnGaN alloys is a function of interface polarization-induced charge
oint and the conduction band offset AE, [34], as indicated in equations (10) and (11):

AIGaN _ T (x) _ 505(x)[q@b(x)+EF +AEC(X)]

X , (10)
q q’d

pAlnGaN _ Ow(xy) EOE(X,y)[q@b(x,y)+EF +AEL,(x,y)]
q q’d

: an

Where d is the barrier thickness, ¢ is the barrier’s dielectric constant, @y, is the Schottky barrier of gate contact and Eg. is
the Fermi energy level. The main physical parameters of the several materials extracted during the simulation are shown
in Table 2.

Table 2. The extracted physical parameters used in this work at 300k

Material Al0.30GaN Al0.80In0.18GaN Al0.36In0.08GaN GaN

Permittivity € 8.9 9.73 9.27 9.5

Band gap Eg (eV) 3.42 4.55 3.71 3.55

Electron density of state Ec (x1018cm-3) 2.02 3.01 2.45 1.07
Hole density of state Ev (x1019c¢m-3) 9.08 3.30 2.10 1.16
Electron mobility pe(cm2/V.s) 985.5 1280 1280 1350
Spontaneous polarization Psp (x1013cm-3) -1.698 -4.007 -2.736 -1.698

Doping layer (x1018cm-3) 00 02 03 00

3. RESULTS AND DISCUSSION

Figure 3(a) depicts the conduction and valence band discontinuity offset in the proposed heterojunction under
unbiased conditions (off-state). The AllnGaN and GaN layers exhibit a difference in their band gaps, leading to an
accumulation of electrons in the quantum well and the formation of a two-dimensional electron gas at the interface of the
spacer and channel. By incorporating a second barrier layer, a significant conduction band offset and higher sheet
polarization density are achieved, resulting in a greater depth of the quantum well below the Fermi level. Numerical
simulations indicate that the sheet density of the two-dimensional electron gas is measured at 4.97x10'2 cm? for
STR02-DB, whereas it is 2.3x10'2 ¢m™ for STR0O1-SB. Additionally, the extrinsic peak of electron concentration
increases, reaching approximately 1.2x10'° cm™ for sample I and 2.5%10'° cm for sample 11, as illustrated in Figure 3(b).
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Figure 3. (a) Conduction and valence band diagram (b) Electron concentration of the studied device with single and double
barrier at zero gate bias

3.1. DC results
This section presents the DC results of the TiO,-based MOSHEMT (Metal-Oxide-Semiconductor High Electron
Mobility Transistor) with single and double barriers, including output characteristics, ON-resistance, transfer
characteristics, threshold voltage, Ion/loff ratio, and transconductance. Table 3 provides an overview of the DC
performance metrics of the recommended nano-MOSHEMT.
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Table 3. Comparison of the DC results of STRO1-SB and STR02-DB

Parameters Units Values
STRO1-SB STR02-DB
ID,max mA/mm 3300 3780
Ron Q.mm 5.4 3.9
Vth AV +28 132
Gm, max mS/mm 4320 4470

Figure 4 illustrates the drain current as a function of drain voltage at different gate-source voltages (VGS =1, 2, and
3 V). The maximum drain saturation current (ID, max) for STR01-SB and STR02-DB was observed at 3300 and
3780 mA/mm, respectively, at VGS =3 V and VDS = 8 V. Notably, the utilization of a high aluminum composition in
both the first barrier (x = 30%) and the second AllnGaN barrier (x = 80%) along with an ultrashort gate length
(Lg = 10 nm) significantly enhances the drain current density. STR02-DB exhibits approximately a 15% increase in ID,
max compared to the STRO1-SB device. The ON-resistance (Ron) is determined from the linear region of the drain current

and is found to be 5.4 and 3.9 Q.mm for STRO1-SB and STR02-DB, respectively.

-+ STR01-SB
—— STR02-DB

Drain Current (A)
'—‘ N
5, o
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0.0 1

Drain Voltage (V)

Figure 4. ID-VD characteristics of the simulated GaN MOSHEMT with single and double barrier

In Figure 5(a), the I-V input characteristics at VDS = 3V are presented. A threshold voltage (Vth) of +2.8 V and
+3.2 V was extracted for sample I and II, respectively, from the linear scale plot. The transistor operates in the

enhancement mode (E-mode).
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Figure S. Transfer characteristics of the proposed nano-MOSHEMT at VDS =3 V, (a) ID-VG in a linear scale, inset ID -VG in

log scale, showing the Ion/Ioff ratio, (b) Transconductance Gm

The positive shift in Vth can be attributed to the utilization of the TiO; insulating layer and the activated interface
charge of 1.85x10"3 cm™ donors at the oxide/semiconductor interface. This negative charge accumulates at the TiO,/GaN
interface, depleting the 2DEG charge and causing Vth to shift more positively. The inset of Figure 5(a) displays the
logarithmic-scale plot of ID-VG, showing an Ion/Ioff ratio larger than 10', indicating exceedingly low drain leakage
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current in the proposed heterostructure. Figure 5(b) shows the variation of transconductance (Gm) as a function of VGS,
calculated from the derivative of the ID-VGS curve at a fixed VDS. Sample II exhibits a high peak extrinsic
transconductance of ~ 4470 mS/mm, while sample I demonstrates 4320 mS/mm, both at VGS ~4 V and VDS =3 V.
The significant Gm values can be attributed to the excellent interface charge-induced strong controllability of the very
short gate, enabling high-frequency performance. Overall, the suggested 10nm T-gate double barrier
Alo30Gag.70N/Alp s0lng. 18Gag.0aN/Alg 361n0.08Gao ssN/GaN MOSHEMT demonstrates superior performance in terms of ID,
Ron, and Gm for achieving normally-off operation.

3.2. Breakdown voltage

Figure 6 presents the breakdown voltage characteristics of the proposed nano-MOSHEMT. In high-power
millimeter-wave applications, the breakdown voltage (VBR) of the transistor plays a critical role and is primarily
influenced by the impact ionization phenomenon. To enhance the VBR profiles in the suggested heterojunctions, a short
symmetric T-gate shape is employed. According to the Selberherr's model simulation, the off-state breakdown voltage
for STRO1-SB and STR02-DB is significantly improved. The breakdown voltage is measured at 126 V for STR01-SB
and 140 V for STR02-DB. It is worth noting that employing a single barrier MOSHEMT results in a 10% decrease in
breakdown voltage compared to the double barrier device. This reduction in breakdown voltage is clearly illustrated in
Figure 6. Overall, the implementation of a short symmetric T-gate shape contributes to the enhancement of breakdown
voltage profiles in the suggested heterojunctions, making them well-suited for high-power millimeter-wave applications.
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Figure 6. Off-state breakdown voltage simulation results

3.3. Microwave results
In this section, an investigation of the AC and RF characteristics has been conducted for the proposed device with
single and double barriers. The simulation results are presented in Figures 7, 8, and 9.
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Figure 7. C-V Characteristics of the simulated devices (a) Gate-to-source capacitance (CGS),(b) Gate-to-drain capacitance (CGD)
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To analyze the capacitance-voltage characteristics of the simulated devices, measurements were performed at a
frequency of 1 MHz. Figure 7(a) and (b) illustrate the variation of the gate-to-source capacitance (CGS) and gate-to-drain
capacitance (CGD) as a function of gate-to-source voltage (VGS) at a fixed drain-to-source voltage (VDS) of 5 V. The
total gate capacitance, CG, is defined as the sum of CGS and CGD. It is observed that the bilayer device exhibits a lower
total gate capacitance, CG, of 1.453 pF compared to 1.767 pF for the single barrier design. This reduction in total gate
capacitance indicates improved performance in terms of capacitive effects, which can have a positive impact on high-
frequency operation. For future generation of millimeter and terahertz spectrum applications, ft and fmax are figures of
merit in radio frequency performances [35-37]. Mathematically, they expressed as follows:

Gm
©27(Ch +Cyp) (12)
o = /. (13)

ax 2\/CDS(RG +Ry)+27f,(R,Cyy

From equation (12), ft is proportional to Gm and inversely related to CG. Thus, the gate voltage at the maximum
Gm should be used as the gate polarization to approximate ft and fmax. Equation (13) demonstrates that fmax is influenced
by ft and other factors (where GDS represents drain-to-source conductance and RS, RG stand for source and gate
resistance, respectively).The cutoff frequency and the maximum oscillation frequency referred to the frequencies when
the curves of the current gain H21 and the power gain Ug are unity [38]. Their expressions in relation to S-parameters is
described in equations (14) and (15):

-28,, |
1- Sll)(z _Szz)_(S12Sz1)|

H,, =|( (14)
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g 2 2
(1_|S11| )(1_|Szz| )

Based on TCAD simulation, the key RF parameters of the considered device, namely the transit frequency (ft) and the
maximum oscillation frequency (fmax), were extracted and are depicted in Figure 8(a) and (b).
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Figure 8. Small signal characteristics with single and double barrier at VGS =4V, VDS =8V,
(a) Current gain, (b) Unilateral power gain

The measurements were conducted at a drain-to-source voltage (VDS) of 8 V and a gate-to-source voltage (VGS)
of 4 V, corresponding to the peak transconductance (Gm). Remarkably, the achieved ft/fmax values for STR01-SB and
STR02-DB are 812/1023 GHz and 891/1148 GHz, respectively. These represent new records for the highest ft/fmax
reported to date in quaternary barrier devices. The superior ft/fmax performance can be attributed to the utilization of a
symmetric 10 nm T-gate structure, a TiO, oxide layer, and a thin quaternary spacer layer.

Figure 9 showcases the optimization of the output current gain and power gain for the proposed
AlGaN/AlInGaN/GaN MOSHEMT at different gate lengths (Lg = 10, 20, 35, 50 nm). Through simulation analysis, it is
evident that the device with an ultrashort gate length exhibits excellent RF efficiency, along with the highest fmax
achieved among quaternary barrier devices reported thus far. Notably, as the gate length (Lg) decreases, ft and fmax
gradually increase. This behavior can be attributed to the reduction in both CGS and CGD capacitances. According to
Equations (14) and (15), ft and fmax exhibit steady growth as the gate capacitance decreases. Therefore, when designing
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E-mode GaN MOSHEMTs, it is advisable to reduce the gate length while considering the technological limitations. The
proposed design, featuring a 10 nm T-shaped gate in both single and double barrier IlI-nitride MOSHEMTSs grown on a
4H-SiC substrate, demonstrates superior microwave performance compared to recent research works. These ft and fmax
values set new records for GaN-based MOSHEMTs in terms of high-speed power and terahertz frequency operations.
The main electrical characteristics obtained from the proposed MOSHEMT are summarized and compared with previous
experimental results in Table 4, highlighting its favorable performance.
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Figure 9. Small signal characteristics of double barrier GaN-based MOSHEMT with respect of T-gate length (Lg = 10, 20, 35,
and 50 nm) (a) Current gain, (b) Unilateral power gain

Table 4. Performance comparison of our results with similar experimental reports

Ref Transistor Device nsx10'3 cm2 I{? V\t]h f:; V?]R Cpg GfIfIz fénl_;l;
[18], Al0.30GaN/Al0.20GaN/ GaN - - 0 68.9 - 220 - -
2020

[39], Al0.85In0.10GaN/ 3.5 0.73 +1.1 - - - - -
2015 Al0.15GaN/AIN/GaN

[22], Al0.54In0.12GaN/ - 0.76 +0.4 493 - - - -
2019 Al0.18In0.04GaN /GaN

1], A10.72In0.16GaN/ 1.2 0.11  +02 358 - - - -
2020 Al0.18In0.04GaN/

Al0.80In0.18GaN /GaN

[40], Al0.165In0.775GaN/ 1.6 0.2 -1.5 - - 38 0.95 4.5
2022 Al0.60GaN /GaN

[14], Alo.74Ino.16GaN/AIN/ 1.81 29 -2.8 900 38 0.275 310 425
2019 GaN/Alo.osGaN

This STR 01-SB 0.23 3.30 +2.8 4320 126 1.767 812 1023
work STR 02-DB 0.49 3.78 +3.2 4470 140 1.453 891 1148

4. CONCLUSION

In summary, this study presents a comprehensive investigation into the DC analog and AC microwave
performance of a state-of-the-art T-gate double barrier AlGaN/AllnGaN/GaN MOSHEMT (Metal Oxide
Semiconductor High Electron Mobility Transistor) implemented on a 4H-SiC substrate. The study involves meticulous
numerical simulations and an extensive comparison with a single barrier design, utilizing the TCAD-Silvaco software.
The observed disparity in performance can be attributed to the utilization of double barrier technology, which enhances
electron confinement and current density by augmenting the polarization-induced charge during high-frequency
operations. Remarkably, when compared to the single barrier design, the double barrier MOSHEMT exhibits a notable
15% increase in drain current, a 5% increase in transconductance, and an elevated breakdown voltage (VBR) of 140 V
in E-mode operation. Furthermore, the radio frequency analysis of the double barrier device showcases exceptional
performance, setting new records with a maximum oscillation frequency (fmax) of 1.148 THz and a gain cutoff
frequency (ft) of 891 GHz. These impressive results obtained through deck-simulation affirm the immense potential
of the proposed double barrier AlIGaN/AllInGaN/GaN MOSHEMT for future applications in high-power and terahertz
frequency domains.
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YHUCJOBE JOCJIIIKEHHA T-GATE AlGaN/AllnGaN/GaN MOSHEMT 3 OJJMHAPHUM TA I1OJABIHHUM
BAP’€POM V151 BACTOCYBAHBb HA HACTOTI TI'L]
Awmina Hyan?, Meccaii 3ityniP, 3in-Exain Tyari®, Ox6a Caiinaui®, Aoneppaxiv IOchi®
@ Jlabopamopis LIST, Yuieepcumem M’ Xameo Byzapa, Bymepoec, Anxcup
b Jlabopamopis ETA, kagpedpa enexmponixu, mexnonoziunuii paxynemem, Yuisepcumem Moxameda Env Bauipa Env Iopazimi
bopooc By Appepioarc -34030, Anocup

V 1iif cTaTTi MpeACTaBIeHO BCeOiYHe JOCITIHKSHHS aHAIOTOBHX Ta 3MIHHHX MiKPOXBHIIbOBHX XapaKTEPUCTUK cydacHoro T-o0pa3Horo
noagiitHoro G6ap’epy AlGaN/AllnGaN/GaN MOSHEMT (mertan-okcua-HamiBIPOBIIHUKOBUI TPaH3UCTOP 3 BUCOKOIO MOOITBHICTIO
€IEeKTpOHiB), peanmizoBanoro Ha migkmamumi 4H-SiC. JlocmimkeHHA mepemdadano peTenbHE YUCIOBE MOICTIOBAHHS Ta HIMPOKE
MOPIBHSHHS 3 TIPOSKTOM OJHOTO 0ap’epy 3 BUKOpHCTaHHSIM nporpamuoro 3adesnedenus TCAD-Silvaco. CrioctepexxyBaHy pi3HHITIO
B HPOAYKTHBHOCTI MOKHA ITIOSICHHTH BHUKOPUCTaHHSIM TEXHOJIOTIi MOABiifHOrO Gap’epy, sika IOKpallye yTPUMAaHHS EJIEKTPOHIB i
LIIJIBHICTh CTPYMY LIISIXOM 30UIBIIEHHS 3apsy, BUKINKAHOTO TOJISIPU3ALIEIO i)l 4ac BUCOKOYACTOTHHX omepauiid. [IpumitHoO, mo B
MOPIBHSHHI 3 KOHCTPYKLI€O 3 o1HUM Oap’epom noxagiitauit 6ap’ep MOSHEMT nemoHcTpye nomiTHe 301IbIICHHS CTPYMY CTOKY Ha
15%, 36inbuIeHHs KoediuieHTa nposigHOcTi Ha 5% i minBuieHy Hanpyry npotoro (VBR) 140 B y pexumi E-mode. Kpim Toro,
paniodacToTHHH aHai3 MOABIHHOro 6ap’epHOr0 NPUCTPOIO IEMOHCTPYE BUHITKOBY IPOAYKTUBHICTh, BCTAHOBIIIOIOUH HOBI PEKOP/IH 3
MaKCHMaIbHOIO 4acTOoTOr KoimBaHb (fmax) 1,148 TI'm i rpanmuHoro gactotoro miacwieHss (ft) 891 ['To. Li pesynerati, oTpuMaHi
3a JOMIOMOT'OF0 JIEK-CUMYJIALLIT, T ATBEPLKYIOTh BETHYE3HU MOTEHITiall 3alpOIIOHOBaHOTO oABiitHOTO 6ap’epy AlGaN/AllInGaN/GaN
MOSHEMT nist MaiiOyTHIX 3aCTOCYBaHb y BUCOKOIIOTYKHHUX 1 TeparepueBHX YaCTOTHHX 00JIACTSIX.

Knrouosi cioBa: Ti0>-MOSHEMT,; T-o6pasnuii 3ameop; nodgitinuii 6ap'cp; AllnGaN wemeepmunnuii mamepian; MAkCumanbHa
yacmoma Ty, TCAD-Silvaco
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Graphene, a carbon sheet one atom thick, with carbon atoms arranged in a two-dimensional honeycomb configuration, has a number
of intriguing properties. Fullerenes are a promising material for creating electro-active elements in solar cells and active layers in thin-
film organic transistors. A computer model of the Czo fullerene molecule was constructed using the energy minimization method with
the second-generation Brenner potential (REBO). A computer model of "infinite" defect-free graphene was built, designed to consider
the process of adsorption of a Czo fullerene molecule on its surface. To study adsorption process computer models of fullerene and
"infinite" graphene were approached to the required distance with a different set of geometric arrangement of fullerene with respect to
the graphene surface. It has been established that the adsorption of fullerene Czo on the surface of graphene can be carried out in three
different ways, differing in the number of interacting fullerene and graphene atoms. The binding energies and adsorption lengths for
Cao fullerene molecules adsorbed on the graphene surface in different ways are calculated. The way of adsorption corresponding to the
highest binding energy and the shortest adsorption length was revealed.

Keywords: Fullerene molecule; Graphene; Adsorption; Simulation,; Brenner potential

PACS: 61.46.-w, 02.70.Ns

INTRODUCTION

Graphene, a carbon sheet one atom thick, with carbon atoms arranged in a two-dimensional (2D) honeycomb
configuration, has a number of intriguing properties. Graphene has been extensively studied and is expected to find
applications in many areas, especially in nanoelectronic devices [1-4]. Fullerenes are a promising material for creating
electro-active elements in solar cells and active layers in a thin-film organic transistor [5, 6]. Many researchers have
focused their attention on the interaction of fullerene molecules with solid surfaces. From the seminal article by Li et al.
in [7] and later, the study of the interaction of fullerenes with a surface turned out to be an exciting area of research.
In particular, while some researchers in this field have obtained results showing that the fullerene molecule experiences
physical adsorption [8-10], others, on the contrary, have shown that the fullerene molecule is chemisorbed [11-16].

The study of C,9 molecules and solids from Cy molecules can help expand the possibilities of using C»p molecules
and solids from these molecules. In addition to the above applications, a known application of the Cy fullerene
molecule is in the high temperature superconductivity (T.) region due to its stronger electron-phonon coupling than
Ceo fullerene [17,18]. This is due to the fact that the vibronic coupling increases as the cluster size decreases [19].
As a result, it was suggested that the condensed form of the smallest fullerene C,o [20-22] may be the best potential
candidate for high-temperature superconductors [23]. However, the use of this promising molecule, for example, in
fullerene-based heterostructures, requires understanding the nature of C,y adsorption on various two-dimensional
materials, since their interface interaction and binding properties play an important role in the molecular functionality
of heterostructural nanomaterials.

The purpose of this research is to determine the energy and bond length for various methods of adsorption of a Cy
fullerene molecule on a graphene surface, as well as changes in the geometry of molecular fullerene after adsorption. The
geometry of adsorbed fullerenes can significantly influence their chemical properties, so analysis of the molecular system
Cy + graphene may be of some interest.

At present, objects based on fullerenes Cgo, C79 and others, the synthesis methods of which are quite developed, are
mainly being studied. Low-atomic fullerenes (Coo, etc.) are studied to a less extent. The goals of the proposed work are
aimed at some clarification of the mechanisms of interaction of Cy fullerene with graphene, which may be of interest for
optimizing methods for their synthesis.

In connection with the above, in this work, research results related to the interaction of the Co molecule with
graphene were highlighted, and the interaction process was considered using molecular dynamics (MD) simulation.
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METHODS AND INVESTIGATED MATERIALS

Using the energy minimization method with the second-generation Brenner potential (REBO), which describes
carbon structures well [24], a computer model of the Cyo fullerene molecule was constructed, the atomic coordinates of
which were taken from [25]. As a result, it was found that the cohesive energy Er of each carbon atom in fullerene is
6.123 eV. Then a computer model of "infinite" defect-free graphene was built, designed to consider the issues of
interaction and adsorption of the Cyo fullerene molecule on its surface. For this, a rectangular section of graphene was
chosen, consisting of 112 carbon atoms (Figure 1). The construction and substantiation of the model is described in more
detail in [26].

Defect-free graphene is a flat carbon structure consisting only of hexagons, similar to Ceo fullerene hexagons, with
each carbon atom in the fullerene molecule surrounded by three neighbors, with each of which it is connected by a simple
covalent bond. In the smallest fullerene Cyy, C-C bonds form only regular pentagons, in other fullerenes, in addition to
pentagons, there are hexagons, and, for example, in the most common fullerene Csp, C-C bonds form 20 hexagons and
12 pentagons (Figure 2). Each carbon atom in a fullerene molecule is surrounded by three neighbors, with two of which
it is connected by a single covalent bond and with the third by a double bond.

53eV

Figure 2. Spatial configuration of atoms and the Cz fullerene face

After computer models of single defect-free objects were obtained: fullerene Cy, "infinite" graphene, the process of
adsorption of fullerene on the surface of graphene was studied. To study the process of fullerene adsorption on graphene,
computer models of fullerene and "infinite" graphene were approached to the required distance with a different set of
geometric arrangement of fullerene with respect to the graphene surface, followed by the application of the energy
minimization method within the framework of the Brenner potential and periodic boundary conditions on the edge atoms
of graphene.

The Cy fullerene molecule with a graphene layer is studied by the energy minimization method, where we use
the conjugate gradient algorithm. Since the energy is a function of different degrees of freedom, i.e. bond lengths, bond
angles, and dihedrals, this method finds the energetically preferred conformation of the system, which is equivalent to
locating all minima of its energy function. This article explores the lowest energy state and the other most important
local minimum states. On the other hand, empirical or parametric methods give the interaction potential in an analytical
form and are based on the corresponding parameters determined by comparison with experimental data. Due to the
analytical form of the potential, it is convenient for further calculations of other properties of the material. Here we
use a version of the Brenner potential specifically parameterized for carbon and hydrocarbon systems. The expression
of this potential and its parameters used in our calculation can be found in [27]. This potential describes the carbon-
carbon interaction very well. Here we further demonstrate its suitability for characterizing hydrocarbon systems.
In Table 1, the binding energy and bond length calculated using the modified Brenner potential are in very good
agreement with available other theoretical data. This confirms our model for the interaction of graphene with the Cxo
fullerene molecule.
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Table 1. Values of bond energy and bond length for carbon-carbons obtained in the current approach (bold), DFT B3LYP [28] and
TD-DFT [29] methods

carbon Binding energy (eV/atom) Bond length (A)
Cao 6.123 1.46
6.086 [28] 1.445 [28]
- 1.44-1.51[29]

RESULTS AND DISCUSSION

It was found that the adsorption of fullerene Cy on the surface of graphene can be carried out in different ways. The
paper lists only 3 selected methods of such adsorption. Horizontal edges of nanographene are zigzag edges, vertical edges
are armchair edges. Atoms whose cohesion energy differs from 7.4 eV are marked with large sizes or arrows indicating
their cohesion energies.

The following are the ways of Cy fullerene adsorption on the graphene surface:

I) through the interaction of one atom of fullerene and one atom of graphene (C-ATP),

IT) through the interaction of two neighboring fullerene atoms and two neighboring graphene atoms (BRI),

IIT) through the interaction of two nearest non-neighboring fullerene atoms and two nearest non-neighboring
graphene atoms.

Table 2 shows the geometric characteristics of adsorbed fullerene obtained by analyzing the results of computer
simulation of three selected adsorption methods. Since the radius of the free Cy fullerene is 1.99 A, and its spherical
symmetry leads to the fact that the values of its maximum and minimum radii are equal to each other and their ratio is
equal to 1, then, according to Table 2, as a result of adsorption, the spherical symmetry of the Cy fullerene is violated
and this is a violation of the symmetry depends on the way the molecule is adsorbed on the graphene surface.

Table 2. Geometric characteristics of fullerene Czo, adsorbed on the surface of graphene

Adsorption ways
I C-ATP II BRI 111
radius averaged, A 1.99 1.99 1.99
maximum radius, A 2.19 2.19 2.21
minimum radius, A 2.07 2.06 2.05
ratio of maximum radius to minimum 1.05 1.06 1.07

Three variants of fullerene adsorption on the graphene surface are considered: a) through the interaction of one
fullerene atom and one graphene atom, b) through the interaction of two neighboring fullerene atoms and two neighboring
graphene atoms, c) through the interaction of two nearest non-neighboring fullerene atoms and two nearest non-
neighboring graphene atoms (Figure 3).

The binding energy E 4 for Co molecule adsorbed on the surface of the graphene substrate is the difference between

the total potential energy of the substrate and the adsorbed molecule E£5% /sup from the potential energy of the substrate

in the state where they do not interact E£9 and the potential energy of the adsorbed molecule EL2}, equals to [30]:

— rtot tot tot
Eqas = ads/sub (Esub + Eads '

The following binding energies and adsorption lengths for Cyo fullerenes adsorbed on graphene were obtained:
a) 1.63 eV; 1.52A,b) 1.07 eV; 1.58A and ¢) 0.83 eV; 1.57A. Thus, the first of the three adsorption variants a) corresponds
to the highest binding energy of fullerene molecules with graphene and the shortest adsorption length.

e o
A L

(@) (b) (©

Figure 3. Adsorption processes of the Czo fullerene molecule on the surface of graphene. (a) interaction of one atom of fullerene
and one atom of graphene (C-ATP), (b) interaction of two neighboring fullerene atoms and two neighboring graphene atoms (BRI),
(c) interaction of two nearest non-neighboring fullerene atoms and two nearest non-neighboring graphene atoms

CONCLUSIONS
A model experiment of the interaction of Cy fullerene molecules with the surface of graphene has been carried out.
The geometric characteristics of fullerene molecules adsorbed on the surface of graphene are determined. It is shown that
as a result of adsorption, the spherical symmetry of fullerene molecules is violated. It has been established that the degree
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of symmetry breaking depends on the method of fullerene molecule adsorption on the graphene surface. Binding energies
and adsorption lengths are calculated for Cy fullerene molecules adsorbed on the graphene surface in three different ways.
The variant of adsorption with the highest binding energy and the shortest adsorption distance was determined.
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MOJIEJTIOBAHHS ITPOIIECIB B3AEMO/IIi ®YJIEPEHY C20 3 TPA®EHOM
Tummymin 1. Siarapos?, ®@apin ®@. Ymapos®, Acpopinain C. Kocumos®, Xairmypon 1. Txxao6opos?, Llloxiex FO. Aminos®
@ [ncmumym ionno-nnazmosux i nazepuux mexnonocii imeni Y.A. Apighosa, Axademis nayx Yzoexucmany,
Tawkenm, 100125 V36exucman
bKa3axcz;Ko—EpumaHCbkuﬁ mexHiunuil ynieepcumem, Anmamu, 050000, Kazaxcman
¢ Tepmesvkuil depocasnuil ynisepcumem, Tepmes, 190111 Vzoexucman
4 Tawxenmewruii ynieepcumem ingpopmayiiinux mexnonozii imeni Myxammeda ano-Xopesmi,
Tawxenm, 100084 V3bexucman

I'paden, Byrnenesuii IMCT TOBUIMHOO B OAWH aTOM, 3 aTOMaMH BYTJIEIIO, pO3TAIIOBAHUMH Y ABOBHMIpHIil CTUTBHUKOBIH KOHQIryparii,
Mae pAf MiKaBUX BIACTUBOCTEH. DyliepeHn € NepcneKTUBHUM MaTepiaioM JUIs CTBOPEHHS €IEKTPOAKTUBHUX €IEMEHTIB B COHSIHUX
eJIEMEHTaxX 1 aKTHBHUX IIapiB B TOHKOIUTIBKOBHX OPTaHIYHUX TpaH3UcTOpax. Meronom MiHiMizamii eHeprii 3 noTeHmianrom bpennepa
npyroro nokominas (REBO) moGynoBano xomm’roTepHy Mojenb Moiekynn ¢yinepeHy Cao. [1oOymoBaHO KOMIT'IOTEpHY MOJEIH
«HECKIHUCHHOTO» Oe3medekTHOro rpadeHy, MpH3HAYCHY Ui PO3MIIAY mpolecy ancopbmii monekymu ¢ynepeny Cao Ha iforo
noBepxHi. JIJis gociKeHHs Tpoliecy aacopOIil KoM IoTepHi Mojeri GyJiepeHy Ta «HECKIHICHHOTO» rpadeHy Oy HaOIMmKeHI 710
HeoOXiqHOl BifcTaHi 3 iHIIMM HAGOPOM TeOMETPHYHOrO po3TallyBaHHs (QyiepeHy BiZHOCHO moBepxHi rpadeny. Beranosneno, mio
ancopbuis pynepeny Cao Ha HoBepxHi rpad)eHy MOXe 3iHCHIOBATUCS TPhOMa PI3HHUMH CHOCOOAMH, SIKi BiAPi3HAIOTHCS KiJIBKICTIO
B3a€EMOIIOUUX aToMiB (ynepeHy i rpadeHy. Po3paxoBaHo eHepriro 3B’S3Ky Ta JOBXHHY amcopOuii mmss monekya ¢yiepeny Coo,
ajicopOoBaHMX Ha MOBEPXHI rpadeHy pi3HUMH crocodaMu. BusiBieHo muisax ancopOiii, oo BiAmoBizae HaHOLIBIIIN eHeprii 3B'S3Ky 1
HaMEHIIIH TOBXKHHI aJcopOIil.

KunrouoBi cioBa: monexyna gpynepeny, epagpen; aocopbyis; mooentosanns, nomenyian bpennepa
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In this study, an analysis of chalcopyrite compounds CulnTez and CulnTez is presented, with a focus on their electronic, structural,
optical, and thermal properties. The full-potential linearized augmented plane wave (FP-LAPW) method is employed for the
investigation of these properties, based on a first-principles approach rooted in density functional theory (DFT). Two distinct
approximations for the exchange and correlation potential, namely the WC-GGA and mBJ-GGA approximations, are considered in our
calculations to ensure a robust and accurate examination of the materials under scrutiny. The findings obtained closely align with
previously established theoretical and experimental data, thereby validating the reliability of our computational methodology. It is
noteworthy that a novel dimension is introduced by this study, as the influence of both pressure and temperature on the thermal
parameters of CulnTez and CulnTe2 compounds is explored. This facet of the research is distinguished by its innovative nature, as there
is no prior record, to the best of our knowledge, of a similar analysis in the existing literature. The thermal properties are deemed of
paramount significance, particularly in the context of crystal growth process optimization and the prediction of performance under
extreme thermodynamic conditions.

Keywords: Photovoltaic; Chalcopyrite; FP-LAPW; Bandgap,; Thermal properties

PACS: 73.20.At, 78.20.Ci

1. INTRODUCTION

In the domain of optoelectronics, two principal facets of material interest reside in the domains of light emission
and the manifestation of the photovoltaic or photoelectric effect [1]. For applications encompassing luminous sources
such as light-emitting diodes or laser diodes, an inherent prerequisite dictate that the material in question assume the
role of a direct gap semiconductor. The wavelength of emitted light, and by extension, its color, intimately hinges upon
the energy gap characterizing the constituents forming the p-n junction. Amidst the pantheon of energy sources, the sun
emerges as the preeminent fount, characterized by its unparalleled abundance and unwavering reliability [2].
Consequently, the focal point has gravitated toward the development of solar energy converters through photovoltaic
mechanisms. For materials earmarked for integration into solar cells, a pivotal criterion necessitates the possession of a
high absorption coefficient, thereby favoring a substantial direct gap, ideally in proximity to 1.4 eV, to adeptly capture
light across the visible spectrum [3]. Historically, the pervasive impediments of high costs and diminished efficiency
have relegated solar cells to the fringes of ubiquitous everyday utility. Nevertheless, the evolving landscape has
witnessed a proliferation of inquiry into novel materials primed for photovoltaic technology, coupled with
advancements in solar cell fabrication techniques. Conventional stalwarts such as amorphous or crystalline silicon and
cadmium telluride (CdTe) have shared the limelight alongside chalcogenides I-III-VI2 in the realm of photovoltaic
applications. Notably, a distinct focus has been channeled towards the intensive investigation of CulnSe; and CulnTe,,
endowed with high capacitance, and thus, proficient in light absorption [4]. Facilitated by electrochemical depositions,
these compounds are predominantly harnessed in solid solution synergy with CulnSe; and CulnTe,, fostering the
creation of thin film solar cells with commendable efficiencies scaling up to 20% [5]. Engendering further intrigue is
the quest for alternative materials that not only mirror these properties but concurrently feature an optimal energy gap to
optimize device efficiency. One promising avenue lies in the realm of I1I-IV-V2 compounds, which serve as ternary
analogs to binary III-V configurations, wherein the group III element undergoes substitution with constituents from
groups II and IV. In the majority of III-V semiconductors, such substitutions invariably impart distortions upon the
1x1x2 super cell of the sphalerite structure, concomitantly recognized as the chalcopyrite structure, akin to CulnSe;. In
such configurations, the lattice parameter ratio c/a typically deviates slightly from 2, and the distortion parameter u
diverges from the idealized value of 1/4. These deviations bestow fresh fundamental attributes upon materials,
encompassing but not confined to facets of electronics, transport, and optics [6].
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Within the expanse of I1I-IV-V2 semiconductors, a profusion of possibilities awaits exploration, predicated upon
the judicious selection of elements from groups II, IV, and V. Regrettably, scant literature dedication is afforded to
chalcopyrites encompassing copper, with CulnSe, and CulnTe, comprising the sole subjects of inquiry. Moreover, an
observable lacuna exists, bereft of both experimental and theoretical insights pertaining to Cu-In-V2 compounds,
notwithstanding the promise they hold for structural, electronic, or optical investigations [7-9].

From the array of materials under consideration, our focus has been directed toward the CulnX2 compounds,
where X represents selenium (Se) or tellurium (Te). Notably, these compounds manifest themselves in the crystalline
chalcopyrite phase [10, 11]. It is imperative to underscore that the compounds under investigation in this study have
commanded attention in prior research endeavors. R.C. Gupta et al. [12] delved into the mechanical stability parameters
characterizing chalcopyrites and pnictides, with a particular emphasis on their relevance to optoelectronic materials. In a
separate endeavor, Hao Yu et al. [13] embarked on an integrated exploration, combining experimental methodologies with
first-principles investigations, thereby unraveling the intricacies of lattice dynamics within thermoelectric CulnTe,. Further
contributions from the scientific community include the work of Guanwei Jia et al. [14], who scrutinized the synthesis of
CdS/CulnSe; and CulnTe,/CulnSe; nanorod heterostructures through catalyst-assisted solution—liquid—solid techniques.

Temperature-dependent phonon anharmonicity and thermal transport properties in CulnTe, were scrutinized by
Hao Yu, et al. [15], providing invaluable empirical insights. Notably, theoretical examinations conducted by
E. Mazalan, et al. [16] enriched our understanding, focusing on the crystal structures and bulk modulus of CulnX,
compounds, where X encompasses sulfur (S), selenium (Se), and their binary combination (S-Se), vital in the context of
solar cell absorbers.

The structure of this paper is delineated as follows: “Section 2 expounds upon the CulnSe, and CulnTe, ternary
compounds, elucidated via the utilization of the Wien2K code, rooted in the density functional theory (DFT). The
ensuing “Section 3” derives implications for the utilization of these materials within the realm of photovoltaic
applications, predicated upon the results gleaned. Finally, “Section 4” culminates in a comprehensive summary of the
paper's conclusions, accompanied by the listing of the corresponding author.

2. DETAILS OF CALCULATIONS

In the scope of this investigation, we conducted initial-principle computations, employing the theoretical
foundation of density functional theory (DFT) and adopting the Full-Potential Linearized Augmented Plane Wave
(FP-LAPW) methodology. These calculations were executed utilizing the computational code WIEN2k. [17,20].

In order to determine the overall energy properties of the crystalline materials under investigation, a deliberate
selection was made to evaluate the exchange-correlation energy [21] and potential functional elements using WC-GGA
(Wu-Cohen Generalized Gradient Approximation) approach [21]. This method guarantees a thorough comprehension of
the electronic attributes of the materials. Furthermore, in pursuit of greater precision regarding the structure of the
electronic band and the values of band gap energy, an innovative strategy was adopted. Specifically, the TB-mBJ exchange
potential was harnessed, in conjunction with GGA for the correlation contribution [22,23]. This amalgamation of
methodologies is instrumental in elucidating the electronic behavior of the compounds under investigation with heightened
accuracy. The computational methodology encompassed the partitioning of the crystal unit cell into distinct regions,
namely the (IR) and the atomic spheres mimicking muffin-tin (MT) geometries, precisely centered around atomic
positions. Within the interstitial region, the basis set was systematically expanded using plane waves to furnish an
elaborate depiction of electronic characteristics in this domain. Conversely, within the MT spheres, the basis set was
formulated as a linear amalgamation of atomic-like wave functions intricately associated with spherical harmonics. In
addressing the issue of charge density and potential treatment within the unit cell's distinct regions, it is essential to
highlight our methodology. A key aspect involves setting specific parameters for truncating spherical harmonics. In this
regard, we opted for values of RmrKmax = 8, with Kmax representing the maximum value of the reciprocal lattice vector
found within the first Brillouin zone of reciprocal space. Simultaneously, Rur signifies the average radii encompassing the
atomic-like spheres situated at atomic nuclei. The consideration of spherical harmonics expansion encompassed the
maximum angular momentum value, signified as lnax = 10. It is pivotal to underscore that no shape approximations were
invoked throughout this computational regimen. Consequently, a comprehensive consideration of all electrons, inclusive of
core electrons, was accommodated, warranting the nomenclature “all electrons/full potential methods.” In addition, the
treatment of core electrons was administered in a fully relativistic manner. To capture the relativistic effects, the
computational protocol entailed considering the spherically symmetric potential and numerically solving the radial Dirac
equation. In stark contrast, valence and semi-core states were treated in a scalar relativistic fashion. To ensure not only
reasonable convergence but also the prevention of charge leakage from the core, prudent choices were made regarding the
muffin tin (MT) radii for distinct atomic species. Specifically, the selected values for Cu, In, Se, and Te atoms were set at
2.0 atomic units (u.a), exemplifying an approach to encompassing core electron interactions. Furthermore, within the
framework of Brillouin zone integration for total energy calculations, a selection of 99-k-points within the irreducible part
of the Brillouin zone was made to substantiate the integrity of the computations.

In pursuit of achieving convergence within the self-consistent iteration process, the maximum value of Gmax was
systematically set at 12 (Ry)"? for the Fourier expansion of the charge density. This parameterization collectively
yielded total energy calculations with convergence levels comfortably below 10 Ry.
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3. RESULTS AND DISCUSSION
3.1. Structural properties

This section directs its attention to investigating the structural properties of the compounds under study,
specifically CulnSe; and CulnTe,. These compounds are categorized within the I-III-VI, family, representing a
superlattice structure that originates from the ZnS phase. In this arrangement, the group II elements found in ZnS, such
as Zn ions, are systematically and interchangeably substituted with group I transformation metal ions like Cu, along
with group III ions, which are common semiconductors. Consequently, each anion, whether Te or Se, is intricately
coordinated by two Cu ions and two In cations, as illustrated in Figure 1.

®Cu
.i/ @ In
/ L seTe
// -
L
ZauS structure Chalcopyrite structure

Figure 1. Crystalline structure of CulnSez and CulnTez

Significantly, a four anions tetrahedral arrangement surrounds each Cu and In cation, mirroring the structural
motif of ZnS. However, the systematic interchange of In and Cu cations within the square lattice introduces two notable
structural deviations compared to the zinc-blende phase.

The first of these alterations manifests as a tetragonal distortion along the (001) direction, marked by a distortion
parameter 1 = c/2a [58], where 1 deviates from unity. This distortion arises due to dissimilar ionic radii between Cu and
In cations.

The second structural modification arises from the presence of two distinct chemical bonds with unequal bond
lengths within the tetrahedral framework, as depicted in Figure 1 (additional details provided in the supplementary
materials). This complexity introduces a secondary form of distortion known as tetrahedral distortion.

In this distortion, Te and Se atoms are displaced from their idealized tetrahedral positions, defined as (1/4, 1/4,
1/4), thereby introducing an additional free parameter denoted as "u" within the chalcopyrite phase. It is noteworthy that
in the zinc-blende phase, this parameter u remains fixed at 0.25. Here, u becomes intricately tied to the internal
coordinates governing the positions of Te and Se anions.

These structural modifications result in a shift in the space group from F4 3m (Space group of Zinc Blende
structure) [58] to 14 2d (Space group of Chalcopyrite structure) [58]. Within the chalcopyrite structure of these
compounds, the Cu, In, Te, and Se atoms assume specific positions: (0, 0, 0), (0, 0, 0.5), and (u, 0.25, 0.125),
respectively. To determine the equilibrium structural parameters of CulnSe; and CulnTe; using the WIEN2K package
[17,20], our methodology encompassed several key steps. Initially, we computed the energy as a function of volume
while maintaining the c/a ratio constant to ascertain the equilibrium volume. Subsequently, the c/a ratio was optimized
by assessing its relationship with energy while maintaining the equilibrium volume established in the first phase. In the
final phase, we minimized the parameter "u" using the Mini procedure, an integral component of WIEN2k [17,20].
Upon achieving minimized values for volume, c/a ratio, and "u," we obtained the optimal curve illustrating the total
energy versus volume (See Fig 2).

CulnTe CulnSe, /
84517.80 y 4959535
84517.81 4959536 . /
84517.82 4959537 4 /
Energy (Ry) Enerey®y) | /

Volume (ua)’ Volume (u.:)‘
Figure 2. Total energy versus volume calculated for compounds CulnSez and CulnTe>

Using the Murnaghan equation of state (EOS) [24], we performed a curve fitting on this data. This allowed us to
derive bulk modulus (B) and the equilibrium lattice constants (a and c). The calculated for the investigated compounds
are presented in Table 1, alongside theoretical and other experimental results [12-16].
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Table 1. Elastic Lattice parameters (a,c) (A), compressibility modulus B (GPa), and its derivative B' of CulnSez and CulnTe2 compounds

Compounds a (A% ¢ (A% c/a B(GPa) B’

Our calculs 5.84 11.671 1.99 53.8357 5.1027
Exp 5.782* 11.620* 2.009 - -
CulnSes 5.78> 11.62° 2.010 - -
5.782¢ 11.619°¢ 2.009 - -

Other calcul 5.836¢ 11.657¢ 1.997 54.236¢ 5.364¢

5.833¢ 11.735¢ 1.998 53.987¢ 4.9875¢

Our calculs 6.221 12.463 2.003 50.3970 4.8513
CulnTe2 Exp 6.197f 12.453f 2.009 - -
Other calcul 6.2568 12.5312 2.003 - -

aRef [8], PRef [9], *Ref [10], ‘Ref [11], *Ref [12] ‘Ref [13] eRef [14]

Notably, our findings obtained with the WC-GGA approximation closely align with experimental data and exhibit
a higher degree of agreement compared to previous theoretical calculations. This concordance underscores the
reliability of our theoretical results and instills confidence in the subsequent property calculations, given that these
structural parameters serve as a foundational component of each subsequent computation. It is worth noting that the
lattice parameters (a and c) exhibit a rise from CulnTe, to CulnSe,. This increase in bond lengths corresponds to a
weakening of bond forces, evident in the decreased bulk modulus (Bcumrez < Beumse2). Importantly, the increase in
lattice constants for these compounds from CulnTe, to CulnSe; is concomitant with a reduction in bulk modulus. The
observed trend corresponds to the established relationship between bulk modulus (B) and lattice constant, as expressed
by B o« V7!, with V representing the volume of the primitive cell [25].

3.2. Electronic properties
This section delves into an exploration of the electronic characteristics of CulnSe; and CulnTe,, with a primary focus
on the computation of energy band structures. Our calculations encompass the band structures of these compounds along
high-symmetry lines within the first Brillouin zone, employing both the WC-GGA and mBJ approximations. As a
representative illustration, Figure 3 showcases the computed band structures for CulnSe; and CulnTe,.
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Figure 3. Calculated band structures of CulnSez and CulnTez compounds using the mBJ approximation

Across all compounds under investigation, a noteworthy consistency emerges: both the valence band maximum and
the conduction band minimum are consistently situated at the I" point. This arrangement engenders a direct energy gap for
both CulnSe; and CulnTe,. The specific values of the obtained band gaps are meticulously documented in Table 2,
enabling a comprehensive comparison with preceding theoretical and experimental outcomes [12-16]. Crucially, the
electronic band structures derived from the mBJ scheme bear qualitative resemblance to those obtained via the WC-GGA
approximation. However, it is the quantitative aspect that truly sets them apart. The band gap values yielded by the mBJ
approach significantly outperform those derived from the WC-GGA, drawing them closer to experimental data. It is widely
recognized that mBJ represents a substantial enhancement over GGA concerning the accurate prediction of band gaps.

Table 2. Band gap value Eg for CulnSe: and CulnTez with WC-GGA approximation and mBj

Eg (V)T —T)
Qur calculus Experimental Other calculus
WC-GGA mBj
CulnSe» 0.75 1.03 1.01° 0.992
CulnTe> 0.66 0.98 0.96" 1.05°

“Ref[15], PRef [16]
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The mBJ approximation constitutes an enhancement in the treatment of potential exchange through the
incorporation of a semi-local orbital [26]. Furthermore, hybrid functionals like B3PW91 [27] partially rectify the self-
interaction error by introducing nonlocal Hartree-Fock (HF) exchange. It is worth noting that a consistent reduction in
the bandgap is observed as the transition is made from CulnSe; to CulnTe,, a trend that aligns with experimental
observations [12-16]. This trend in bandgap reduction can be comprehended in light of our earlier analysis of structural
characteristics. The expansion of lattice parameters (a, c) upon the substitution of Te for Se leads to a concomitant
decrease in the bulk modulus (B) from CulnSe; to CulnTe,, as visually depicted in Figure 3. These structural variations
manifest as a reduction in the bandgap from CulnSe, to CulnTe,. Additionally, the disparity in electronegativity
between Te and Se further contributes to a subtle reduction in the bandgap.

3.3. Optical properties

The optical properties of solids provide valuable insights into the intricate interactions between electromagnetic
waves and the electrons and ions within solid materials. At a microscopic level, these interactions can be precisely
elucidated. However, to offer a macroscopic and quantitative description of these phenomena, the dielectric function
&(m) becomes indispensable. Mathematically, g(w) is defined as e(®) = &1(®) + iex(®) [28-31]. Here, &:(®) is intricately
linked to the electronic transitions responsible for absorption processes and can be meticulously computed by
examining the momentum matrix elements that connect occupied and unoccupied electronic states [32]. On the other
hand, €i(o) is intimately tied to polarization and can be derived from the imaginary part €2(®) through the well-
established Kramers-Kronig relationships [33,34]. Using established mathematical relations, it's important to emphasize
that one can directly derive all other optical constants, such as the absorption coefficient a(w) and the refractive index
n(w), from the components of the dielectric function.

Within the context of this research, the primary objective is to conduct an investigation into the optical properties
of CulnSe; and CulnTe; utilizing the mBJ approach, with the aim of providing a comprehensive understanding of their
significance in photovoltaic and other optoelectronic applications [21]. Notably, these materials exhibit anisotropy,
originating from the electric field orientation perpendicular to the Oz axis (exy), which signifies the average of spectra
along the x and y directions, as well as the electric field aligned parallel to the Oz axis (gz). To characterize this
anisotropy, the following relation is employed to determine the average value between the dielectric components (gLc)
and (g//c): € =(2eLlc + &//c)/3. Importantly, it should be noted that this relation is equally applicable to other optical
parameters.

3.3.1. The Dielectric Function’s Real Part
Figure 4 showcases the real part of the dielectric function, €i(®), for CulnSe, and CulnTe, compounds, covering
photon energies up to 40 eV.
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Figure 4. Calculated real parts of the complex dielectric constant for CulnSez and CulnTe2 compounds

These two compounds exhibit similar spectra, with an important observation that they both display isotropic
behavior at lower energies. Notably, as depicted in Figure 4, the energy of the primary peak decreasing from 1.80 eV
for CulnSe; to 1.55 eV for CulnTe,. This shift in energy can be attributed to the electronic band structures of these
compounds. Specifically, €i1(w) reaches zero energy in the ultraviolet region, signifying the absence of dispersion [35].
Beyond this point, the spectrum progressively falls below unity in the ultraviolet (UV) range, ultimately surpassing
unity at approximately 11.87 eV (CulnSe;) and 15.08 eV (CulnTe,). These frequencies correspond to the plasma
frequency wp and are in alignment with the energy of the primary peak of energy loss [36]. Within the energy range
where €l(w)< 0, electromagnetic waves do not propagate, leading to a significant increase in the reflectivity of these
compounds and inciting a metallic behavior [37]. This observation suggests that the investigated compounds (CulnSe,
and CulnTe,) could be employed for shielding against high-frequency electromagnetic waves [38]. In Table 3, we
present a comprehensive summary of the static dielectric characteristics for the compounds under investigation,
complemented by pertinent theoretical and experimental findings.



236
EEJP. 4 (2023) Yousra Megdoud, et al.

Table 3. Static Dielectric Function (¢1(0)) and Static Refractive Index (n(0)) Calculations for CulnSe2 and CulnTe2 Compounds

n (0) €1(0)
Nos calculs Autre calculs Nos calculs Autre calculs
WC-GGA WC-GGA
CulnSe> 3.43 3.65 11.38 11.23
CulnTe> 3.87 3.95 15.01 15.23

“Ref[21]

It's important to highlight that €,(0) serves as an insightful metric, representing the electronic contribution to the
static dielectric constant. These metric sheds light on the strength of interactions among electronic states within the
valence and conduction bands when subjected to an external electric field. As a result, €/(0) is intricately linked to the
energy gap value inherent to these compounds. Examining Table 3, it becomes evident that €;(0) increases from
CulnSe; to CulnTe,, a trend arising from the decreasing energy gap as one progresses from Se to Te. This relationship
between the energy gap and €;(0) is governed by Penn's relation, which states that ,(0) = 1 + (hop /Eg) [39], with A®P
representing the valence electron plasmon frequency. It's worth highlighting that the obtained values for &(0) are
consistent with prior theoretical findings. Although there is limited experimental data available for comparison, except
for CulnTe; [40-41], our results closely align with the experimental work conducted by Wassim et al. [42] and

Riede et al. [43].

3.3.2. The Dielectric Function’s Imaginary Part

The dielectric function encompassing absorption phenomena, is displayed up to 40 eV in Figure 5. Importantly, it
should be noted that consideration of indirect band transitions was intentionally omitted in our optical calculations. This
exclusion is rooted in the fact that the influence of phonon scattering on dielectric screening, associated with indirect
band transitions, is not significantly affected [44]. The critical energy point in &(), denoting the fundamental
absorption edge, is observed at approximately 0.202 for CulnSe, and 0.485 for CulnTe,. Within the context of this
investigation, a noteworthy correlation emerges between the determined mBJ bandgap values for the compounds under
scrutiny and the absorption edge. This absorption edge, in perfect accordance with the band structure, serves as the
starting point for direct interband transitions at the I' point. These transitions involve the highest occupied states of the
valence band (BV) transitioning to the lowest unoccupied states of the conduction band (BC). Beyond the edge of
absorption, as depicted in Figure 5, €:(®) undergoes a rapid increase. This increase is a consequence of the multitude of
interband transitions that are present in the system. The principal peaks originate from direct interband transitions
occurring between distinct levels within the conduction and valence bands. Notably, the energies associated with the
maxima of these peaks are displaced towards lower values, specifically 5.89 eV for CulnSe, and 1.423 eV for CulnTe,.
This shift can be attributed to the differences in the underlying band structures of these two compounds.
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Figure 5. Computed Imaginary Parts of the Complex Dielectric Constant for CulnSez and CulnTe2 Compounds

3.3.3. The Refractive index
The refractive index [45], denoted as n(w), represents a dimensionless number that provides a macroscopic
depiction of the material's polarization response to incident electromagnetic waves, despite its microscopic origins. This
refractive index is derived from the values of €(®) and €2(w) [45]. Figure 6 illustrates the refractive indices for the
compounds under investigation. It is noteworthy that n(m) exhibits the same isotropic behavior as €;(®). The static

refractive index values [46], determined using the equation n(0) = /g;(0) [46], closely align with those directly
obtained from the refractive index plots for the compounds. Specifically, the values are 3.51 for CulnSe; and 4.03 for
CulnTe,, as detailed in Table 3. Furthermore, Table 3 highlights that the static values of n(0) increase as we transition
from CulnSe; to CulnTe,. This behavior mirrors the increase observed in g(0)), attributable to the diminishing band-gap
(Eg). According to Penn's relation, the band-gap (Eg) and, subsequently, n(0) are inversely proportional [47-49].
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Figure 6. Variation of Refractive Index n(w) for CulnTe2 and CulnSe2 Compounds

Our determined refractive indices closely align with prior theoretical investigations, underlining the consistency of
our findings. An intriguing characteristic of chalcopyrite compounds is their inherent anisotropy, which results in
birefringence. This birefringence imparts exceptional nonlinear optical properties to our studied compounds, enabling
phase matching through a simple adjustment of the crystal's orientation concerning the incident beam [49]. This unique
attribute positions our compounds ideally for applications in second harmonic generation (SHG) and optical parametric
oscillation (OPO) [48, 49]. These favorable attributes lay a strong foundation for the potential development of high-
performance laser systems utilizing our researched compounds.

3.3.4. Absorption coefficient

In the realm of photovoltaic conversion, photoconductivity, which involves the generation of charge resulting from
incident radiation absorption, plays a pivotal role. The material's ability to allow light of a specific wavelength to
penetrate before absorption hinges on the absorption coefficient—a crucial parameter for evaluating the potential of our
compounds in visible spectrum photovoltaic conversion [58].

To investigate the suitability of our compounds for photovoltaic applications in the visible spectrum, the
absorption coefficient ow) up to 40 eV have been depicted in Figure 7. These optical features can be deduced from the
real and imaginary components of the dielectric function [49].

In Figure 7, the absorption a(w) threshold, indicating the direct band gap (Eg), is found to be approximately 0.30
eV for CulnSe; and 0.09 eV for CulnTe,. Based on these findings, it can be inferred that CulnTe2 and CulnSe2
compounds are better suited for harnessing the visible spectrum for photovoltaic conversion. Our compounds exhibit
transparency and low reflectivity below the absorption threshold.
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Figure 7. Calculated absorption coefficient a(w) versus energy (e¢V) for CulnSe2 and CulnTe2 compounds.

3.3.5. The Reflectivity spectrum
Figure 8 portrays the reflectivity behavior of our investigated compounds across an energy spectrum spanning 0-
40 eV. Notably, the curves exhibit prominent peaks at 48% around 9.84 eV for CulnSe, and 49% at 8.02 eV for
CulnTe,. These findings strongly indicate the potential suitability of our ternary compounds for applications in the
visible light range.
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Figure 8. Reflectivity (R(®)) Variation for CulnSez and CulnTe2 Compounds

3.4. Thermal properties

The investigation of thermal properties is fundamental in the realm of solid-state physics and various technological
applications. Investigating how materials respond to high-pressure or high-temperature conditions allows us to gain
insights into their unique behavior. In our research, we delve into the impact of temperature on the thermal properties of
semiconductor materials, specifically CulnSe; and CulnTe,. In pursuit of this objective, we utilize a Gibbs program [50]
built upon the quasi-harmonic Debye model. This approach empowers us to delve into the thermal characteristics of
these compounds. The non-equilibrium Gibbs function, denoted as G*(V,P,T), is formulated as the sum of various
components. These components encompass the total energy E(V), the imposition of hydrostatic pressure PV, and the
vibrational Helmholtz free energy Avip,

G*(V, P, T) = E(V)+PV+A.i(T,0(V) (D

Utilizing Debye's model for the phonon density of states, we can represent the vibrational term (AVib) as
follows: [51, 52]:

A (8.T)=nk, [:—ﬂﬂln(l—e”)D(e/T) )

Here, D(0/T) and n denote the Debye integral and the number of atoms per formula unit, respectively. In the case of an
isotropic solid, the expression for 0D is given as follows [53]:

0p = —[6n2V12 n] 3£ (0) |= ©)

.
=

Here, M represents the molecular mass per unit cell, while BS stands for the adiabatic compressibility modulus. We
can estimate BS by approximating it as the static compressibility [50]:

d’E
BS = BTV(WJ . (4)

The Poisson's ratio, denoted as f(c), is assigned a value of 0.25 [54, 55]. Consequently, we can proceed to
minimize the unbalanced Gibbs function G*(V, P, T) with respect to the volume V in the following manner:

[ac* (V,P.T)

S| = 0. )

The equilibrium curve V(P, T) can be derived, allowing us to obtain the isothermal compressibility modulus (Br),
heat capacity (Cv), and thermal expansion (a) using the following method [50]:

6
C, = 3nk [41) 2)- ez/r/:]’ (6)
0 —0/T
S=nl{4D[?j—3ln(l—e )}, (7
a=""yp, ®)

By employing Debye's quasi-harmonic model, we conducted comprehensive calculations of the thermal properties
across various pressure conditions for our materials. These calculations were based on the equilibrium data for the E-V
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relationship, which we initially derived at T =0 and P = 0 as part of the WC approximation - GGA. Our exploration of
thermal properties encompassed a temperature range spanning from 0 to 1000 K, while we also examined the impact of
pressure across a range of 0 to 6 GPa.

3.4.1. Heat capacity et constant volume Cy

The investigation of crystal heat capacity is a well-established domain within condensed matter physics [50-51].
Understanding the heat capacity of a substance not only furnishes crucial insights into its vibrational characteristics but
also holds significance in various practical applications.

Figure 9 illustrates the change in heat capacity at constant volume, (Cv) as a function of temperature (T) under
different applied pressures for CulnSe; and CulnTe, compounds. The Cy of the studied systems exhibits distinct
behaviors contingent upon the temperature range considered. At elevated temperatures, it tends to approach the Dulong-
Petit limit [56] (Cv =~ 3R for monatomic solids). This behavior is a common trait shared by all solids at high
temperatures. Conversely, at sufficiently low temperatures, it follows a proportionality to T3 [57].
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Figure 9. Variation of Specific Heat Capacity (Cv) with Temperature at Different Pressures for CulnSe; and CulnTe2 Compounds

As shown in Figure 9, the heat capacity Cv significantly increases at low temperatures with rising temperature,
after which the rate of increase becomes gradual at higher temperatures, eventually reaching the Dulong-Petit limit in
accordance with theoretical expectations. The Cy values determined at T=300 K and P=0 GPa for CulnSe; and CulnTe,
are 61.49 and 94.38 J/mol-K, respectively.

3.4.2. Thermal expansion o

The phenomenon of thermal expansion in solids is a ubiquitous yet often inconspicuous effect, concealing
significant consequences. In a solid, atoms possess thermal energy and undergo vibrations around their equilibrium
positions. These vibrations are temperature-dependent and are also influenced by the neighboring atoms, specifically,
the interatomic potential generated by the surrounding atoms. At lower temperatures, these interatomic potentials can be
approximated as harmonic, signifying that at temperatures close to T = 0 K, atoms remain centered around their mean
position ro. However, as temperatures rise, the anharmonicity of interatomic potentials introduces a temperature-
dependent shift in the average position of atoms, giving rise to the phenomenon of thermal expansion.
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Figure 10. Variation of Thermal Expansion Coefficient (o) with Temperature at Different Pressures for CulnSez and CulnTe2 Compounds

The coefficient of thermal expansion characterizes the relationship between temperature and volume. As depicted
in Figure 10, the variation in the coefficient of thermal expansion with temperature is illustrated at different pressures
for the two ternary compounds, CulnSe; and CulnTe;,
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In the figure, it is observed that, at a given pressure, thermal expansion experiences a significant increase as
temperature rises, up to approximately 200 K. Beyond T > 200 K, the thermal expansion rate gradually becomes more
linear, suggesting that at high temperatures, thermal expansion is less influenced. Additionally, it's notable that thermal
expansion is notably sensitive to temperature changes. At a given temperature, thermal expansion diminishes with
increasing pressure. The calculated values of the coefficient of thermal expansion for CulnSe; and CulnTe, are
3.519x10° K- and 6.436x105K"! respectively.

3.4.3. The Debye temperature 0p

The Debye temperature, a vital parameter tightly interconnected with a range of solid-state properties like specific
heat and melting temperature, holds a key role in comprehending the behavior of solids. In Figure 11, we present the
Debye temperature (0p) variation in response to temperature at different pressures for the two ternary compounds,
CulnSe; and CulnTe:.

Upon closer examination of the figure, it becomes apparent that, while pressure remains constant, the Debye
temperature gradually decreases in a nearly linear fashion as the temperature rises. Conversely, at a fixed temperature,
the Debye temperature (0p) rises with applied pressure. This pattern aligns with the behavior observed in the evolution
of the compressibility modulus concerning temperature and pressure. Significantly, it underscores the principle that
harder materials typically exhibit higher Debye temperatures. Furthermore, under substantial applied pressure, the
Debye temperature displays reduced sensitivity to changes in temperature.
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Figure 11. Variation of Debye Temperature (0D) with Pressure at Different Temperatures for CulnSez and CulnTe2 Compounds

3.4.4. The entropy of the system S
Entropy (denoted by the symbol S) is highly significant in describing the dispersion of energy and matter in
systems. At the microscopic level, entropy functions as an indicator of the level of disorder within a system. Figure 12
illustrates the relationship between entropy (S), temperature, and pressure.
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Figure 12. Entropy S versus pressure at various temperatures for CulnSez and CulnTe2 compounds

From the figure, it is evident that entropy exhibits a significant increase with rising temperature at a constant
pressure, illustrating the system's tendency towards greater disorder as temperature climbs. Conversely, at a fixed
temperature, entropy diminishes with increasing pressure, indicating a reduction in disorder under elevated pressure
conditions. Notably, the calculated entropy values for CulnSe; and CulnTe; are 54.17 and 129.95 J/mol-K, respectively.
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4. CONCLUSION

In conclusion, our investigation employed the FP-LAPW approach within the WIEN2K code [17,20] to
comprehensively explore the structural, optoelectronic, and thermal properties of CulnSe2 and CulnTe2 compounds.
Our findings exhibited notable agreements with experimental data, surpassing previous theoretical research, particularly
in terms of bandgaps, lattice parameters (a and c) and static optical parameters. Notably, we introduced a novel
application potential for our compounds by analyzing their birefringence, showcasing their suitability for high-
performance laser applications, a first within the domain of DFT-based research. Furthermore, our analysis of the
absorption spectrum underscored the exceptional promise of CulnSe; and CulnTe, compounds for photovoltaic
conversion within the visible range. Remarkably, we ventured into uncharted territory by investigating the thermal
properties of these compounds using the Gibbs code, unveiling their suitability for extreme thermodynamic conditions,
marking a significant contribution to the understanding of these materials.
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AB-INITIO JOCJIKEHHSA ®I3NYHUX XAPAKTEPUCTHK CITIOOJIYK CulnSe: I CulnTe:
FOcpa Meraya™©, Sivina Benkpima®, Peaxe Menecep', Jatida Taipi®®, AGaeanrani Jexae®, Ceori Iemin®, Xocin Mepani®
“ Buwya nopmanvua wikona Yapena, 30000 Yapena, Ansxcup
b Inemumym nayx Yuieepcumemcwrozo yenmpy Tinaza, Mopcni A6oannax, Anoicup
¢ Jlabopamopis LPR, oenapmamenm ¢izuxu, ¢hpaxyrsmem npupooruuux nayk, bBaosci-Aunaba-Aopec, Anxcup
4 Haykoe0-0ocnionuti yenmp npomuciosux mexunonoziit IPTI, IT.O. Box 64, Yepaza 16014, Anocup Anocup
¢ Jlabopamopis memanie ma Hanienposionuxie, mamepianis, Ynisepcumem bickpu, BP 145 RP, 07000, Fickpa, Anocup
T Biooin pozeumxy nomnoeniosanux dicepen enepeii 6 nocywnueux sonax (UDERZA), Yuisepcumem Eno-Yeo, Ansicup

V wiii po6ori npencrasnenuii ananiz cnoayk xanskoniputy CulnTez ta CulnTez 3 akueHTOM Ha 1X €l1eKTPOHHI, CTPYKTYpPHI, ONTHYHI
Ta TepMidHI BIACTUBOCTi. [IJIsl JOCHIIKEHHS LUX BJIACTHBOCTEH BUKOPHUCTOBYETHCS MOBHOIOTEHIIMHUA METOX JiHeapu30BaHOI
npuennanoi miockoi xsmwii (FP-LAPW), 3acHoBaHMII Ha MiAXOAl MEpIIMX MPHHIMIIIB, IO IPYHTYEThCA Ha Teopil (QyHKIiOHATY
mrineHOCTi (DFT). V Hammx po3paxyHKax BpaxOBYIOTHCS J1Ba Pi3HI HaOMMKEHHS A OOMIHHOTO Ta KOPEJSLiHHOTO MOTEHINaNy, a
came HabmmxeHHI WC-GGA ta mBJ-GGA, mo6 3a0esneuntd HafiiiHe Ta TOYHE IOCIIDKEHHS IOCHIKYBaHHX MaTepialib.
OtpuMmaHi pe3ysibTaTH TICHO Y3TOJUKYIOThCS i3 paHillle BCTAHOBIEHHMH TEOPETHYHHMH Ta EKCIIEPUMEHTAIBHHMH JaHUMH, THM
CaMHM MiATBEP/PKYIOYH HAAIWHICTh HAIOI 00YMCIIIOBAILHOI MeTO0I0T11. [IpUMITHO, 1110 11e AOCITIIKCHHS BiIKPHBA€ HOBHIA aCTEKT,
OCKUIBKH JIOCIIJDKYETBCSl BIUIMB TUCKY, TaK i Temreparypu Ha tepmidHi mapamerpu cnonyk CulnTez i CulnTe:. Leit acmekr
JOCII/KEHHST BiZIPi3HAETHCS CBOTM HOBAaTOPCHKUM XapaKTEPOM, OCKIIbKH, HACKIJIbKA HAaM BiJOMO, TAaKOrO aHalli3y B ICHYIOUii
nmitepatypi He Oyino. TepmiuHi BIACTHBOCTI MalOTh IEPLIOPSIHE 3HAYSHHS, OCOOJIMBO Yy KOHTEKCTI ONTHMI3awil mporecy
BHUPOILYBaHHS KPUCTAJIB Ta MPOrHO3YBaHHS MPOJYKTUBHOCTI B EKCTPEMAIbHUX TCPMOANHAMIYHHX YMOBAX.

Kurouosi ciioBa: pomoenexmpuxa; xanvxonipum, FP-LAPW, 3a60ponena 30Ha; menniogi 61acmuocmi
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In this work, defect absorption spectra for defects characteristic of hydrogenated amorphous silicon are theoretically studied. It is
shown that in order to determine defect absorption spectra using the Kubo-Greenwood formula, the indefinite integral in this formula
must be written in a certain form. It was discovered that electronic transitions involving defect states are divided into two parts
depending on the energy of absorbed photons. The values of the partial defect absorption spectrum at low energies of absorbed
photons have almost no effect on the overall defect absorption spectrum. It has been established that the main role in determining the
defect absorption spectrum is played by partial spectra determined by optical transitions of electrons between allowed bands and
defects. It is shown that with a power-law distribution of the density of electronic states in allowed bands, the spectra of optical
transitions between them and defects do not depend on the value of this power.

Keywords: Amorphous semiconductors; Optical transitions of electrons with the participation of defects,; Defect absorption spectra;
Partial spectra

PACS: 61.43Dq, 68.43 Mn

INTRODUCTION

It is known that hydrogenated amorphous silicon (a-Si:H), forming dangling bonds in the mobility gap, is
divided into three types depending on their charge state. D%neutral defect having one electron and one hole,
D--defect with negative charge having two electrons and D*-defect with positive charge having two holes. All these
defects act as traps for electrons.

It was shown in [1] that, regardless of the charge state, defects are involved in all optical transitions of
electrons. Therefore, the experiment gives the total sum of the values of all partial spectra corresponding to optical
transitions, including all defect states.

In [2,3], for the energy positions and concentrations of these defects in a-Si:H obtained in a glow gas discharge,
the following are given: &’-&/=0,78 eV, ep-er=0,5 eV, ep*-&y~1,28 eV and Np’=4.5-10" cm?>, Ny =3-10'5 cm™,
Np™ =310 sm?.

It is known that during the absorption of photons, electronic transitions occur with the participation of defect
states and the valence band and its tail, as well as with the conduction band and its tail. Depending on the energy of
absorbed photons, these optical transitions of electrons are shown in Figure 1.
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Figure 1. Types of optical electronic transitions involving defect states occurring in amorphous semiconductors at the energy of
absorbed photons. 1 - ep1-ey<hw and 2-ep1-ev<hw, 3 - ec-ep2>hw and 4 - ec-ep2<hiw
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When the condition 1-epi-ev>ho for the energy of absorbed photons is fulfilled, the electrons participating in the
optical transition pass only from the tail of the valence band to the defect, and when the condition 2 —ep;-ev<ho is
fulfilled, the electrons simultaneously pass from the valence band and from tail for a defect. Where ep; is the energy
position of the intersection point of the distribution of electronic states, the tail of the valence band and defects (Fig. 1.),
ey is the upper boundary of the valence band.

When condition 3 - ec-ep2>ho is met, electrons pass only from defects to the tail of the conduction band, and when
condition 4 - ec-ep><Aiw is met, optical transitions of electrons simultaneously occur from defect states to the tail of the
conduction band, as well as to the conduction band. Where eps is the energy position of the intersection point of the
distribution, electronic states of the tail of the conduction band and defect states (Fig. 1), ec is the lower boundary of the
conduction band.

It follows from this that eighteen optical transitions involving defect states occur simultaneously in a-Si:H.
Therefore, the theoretical calculation of the defect absorption of a-Si:H is a very difficult problem in the physics of
amorphous semiconductors.

The disorder in the structural lattice of amorphous semiconductors leads to the fact that the wave vector of
electrons involved in optical transitions is not a good quantum number. Therefore, the spectra of all types of optical
transitions of electrons in noncrystalline semiconductors are calculated using the Kubo-Greenwood formula using the
Davis-Mott approximation method

o(how) = Afﬂd (1)

In this equation A is a proportionality coefficient independent of the energy of absorbed photons, g(¢) is the
density of initial and g(e+#Aw) final states of electrons participating in optical transitions. It was shown in [4] that the
integral in equation (1) should be written in the form of a definite integral to determine the Eigen solutions of the
absorption coefficient spectra.

It can be seen from this equation that, in order to determine the analytical solutions of partial defect absorption
spectra, it is necessary to know the distribution of electronic states in allowed bands and their tails, as well as in defects;
for this, different models are usually used [5, 6]. In all these models, the distribution of electronic states in the allowed
bands is parabolic, while the distribution of electronic states in the tails of the allowed bands is exponential. Taking this
into account, the following model of the distribution of the density of electronic states in allowed bands and their tails
was proposed in [7] in the following forms:

g(8)=N(eV){%] , m=0,1/2,1 and g(&)=N(g,)exp(-f (e-¢,)), )

SV] , n,=0,1/2,1 and g(&)=N(e)exp(B,(e-¢.)), (3)

g(s):mec){g
Eg
where N(ey) are the effective values of the density of electronic states in the valence band and N(e¢) in the conduction
band, E, is the energy width of the mobility gap, f; and S, are the parameters that determine the curvature of the
exponential tails of the valence band and the conduction band. n; - and n, - degree of the distribution function of
electronic states in the valence band and in the conduction band.

As shown in [8], the distribution of defect states in amorphous semiconductors obeys the distribution of the
hyperbolic secant:

o ale) 2(c,)
g(é) ch(b(e-¢,)) exp(b(e-¢,))+exp(-b(e-¢,))’ @
or Gaussian distribution:
2(¢)=g(e,)exp(-a(e-¢,)), ®)

where b and a are the parameters that determine the effective half-width of the distribution of the density of electronic
states in defects, ¢p is the energy position of the maximum of defect states, and g(ep) is the maximum value of the
distribution of the density of electronic states in defects.

In the same work, it was shown that the defect concentrations determined by equation (4) and (5) will be equal to

each other when the condition a = b?/7 is satisfied.
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RESULTS AND DISCUSSION
We write the integral in the Kubo-Greenwood equation as a definite integral for the condition epj-ev> ho as
follows:

a=4 _Lr g(e)g(€+ha)):ll—2. (6)

&p—hao

Substituting the densities of states (2), (3), and (4) into equation (6), we obtain the following expression:

i f A g(&) de _ Bg(g,)
@=4 I Negexp (-4 (2 EV))ch(b(£—€D+ha)))ha)_bN(ec)x

(exp(2b(e,, —£,)+1) ’ @
(exp(2b(g,, — &, +hw))+1)

xexp(b(€, — €, +hw))(2bho+1n )

where B=AN(ey)N(ec). To obtain an analytical solution to equation (7), the condition must be satisfied. It will be shown
below that the value of b has almost no effect on the defect absorption spectra. Equation (6) is adapted to the optical
transitions of electrons, under the condition ep;-ey<hiw:

£p1 dg £pi
a=4 I g(e)g(£+hw)%:AI

Epl-hw

de & de
& E+hw)—+A4 £ E+hw)—=
g(#)g(e+hw) — gmf_mg( g(erho) = ®

=0, ta,

where is the partial spectrum of electronic transitions from the tail of the valence band to the defect, and is the partial
spectrum of optical transitions from the valence band to the defect. For optical transitions of electrons from the tail of
the valence band to defects, we obtain the expression:

s " ~ g(&p) de _
al_AIN(S,,)e p( B (e SV))ch(b(g—gD+h(0)) ho

= B8&) nive, — e, +ha))(2b(ey, — &, ))+ In SPEDE €y HRO) D)
bN(e e (exp(2b(e,, +£, +ha))+1)

€

To obtain equation (9), the condition [ =bwas also required. The partial spectra of optical transitions of
electrons from the valence band to defects are calculated. For the case when n;=0 we get the expression:

T gley)  de_ 2Bg(ey)
%= Ang[th(gV)ch(b(g—SD +ho)) ho bN(EC)th. (10)

X(arctg exp(b(g, — €, + hw)) — arctg exp(b(&,, — €,)))

And for the case when n;=1:

[ & —¢ g(&p) de _ 2Bg(e,)
%= AEDLQN(EV )[ E, Jch(b(e -&, +hw)) ho ~ bN(e, )Egha)(gc € Hh)x
X(arctg exp(b(€, — &, +hw)) —arctg exp(b(€p, — €,))) — . (11)
Bg(é’D)

—m(em(—a(&/ — &, +hw)’ —exp(-a(ey, —€,)°)
c/ g

In expressions (10) and (11), the quantity b can take arbitrary values. An analytical solution for the case when n;=1/2
could not be obtained, so it was calculated using approximate calculation methods. When ec-ep,>hw to calculate the
spectra of optical transitions of electrons from the defect to the tail of the conduction band, we write the Kubo-
Greenwood formula as follows:
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a=4 j g(&)g(e+ha) 2. (12)
Epr—haw hw

Let's carry out calculations by substituting the distribution functions given by equations (2)-(4) into equation (12):

v gley) de
* L ey el 0
_ Bg(ey) exp(b(e, — &, + hw))In (1+exp(2b(€p, —€))))
N(g,)bhw (1+exp(2b(g,, — €, —hw)))

o =

Equation (13) was calculated for £, =b
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Figure 2. Experimentally determined optical absorption spectrum of amorphous hydrogenated silicon
1 — region of interband absorption, 2 — region of exponential absorption, 3 — region of defective absorption.

Now we agree on equation (12) for the condition ec-ep><ho to optical transitions of electrons:

€2 Ec—hw
a=4 [ g(e) (e+hw —A j £+ha))Z—+A [ ¢ (£+ha)):—2=al+a2. (14)
Epy—hw ec—hw Epy—hw

where ¢, are the partial spectra of optical transitions of electrons from defect states to the conduction band, and ¢, are

from the defect to the tail of the conduction band. Let us calculate partial spectra for electron transitions from a defect to
conduction bands by substituting distribution functions (2)—(5) into equation (14). For the case n,=0:

wma | By de_ 2Betey)

| (b (8 Y )) P DhoN(E,) (arctg(exp(b(€p, —€p)) —arctg(exp(b(é. — €, —hw))). (15)

in the case of n,=1, we obtain the expressions:

~ £psy g(gD) 8—€V+ha) E_
% _Agcfhwch(b(s—é‘[,)) N(&‘C( E, Jhw_
__2B2(&) (arcig(exp(b(e,, — £))) — arcig(exp(b(&. — £, —hw))) - (16)
bhoE, (s, ) e ©
_M(exp(—a(é‘ ~&,)")—exp(-a(é. — €, —hw)*))
2ahoE,N(&,) e ©

For n,=1/2, it was not possible to obtain an analytical solution, so it was calculated using approximate calculation
methods. In equation s (15) and (16), b can take arbitrary values.
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Let us now calculate the partial spectrum of optical transitions of electrons from the defect to the tail of the
conduction bands:

i alep)

£pr—tid Ch(b( D))
(1+exp(2b(e, — €, —hw)))
(1+exp(2b(£, — £, — h)))

de _ Bg(ep)

o,=A4
ho bhwN (&)

N(eo)exp(B, (- €. +hw))—
17)

xexp(b(e, — & +hw))Ln

In equation (17), calculations were made for S, =b. In equations (15) and (16), the quantity b can take arbitrary

values. To calculate the values of the above partial spectra, it is necessary to determine the parameters B, Eg, f;, 2, for
which we will use the experimentally determined values of the optical absorption spectrum of the absorption
coefficient. The work [9] presents the absorption coefficient spectrum determined from the experiment of amorphous
hydrogenated silicon grown in a high-frequency glow gas discharge (Fig. 2).

Let us divide this spectrum into the regions of interband, exponential, and defect absorption. Considering B and E,
in the analytically calculated equation as fitting parameters, we determine by comparing the values of the interband
absorption spectra obtained from the experiment. Precisely, in the same way we determine B, and 3, from the region of
exponential absorption. In [10], an analytical expression was obtained for the interband absorption spectrum when:

ni=n=172: a(hw)=

2he-E,)\JEho—(E, ~ho) arctg[z\/#ﬂ (18)

It was determined that when, B = 1.71*10° sm™ and E, = 1.78 eV corresponds to the experimentally determined
and calculated results obtained from formula (18) for the interband absorption spectrum (Fig. 2 - curve a).

In [11] studied the spectra of exponential absorption and for the analytical solution of exponential absorption, the
following expressions were obtained:

o(hw) = mexp(ﬂl(f‘iw— E ) exp((B, = B.)(Ec — & )exp(B, = f)hw)—1]. 19)

It is also shown there that B and E, have equal values for the entire region of the optical absorption coefficient.

It was found that the results calculated by the equation (19) of the exponential absorption determined from the
experiment are consistent with each other, then 8; = 24.2 eV-! and B, = 31.7 eV*! (Fig. 2, curve b). Since &p; and ep; are
the intersection points of the exponential tails of allowed bands and the distribution of electronic states in defects, we
calculate them using the following equations:

N(eo)exp(B, (€5, —€c)) =28 (&, ) exp(b(ey, —€,)) (20)

N(g,)exp (_ﬂl (81)1 —-& )) =2g (51) ) exp(=b(€,, —€p)) - 21

From this we obtain the following expressions:

= (In( (( )))+beD+AeV)/(b+/i 22)
(e,
6un =08 )by ) b ). 23)

Calculations using equations (22) and (23) showed that when the value of S =b and S, =b changes in the

range (12-35) eV-!, the values of ep; and e change within Ae=(0.1 eV. Calculations of the partial spectra of the
absorption coefficient in defects showed that these changes in ep; and ep> do not significantly affect the shape of the
defect absorption spectra.

Calculated equations (7), (13) for the conditions ep;-ev<hw and ec-ep,<hw. Calculated equations (9), (17), (15) and
(10), (11) and (16) and for the conditions ep;-ev< hw and ec-epy>hw.

The forms of these equations are close to each other; it can be considered that the partial spectra of defect
absorption calculated by these equations almost do not differ from each other. Therefore, we calculate the partial spectra
of defective absorption only for the defect ep-ey=0.5 eV and g(ep*) =3 x10"° eV-'cm for optical transitions of electrons
from the defect to the tail of the conduction band.

It can be seen from the above equations that as the value of g(ep) increases or decreases, these spectra move in
parallel up or down, respectively. Calculations were obtained using equations (10) and (11) for n;=1, n; =0, and
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numerical calculations obtained for n;=1/2 showed that these spectra do not differ from each other at all (Fig. 3). To
establish the value of g(ep), we use the equation for determining the concentration of defective states and obtain:

N |

—oc

g(€p)
ch(b(e—-¢p,)

d(e)%g(% Yarcig exp(ble — &)

a, cm!

bN,
2r

. 2
e :Tg(ED)ﬂ g(ey)=

100

10-!

Ea

10-

1073

1.4 hiw, eV

Figure 3. Partial spectra of optical transitions of electrons between allowed zones and defects
1-n1=1, 2-n;1=1/2, 3-n;=0. Calculations are made for defect Do.

The calculation results obtained by equation (24) are shown in Table 1.

Table 1. Calculated data for g(ep) obtained using equation (24).

)

b, eV g(en), eV-ism’ b, eV g(en), eVl sm’ b, eV g(en), eV sm?
D’ 12 8.6:1013 24 1.72:10' 32 2.29.10'6
D 12 5731015 24 1.15.10' 32 1.53,10'°
D 12 5731015 24 1.15.10'6 32 1.53.10'°

The results of calculations obtained by equations (7) and (9) for various values of b at ep-ey=0.5 eV and g(ep)) are
shown in Figure 4. This figure also shows the spectrum for comparison optical transitions of electrons from a defect to
the conduction band, calculated by equation (11). It can be seen from this figure that the partial spectra determined by
the optical transitions of electrons between defects, the tails of allowed bands, at different values of b have practically
no effect on the value of the defect absorption spectrum.

10°
102
104
10°6
10°8

10-13

Figure 4. Partial spectra of optical transitions of an electron
1-from a D-defect to the tail of the conduction band
1-b=12eV!, 11-b=24 eV 1l - b=32 eV*!, -when epi-er>how, -
when epi-ev<hiw. 2-partial spectrum of optical transitions of an

a,cn! a,cm!
B 100
__,,,;f
" 10°
- mn o
L 10
- 1-L, I1, 01 1,
S 105 = ¢
| | | | | | | 10_3 | |
02 06 10 14 hew, eV 0.2

electron from a D~ defect to the conduction band

0.6

14 A, eV

Figure 5. Total values of partial spectra of the defect absorption
coefticient obtained using equations (7), (9), (11), (13), (16), (17).
For 1-D*, 2-D- and 3-DY, forming optical transitions between
defect states and allowed bands and their tails. Calculations were
carried out for b=12 eV-!
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It is known that the total sum of partial absorption spectra corresponding to all optical transitions of electrons with
the participation of defect states is determined in the experimental spectra of defective absorption. Therefore, for each
defect epp-ey=0.78 eV, ep-ey=0.5 eV, ep+ey=1.28 eV calculated by equations (7), (9), (10) (11) and (13), (15), (16), (17)
sums of partial absorption spectra are shown in Fig. 5. It should be noted that the experiment gives the total value of
these spectra. It can be seen that when the energy of absorbed photons is greater than 0.6 eV, these spectra have almost
the same form. But, none of them can explain the defective absorption spectrum of the representations in Fig. 2.
Probably, this sample has the values of the energy position, or the concentration of these defects does not correspond to
the above values.

CONCLUSIONS

Thus, in the present work, we carried out a theoretical study of the defect absorption spectra of hydrogenated
amorphous silicon. It was found that partial spectra determined by optical transitions of electrons between allowed
bands and defects play a key role in determining the defect absorption spectrum. It was found that the spectrum of
defective absorption in the case of a power-law distribution of the density of electronic states in allowed bands does not
depend on the value of the exponent.
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HEBE3IIEYHI 3B'SI3K1 MIXK TTIPOTEHI3OBAHUM AMOP®HUM KPEMHIEM
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VY naHiii poOOTI TEOPETUYHO IOCITIHKEHO CHEKTPH ACe(EKTHOTO TOTJMHAHHSA Ie(EKTiB, XapaKTCPHUX YIS TiAPOreHi30BaHOTO
amopduoro kpemHito. [Toka3aHo, 110 Uil BU3HAYCHHS CIEKTpIiB mornuHaHHs AedextiB 3a dopmyioro Ky6o-I'pinByaa HeoOXigHO
3amucaTd HeBU3HAYEHWH iHTerpan y uid Gopmyni B NEBHOMY BUIIISAI. Bysjo BHSBIEHO, L0 €NEKTPOHHI MEPEXOIH 3a ydYacTio
JeeKTHUX CTaHiB MOAUIIIOTECS HA Bl YaCTHHM B 3aJ€KHOCTI Bil €Heprii NmoramHeHHX (OToHiB. 3HAYCHHS MapLialbHOTO
Jne(eKTHOrO CHEKTpa INOTJMHAHHS IIPU MaJMX CHEPrisX MOMIMHEHMX (OTOHIB Maibke HE BIUIMBAIOTH HA 3arajbHUH CIEKTp
MOTTIMHAHHS JedekTiB. BcTaHoBIeHO, IO OCHOBHY pOJNb y BH3HAUCHHI CIIEKTpa IMOTJIMHAHHS AE(EKTiB BiAIrpaloTh MapIiianbHi
CIIEKTpH, SKi BH3HAYAIOThCS ONTHYHUMH IIEPEXOAaMH €JIEKTPOHIB MK IO3BOJIEHHMH 30HaMH Ta fedexramu. [lokasano, mo npu
CTEIECHEBOMY PO3IOLI INUIBHOCTI EJIEKTPOHHUX CTaHIB y I03BOJICHMX 30HAX CIEKTPH ONTHYHUX IEPeXOAiB MDK HUMHU Ta
Jne(eKTaMu He 3aJIeKaTh Bijl BEIMUMHH Ii€] TOTYKHOCTI.
KarouoBi cioBa: amopghui nanienposionuxu; onmuuni nepexoou eileKmpoHieé 3a yuacmio Oeqekmis; CneKmpu NoSIUHAHHSL
Odeghexmis; wacmrogi cnekmpu
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One of the crucial phenomena is auto-oscillations of current in elementary and binary (A"BY, A"™BV!) semiconductor materials, which
allow the creation of solid-state oscillators with a wide frequency range from 1073 to 10-° Hz. In this paper, we show the results of a
study on the effect of the degree of compensation (K) and the concentration of electroactive impurity selenium atoms on the excitation
conditions and parameters (amplitude, frequency) of the auto-oscillation current associated with temperature and electrical instability
in silicon. In the research, silicon doped with selenium atoms Si<Se> of identical geometrical dimensions has been used. The
compensation degree of the initial boron atoms with impurity selenium atoms in the samples is in the range of K = 2Np/Nse = 0.94-1.1.
It was found that excitation conditions, the amplitude and frequency of auto-oscillation current significantly vary depending on the
degree of compensation of selenium atoms with boron atoms in the initial silicon. Obtained experimental results showed that the auto-
oscillation current in silicon doped with impurity selenium atoms is characterized by ease of control with stable parameters (amplitude
and frequency), which makes it possible based on this unique physical phenomenon to develop and create oscillatory circuits in
information technology.

Keywords: Selenium, Diffusion, Boron; Amplitude; Frequency, lllumination; Concentration,; Auto-oscillation; Silicon; Conduction
band; Valence band

PACS: 61.82.Bg, 68.55.Ln, 68.60.Dv, 68.47.Fg, 85.30.-z

INTRODUCTION

The detected auto-oscillations of current in semiconductors, from the scientific and applied point of view, are one
of the most striking and promising physical effects enabling the development of a new scientific direction of
nonequilibrium thermodynamic effects in solids and their application to electronics [1-4].

A literature review has presented that there has not been sufficiently studied research on the physical mechanisms
of current auto-oscillation excitation and the regularities of parameter changes kinetics (such as amplitude and frequency)
and the physics of transients for different types of current auto-oscillations within a same semiconductor material [1-4].
Furthermore, there is a lack of reliable theoretical and experimental data regarding the thermodynamic conditions
necessary for the existence of an auto-oscillating environment that could serve as a source of regular, stable, reproducible
current auto-oscillations with controllable parameters [5-7].

In the applied aspect, the auto-oscillations of current detected in semiconductors have significant potential,
particularly in the development of new functional electronic devices (solid-state generators, memory and storage,
recording and transmission information, optoelectronic receivers, etc.) and the possibility of a fundamentally new
generation of sensors for physical quantities that utilize an amplitude-frequency output [8-10].

The successful resolution of the scientific and practical challenges associated with auto-oscillation processes requires
the implementation of these processes within specially created vibrational media based on semiconductor materials that are
in a highly non-equilibrium thermodynamic state. An auto-oscillating environment is one in which each physical small
element in it should have potential auto-oscillation properties, and these elements are could be connected through transfer
processes, such that the excited oscillation propagates through the volume of the material being investigated [12,13].
Therefore, it requires to investigate the physical properties of the thermodynamic conditions for the existence of auto-
oscillating environments in semiconductors with highly non-equilibrium thermodynamic states, and to determine the
technological feasibility of creating such environments. The analysis of the creation of auto-oscillating environments
highlights the importance of studying auto-oscillation processes from both scientific and applied perspectives.

It was found that the existence of deep energy levels of impurity atoms, which are the main requirement for current
auto-oscillation excitation in semiconductors and semiconductor structures, is necessary for the observation of current
auto-oscillation.

When conducting a literature survey [5-12] on the production of silicon doped with impurity atoms, it was discovered
that there are several experimental data points that do not fit into the framework of the current theory of deep levels. These
anomalies have been identified and include:
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- the presence of sufficiently many energy levels of the same impurities in silicon which cannot be easily explained
by the electronic structure or their position in the crystal lattice.

- an unstable state of deep centers where with time or rising temperature new energy levels with different
characteristics appear.

- energy level bands with different widths detected for many impurity atoms in silicon cannot be explained using
existing theory and no data on energy level distribution inside the bands are available so far.

- for many impurity atoms energy levels with the same values in the band gap of silicon were found.

The above-mentioned data can't be explained by the existing theory of deep-level physics [13,14]. Scientific results
which have been obtained by investigation of auto-oscillations of current in silicon diffusively doped with impurity
selenium atoms give ground for the creation of a new theory of deep levels.

Researches on the impact of the concentration of electroactive transition group atoms in silicon are important for
understanding the nature of deep centers created by these elements in the semiconductor and expanding their use as a new
material for semiconductor electronics [11-19]. This study focuses on the effect of the initial concentration of small boron
impurity atoms on the concentration of electroactive selenium atoms that create deep energy levels in silicon. The results
show that changing the concentration of boron impurity atoms in initial silicon within the range of Ng = 1.4-10'% —
3.1-10'6 cm? increases the concentration of electroactive selenium atoms by two orders. However, the concentration of
electroactive selenium atoms in silicon was still two orders of magnitude lower than the maximum solubility limit [18-21].
The analysis also described that the concentration of electroactive impurity atoms, which create deep energy levels,
depends significantly on the type and concentration of the impurity (boron or phosphorus) in the initial silicon.
Furthermore, it was found that these impurity atoms interact not only with the basic atoms of silicon and atoms of the
initial impurity but also with other uncontrolled impurities and defects in silicon.

METHODS

To develop a reproducible technology for producing compensated silicon doped with selenium atoms, we determined
the temperature regimes for obtaining samples with the same resistivity and type of conductivity at different concentrations
of electroactive impurity atoms based on those described in [22-24]. These results made it possible to clearly define the
technological conditions to produce compensated silicon with the maximum concentration of electroactive impurity atoms
of selenium. The developed reproducible technology for the production of compensated silicon with given electrophysical
parameters allows to control the electrophysical parameters of the material not only by temperature and time of diffusion
annealing but also by the choice of concentration of initial impurity boron atoms in silicon (Table 1).

Table 1. Possibility to control the electrophysical parameters of the material based on the developed technology

No | The elasticity of selenium | Type of conductivity of samples Specific resistance, Carrier concentration, cm™
atom vapor pressure, atm obtained after diffusion Ohm-cm
1 0.1 p 18 1.2-10
2 0.3 p 60 3.5:10™
3 0.5 p 3.1:10? 6.7-1013
4 0.75 p 4.7-10° 4.5-10"2
5 1.0 p 6.8:10* 3.1-10"!
6 1.5 p 1.25-10° 1.7-10"
7 2.0 n 1.1-10° 6.7-101°
8 2.5 n 8.3-10* 8.2:10'°
9 3.0 n 2.6-10% 2.3-10"!
10 4.0 n 5.9-10° 8.8:10"!
11 Initial sample KDB-10 p 10 2-1013

The analysis of obtained sample after diffusion showed that impurity selenium atoms strongly destroy the surface
of silicon, leading to surface erosion and even complete destruction of the crystal. Therefore, when diffusing selenium
atoms into silicon, the main diffusion parameters should be taken into account. One of the main diffusion parameters is
the vapor pressure of the diffusant when diffusion occurs at high temperatures. To overcome these difficulties, the task
was set to accomplish diffusion at different vapor pressures of diffusant selenium from 0.5 atm to 2 atm.

According to the research that was conducted, it was showed that when the selenium vapor pressure is between 0.5 and
1 atmosphere, there is insignificant erosion observed on the surface of silicon. Further entrainment of diffusant vapor pressure
leads to surface erosion and further silicon destruction. Thus, the optimum diffusant vapor pressure for the diffusion of silicon
by impurity selenium atoms was established. It was also found that the surface erosion depends on the quality of initial silicon
surface treatment - with improvement of silicon surface treatment (in this case, the quality of polishing was changed using
White's chemical etchant), the erosion rate was decreased [25]. Thus, it was determined that to reduce surface erosion during
diffusion by selenium, it is necessary to treat the surface carefully and to polish the surface of the initial silicon samples.

EXPERIMENTAL PART
For the investigation, initial monocrystalline silicon of p-type with resistivity values of 1, 2, 10, and 100 Ohm-cm
was used. The initial silicon samples had boron impurity concentrations (Ng) ranging from 1.4-104t0 3.1-10'® cm™. These
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initial silicon materials were obtained using Czochralski's method, and the oxygen concentration in them was practically
the same and in the order of No, = (5-7)-10'7 cm. To conduct the research, 50 samples of the same geometric dimensions
were produced from each of the initial materials. For the study, 50 pieces of samples with the same geometric dimensions
were made from each starting material. Diffusion of selenium was carried out in a "Magnetic" diffusion electric furnace
from the gas phase in the same conditions (temperature, diffusion time, diffusant vapor pressure, and cooling rate) in
evacuated quartz ampoules to P =10 mm Hg. At the same time, two samples from each initial material were placed in
each quartz ampoule to ensure the same doping conditions. The experiment was repeated 5 times. Each time, the initial
samples were annealed under the same conditions without selenium impurities to assess the influence of selenium
impurities in the diffusion process on the electrophysical properties of the initial silicon.

THEORETICAL CALCULATIONS AND RESEARCH RESULTS

Measurements conducted on electrophysical properties of samples derived from KDB silicon after the diffusion of
selenium atoms revealed that the concentration of electroactive selenium atoms varied considerably depending on the
initial boron concentration in silicon, despite the identical doping conditions of temperature, diffusion time, and cooling
rate. Electrophysical parameters of silicon samples after diffusion were measured based on the Hall effect method using
Ecopia HMS-3000 Hall Measurement System. The electroneutrality equation was used to determine the overall
concentration of electroactive selenium atoms in the samples obtained after diffusion. During computations, we
considered sample parameters that accounted for the extent of filling of both energy levels of selenium (E; = Ec-0.24 eV;
E> = Ec-0.5 eV) within the silicon band gap [26,27].

Selenium concentration was theoretically determined by the following formula for compensated samples
p-Si<B,Se>:

Nse=1/2(po-p-N1p), )
For overcompensated n-Si samples <B, Se> was determined:
Nse=(potno+f(E1)-Nse+f(E2)-Nse-Np), )
f(E2)= Nse/2-(1+A-exp (-F-E2)/k-T), 3)
F=k-T In(N¢/n), “)
Nse=1/2-(po-p-N), (%)

where po and p are concentrations of holes before and after diffusion of selenium atoms, respectively. Nrp is concentration
of thermodonors, f(E) and f(E,) are degrees of filling of the 1st and 2nd deep energy levels of selenium, respectively.
no and n and electron concentrations before and after diffusion of selenium atoms accordingly, respectively. The values
po and p were determined from Hall measurements of samples before and after diffusion. Ntp is determined by measuring
carriers’ concentration before and after diffusion in control (undoped) samples, heat-treated under the same diffusion
technological conditions in the temperature range T = 1100-1250°C in time interval t = 5-10 hours. Also, the solubility
values of impurity selenium atoms in silicon at a given diffusion temperature were de-fined.

To determine the value of the ionization energy of impurity selenium atoms in silicon, the infrared (IR) and
temperature quenching (TQ) photoconductivity of silicon samples doped with impurity selenium atoms were selected
with the same resistivity, conductivity type, and geometric dimensions. The concentration of electrically active selenium
atoms in the samples studied differed by about 30 times.
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Figure 1. Spectral dependence of photocurrent in Si<Se> samples
1 — p =8.7-10* Ohm-cm (initial KDB-1); Nsc = 3.1-:10' cm; 2 — p = 8-:10* Ohm-cm (initial KDB-10) Nse = 2-10"%cm3;
3 — p =8-10* Ohm-cm (source KDB-100) Ns = 1.4-10'%cm3 at temperature T = 80K, E = 20 V/cm.
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Figure 1 illustrates the spectral dependence of photoconductivity under the same background photocurrent value
with different concentrations of selenium atoms as electroactive impurities. In Figure 1, the maximum depth of
IR extinction of a photocurrent is observed in the samples where the concentration of electroactive selenium atoms is
Nse = 3.1-10'¢ cm™ and reaches 5 orders of magnitude. It is established that with decreasing concentration of electroactive
impurity atoms, the quenching multiplicity decreases, and the energy of the corresponding quenching maximum shifts to
high values.

It is shown that with increasing concentration of electroactive selenium atoms, the quenching interval decreases, i.c.,
photocurrent decreases more sharply, and the energy interval of incident quanta in which IR quenching of photocurrent
is observed narrows.

An anomalous course is observed in silicon doped with impurity selenium atoms when studying the temperature
dependence of photocurrent. Figure 2 shows the temperature dependence of photoconductivity quenching (TDPQ) in
silicon doped with selenium atoms. As seen from Figure 2, when a temperature rises from T = 80 K to T = 140 K, the
photocurrent does not change essentially. In the temperature range T = 140—180 K, its de-crease is observed, i.e., there is
a temperature quenching of photoconductivity well-known in the literature [28,29].

The results of TDPQ studies in compensated silicon samples doped with selenium atoms (Se) have shown that the
onset and depth of quenching strongly depend on the background illumination intensity, compensation degree, and
concentration of electroactive impurity atoms (Figure 2).
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Figure 2. Temperature quenching of photoconductivity at different background illuminations in Si<Se>
with p = 8:10* Ohm-cm, E =40 V/cm, 1 — 25 lux, 2 - 10 lux, 3 — 5 lux, 4 — 1 lux, 5 — 0.1 lux.

It is feasible to observe TDPQ over a broad temperature range by adjusting the degree of compensation, background
illumination, and photocurrent value in compensated silicon. The obtained data indicate that the depth, rate, and area of both
IR and temperature quenching of photoconductivity in silicon samples containing impurity selenium atoms can be controlled
by adjusting the concentration of these electroactive impurity atoms. From the results of the analysis, it was found that the
energy levels of impurity selenium atoms with the ionization energy Si<Se> — Ec — 0,5 eV, which is associated with the
double positive ionization of selenium atoms, are responsible for the IR and TQ photoconductivity in silicon.

The results showed that regardless of the compensation degree of boron atoms in the initial silicon doped with
impurity selenium atoms, the current auto-oscillation was excited at a certain integral intensity interval (Imin — Imax). With
the growth of compensation degree value (resistivity), at the same value of threshold field strength Ey, at which the auto-
oscillation of current is observed, the Imi, intensity value decreased, and the interval between Imin — Imax widened (Figure 3).
Thus, it was found that conditions of auto-oscillation excitation in silicon samples with different compensation degrees
(resistivity) have an identical character. It was also found that the amplitude and frequency of current auto-oscillation, in
their turn, strongly depend on excitation conditions.

In this work, we focused on determining the parameters of silicon samples doped with impurity selenium atoms with
the most optimal characteristics (forms) of current auto-oscillation. Based on the analysis of the findings, we have
determined that the silicon p-Si<Se> - samples with a resistivity of p = 8-10* Ohm-cm is appropriate for studying cur-
rent auto-oscillations with reproducible and preset parameters from the compensation degree, which was approximately
equal to 0.999. When an electric current intensity of E = 200 V/cm was applied to these samples, the maximum and
minimum values of current auto-oscillation amplitude varied within the range of Ipyin = 10 A to Imax = 2.5-10"! A, while
the frequency was within the interval of f= 10— 10 Hz.

To elucidate the influence of electroactive concentration of impurity selenium atoms on parameters of current auto-
oscillations, we received samples with the same size and degree of compensation K = 0.999. Thus, the concentration of
electroactive selenium atoms was in the interval Ns. = (2-31) -10'> cm™ and with increasing of electroactive selenium atoms
concentration N, value of Ey, and amplitude of auto-oscillations was decreasing and the frequency was increased (Table 2).
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Figure 3. The dependence of changing of threshold field Ewm on integral light intensity for Si<Se> samples with different resistivities
(p). 1 -5.3-10% 2 - 8.7-10% 3 - 3.2:10% 4 — 5.8-10% 5 - 9.1-10% 6 — 2.1-10° Ohm-cm p-type; at T = 80 K, E = 200 V/cm.

Table 2. Effects of electroactive concentrations of impurity selenium atoms in silicon on auto-oscillation current parameters

Paragraph | The concentration of Threshold field Amplitude Frequency f, Hz Note

number electroactive Ewm, V/iecm J, mA
selenium atoms
Nse = 10'5cm™

1 2 250 90 5-102 T=80K,

2 8 276 84 9.4-102 [=2.4-10° W/cm?-s

3 31 315 78 2.5-10" at hv=1.1eV, with K =0.999
DISCUSSION

It has been confirmed that the auto-oscillation of current in silicon samples doped with selenium atoms is observed
when the value of compensation degree (K) is in the interval between 0.94 and 1.1, i.e. in crystals, where the Fermi level
is within the compensation degree range from Ec- 0.45 to Ev + 0.35 eV. It is clear that in this energy interval in the band
gap of silicon, there is only one donor level of double ionized impurity selenium atoms with ionization energy Ec - 0.5 eV
which is connected with the presence of clusters consisting of selenium atoms Ses and Seq [30]. The presence of clusters
of selenium atoms consisting of twice positively ionized atoms leads to the appearance of strongly charged centers which
allows the obtained silicon samples Si<Se> to be regarded as inhomogeneous material. Inhomogeneous material for which
the barrier model of inhomogeneity proposed by authors of books [31,32] is applicable (Figure 3).

According to barrier model, fluctuations of conduction and valence band topography arise in the semiconductor.
The appearance of such inhomogeneities in semiconductors is attributed to the presence of impurity atoms, which can
reach concentrations of N = 10" — 10" cm™ under strong doping conditions. Due to their inhomogeneous distribution,
these impurities cause fluctuations in the conduction and valence bands, resulting in inhomogeneities. In our situation,
the concentration of impurity selenium atoms is two orders of magnitude lower (Ns. = 3.1 - 106 cm™) than under strong
doping conditions. It was shown that this impurity in silicon may be in the binary ionized state and form different
complexes as Ses and Ses molecular compounds with charge always greater than +2 (n — number of selenium atoms in
the cluster). The Dabaev screening radius of such complexes overlaps with each other and results in a fluctuating potential
relief in compensated silicon. To explain the physical mechanism of the low-frequency current auto-oscillations observed
in compensated silicon, a model based on conduction and valence band relief fluctuations is shown in Figure 4. According
to the proposed model, at a constant illumination nonequilibrium electron fill the selenium level, while holes are localized
in the potential wells of the valence band. In this case, the conductivity is determined by the concentration of holes at the
leakage level, the value of which is determined by the value of the drift barrier.

Based on this model, it is possible to imagine that the excitation of current auto-oscillation occurs through the
following mechanism. When Si<Se> samples are illuminated with energy greater than the band gap width of silicon at
relatively low temperatures (T = 80—160 K), non-equilibrium carriers - electrons and holes, which are located on energy
barriers of conduction and valence bands are generated. Electrons are captured by clusters of doubly positively ionized
selenium atoms, while holes are accumulated in energy minima of the valence band. Some of the holes, upon hitting the
leakage level, participate in conduction, leading to an increase in photocurrent. Photocurrents are excited when the
photocurrent due to holes at the valence leakage level is sufficient for Joule heating of the crystal. When a hole is heated,
it acquires sufficient energy to overcome the recombination barrier and recombine with electrons trapped on clusters
consisting of impurity selenium atoms. As a result, the current in the circuit and the temperature of the sample decreases,
thus repeating the process periodically.
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Figure 4. Barrier model of compensated silicon doped with impurity selenium atoms.
o-electrons, e-holes, Eg-silicon band gap width, Ec- conduction band, Ev-valence band, Eer - effective band gap width of
inhomogeneous silicon, E; - is the leakage level for the charge carriers (in this case the hole), Erec - recombination energy.

The excitation conditions and current auto-oscillation parameters change depending on the compensation degree
and can be interpreted based on the change of potential relief amplitude. The strongly compensated samples Si<Se> with
a compensation degree of K = 1 exhibit the highest potential relief values of heterogeneities. Therefore, the most effective
separation of photoexcited charge carriers, electrons in conduction band cavities, and accumulation of holes in energy
minima of the valence band occurs exactly in these crystals. This explains the maximum amplitude and decrease of the
frequency of the current auto-oscillation in Si<Se> samples with resistivity p = 8-10* Ohm-cm. In Si<Se> samples, both
at n— (K>1) and p— (K<1), the amplitude of formed potential relief due to material heterogeneity decreases due to the
charge state decrease of selenium clusters and Debye screening of heterogeneity by uncompensated holes. Thus, the
efficiency of separating carriers decreases, which is accompanied by the decrease of hole concentration participating in
conductivity. In n—Si<Se> samples, the potential field of clusters could be compensated by increasing of field or
illumination intensity, and in p-Si<Se> samples, the barriers are compensated by equilibrium holes.

The observed features of excitation conditions and current auto-oscillation parameters depending on the
concentration of electroactive selenium atoms are related to the concentration of multipolarized clusters of impurity
selenium atoms.

CONCLUSIONS
We conclude that the temperature quenching effect of photoconductivity in silicon diffusively doped with impurity
selenium atoms is responsible for the excitation of low-frequency current oscillations. The technology developed for
producing silicon doped with impurity selenium atoms with reproducible and predetermined electro-physical parameters
enables the creation of sensors for physical quantities such as temperature, illumination, electric and magnetic field, and
pressure with amplitude-frequency output and generators of electromagnetic oscillations based on the obtained
experimental results.
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BIVIMB CTYIEHS KOMIEHCAIII TA KOHITEHTPAIIL JOMIIMKOBUX EJEKTPOAKTUBHUX ATOMIB
CEJIEHY HA TAPAMETPUA ABTOKOJINBAHb CTPYMY B KPEMHI{
Hypyaaa ®@. 3ikpianaes, Kyryn C. Aronos, Man3sypa M. Illoa6aypaxivoa, ®epy3a E. Ypaxosa, Monnomani A. A6xyranies,
Aonymkainon A. Carropos, Jlatodar C. KapieBa
Tawxenmcvruii Oeporcasruti mexuiynuil ynisepcumem, 100095, eyn. Yuieepcumemcoka, 2, Tawikenm, Y3bexucman

OnHuM i3 BUpIIANBHUX SIBUIL € ABTOKOJIMBAHHSA CTPyMy B eneMentapuux i Oimapuux (A"BY, A'BY') nanismposiznukoBux
MaTepianax, sKi JO3BOJSIOTh CTBOPIOBATH TBEPAOTLILHI OCUMIATOPH 3 MIMPOKMM Jiana3oHoM yactoT Big 107 go 10° . V nawmiii
poOOTi HaBeIEHO PE3YNIBTATH TOCTIHKEHHS BIUIUBY cTymneHsa komieHcanii (K) 1 koHmeHTpamnii eneKTpoakTHBHUX JOMIIIKOBUX aTOMiB
CelieHy Ha yMOBH 30Y/KEHHS Ta HapaMeTpd (aMIUIITyXy, 9acTOTy) aBTOKOJNMBAJIBHOTO CTPYMy, ITOB’SI3aHI 3 TEMIIEpaTypolo. i
SJICKTPUYHA HECTAOLIBHICTD Y KpeMHil. Y JOCITIPKeHHSIX BUKOPHCTOBYBABCS KPEMHIH, JISTOBaHUIT aTOMaMH celleHy Si<Se> 0HaKOBHX
TeOMETPUYHUX po3MipiB. CTymiHb KOMIIEHCALIl BUXiJHAX aTOMIB 0OpYy DOMIIIKOBUMH aTOMaMHM CEJICHY B 3pa3KaxX 3HaXOAWUTHCS B
mexxax K =2Np/Nse = 0,94-1,1. BcraHoBieHo, 1m0 yMOBU 30y/DKEHHS, aMIUTTyJa Ta 4acTOTa CTPYMY aBTOKOJIHMBaHb CYTTEBO
3MIHIOIOTBCS 3aJISKHO BiJl CTyNEHs KOMIICHCALlIl aTOMIB celleHy aroMaMu 0opy y BUXiHOMY KpeMHii. OTpuMaHi eKCrepuMeHTalbHi
pe3yJIbTaTH MOKAa3ajid, 10 aBTOKOJIMBAIBHMII CTPYM y KPEMHii, JIErOBAHOMY AOMIIIKOBUMH aTOMaMH CEJICHY, XapaKTePH3yeThCs
MIPOCTOTOO KEPyBaHHS 31 CTaOLIPHUMH MapaMeTpaMu (aMILTITyJa Ta 4acToTa), II0 Aa€ 3MOTY Ha OCHOBI IIbOTO YHIKAJIBHOTO (hi3HIHOTO
SIBUIIA PO3POOJIISITH Ta CTBOPIOBATH KOJIHMBAJIbHI KOHTYPH B iH(pOpMamifHIX TEXHOJOTISX.

KuwouoBi cioBa: cenen; ougysia; Oop; amniimyod; 4acmoma; OCEIMIEHHS, KOHYEHMPAyis, AGMOKOIUSAHHS, KPEMHIll, 30HA
NnpoGiOHOCMI, 8AIeHMHA 30HA
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In this paper, the structure and physico-mechanical properties of films of polyelectrolyte complexes (PEC) based on sodium
carboxymethylcellulose (Na-CMC) with linear polyacrylamide (PAA) have been studied. Polyelectrolyte complexes were obtained by
mixing aqueous solutions of Na-CMC and PAA components in various ratios of components and pH of the medium. The structure of
the obtained products was determined using IR spectroscopy and electron microscopy. IR spectra in the range 400-4000 cm’! were
recorded on NIKOLET Magna-560 IR and Specord-75IR spectrophotometers (Carl Zeiss, GDR). The mechanical properties of films
of polyelectrolyte complexes were determined by stretching at a constant speed of movement of the lower clamp, 50 mm/min, on an
Instron-1100 automatic dynamometer (England) at room temperature. IR spectroscopic data showed that polyelectrolyte complexes
based on Na-CMC and PAA were stabilized due to the cooperative ionic bond between Na-CMC carboxylate anions (-COO") and
amine groups (-NHz) of polyacrylamide. It is shown that PEC films with an equimolar ratio of Na-CMC and PAA components have
an increased value of mechanical strength (o, = 38 MPa), elastic modulus (E = 73 MPa) and a minimum relative elongation (¢ = 0.5%).
And in excess of Na-CMC or PAA leads to a decrease in mechanical strength and elastic modulus, which is associated with a decrease
in the frequency of intermolecular bonds. It has been ascertained that water-soluble polyelectrolyte complexes based on Na-CMC and
PAA with increased strength properties can be obtained from solutions of components taken at an equimolar ratio of interacting
components. By changing the ratio of components, properties such as mechanical strength, modulus of elasticity and elongation can be
controlled. This can serve as one of the means of controlling the structure and properties of Na-CMC and PAA polyelectrolyte
complexes. The regulation of the physico-mechanical properties of PEC films opens up wide opportunities for their use as a soil
structure former in agriculture and water management and as the basis for soft drugs in pharmacy.

Keywords: Sodium carboxymethylcellulose; Polyacrylamide; Polycomplex; Interpolymer complex; Films,; Structure; Properties;
Mechanical strength; Relative elongation; Modulus of elasticity; Electron microscopy

PACS: 61.41.+e

INTRODUCTION

Currently, of great scientific and practical interest is the study of the ability of many water-soluble natural and synthetic
polymers to form stable products of cooperative reactions between heterogeneous polymers, called polyelectrolyte
complexes (PEC) [1-3]. PEC is a new individual substance formed due to the interaction of a polycation and a polyanion
with the formation of an ionic bond. In terms of solving this problem, the interaction products of natural polyelectrolytes that
form PECs are of the greatest interest. PECs are promising products in pharmacy and are increasingly used as thickeners and
stabilizers for suspensions, prolongers of the drugs action, and film formers for capsules and tablets, as a base for ointments
and other soft dosage forms, since they exhibit a number of unique and most valuable properties [4-11].

The possibility of independent variation of formation conditions, the ratio of reagents, and their molecular structure is
essentially the basis for controlling the process of formation and production of IPC with a given set of properties [12-16].

Very interesting and promising in this aspect are macromolecular complexes based on sodium
carboxymethylcellulose (Na-CMC) (polyanion) and linear polyacrylamide (PAA) (polycation), which form
polyelectrolyte complexes (PEC) in aqueous systems. The structure of a natural cellulose polysaccharide derivative, Na-
CMC, the presence of polar-functional groups in its macromolecules, which cause intense intermolecular interactions, the
high degree of orientation of this rigid-chain polymer, determines its ability to exhibit the properties of a matrix carrier
and a complexing agent with linear polyacrylamide.

Of great interest is the unique feature of the PEC systems structure based on Na-CMC and PAA systems, where, as
a result of self-organization of macromolecules during the formation of polycomplexes, nanostructures with controlled
nanosizes are formed [17]. This feature of polycomplex systems creates the possibility of molecular penetration of their
drug compounds at the cellular level, which allows them to be used as drug systems carriers with directed transport
properties. The consistency and normality of the structural and mechanical parameters of the bases based on IPC provides
optimal bioavailability of medicinal substances, easy, painless application of the ointment to the skin, mucous membranes,
etc. [18]. It should be noted that the constituent components of polycomplexes (PC) and PEC are large-tonnage,
accessible, and cheap polymers of local origin [19].
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In scientific terms, the interest in these objects is explained by the complexity of the complex structure of systems
of these polymers, and in practical terms, these studies are relevant due to the possibility of using them in pharmacy as
bases for ointments and soft dosage forms [20, 21].

In this regard, this paper is devoted to the study of the structure and physico-mechanical properties of PEC obtained
on the basis of Na-CMC with PAA of a linear structure with varying the ratio of the interacting components and depending
on the pH of the medium.

Of undoubted interest is the study of the physico-mechanical properties of IPC films, since these properties are
directly related to the structure of the polymer body and the possibility of their application [2, 22, 23]. Such a study is of
independent scientific value and practical importance, since the structure of the Na-CMC-PAA PEC can be varied by
changing the ratio of the interacting components, and the mechanical properties directly depend on both the structure of
the initial components and the structure of the PEC, and largely determine the areas of possible their use in the national
economy. In the literature, studies in this direction are few, and the interest in the study of the physico-mechanical
properties of Na-CMC-PAA PEC films is due to the possibility of obtaining new polymeric materials with desired
mechanical properties and their targeted use as bases for soft drugs in pharmacy [24] and as a soil structure former in
agriculture and water management [21,25].

EXPERIMENTAL PART
Materials
Sodium carboxymethylcellulose (Na-CMC) - SSt 5.588-79 and BA 6-05-386-80. Purified sodium carboxymethyl
cellulose, a product of the Namangan Chemical Plant, obtained by the method of heterogeneous solid-phase esterification of
sulfite wood cellulose with monochloroacetic acid (MCA) of the following structure was used as the main object of the
research:

CH, 0H CH,0CH,C00 Ni
H 0 H 0
. H H A
N 0 "
o~ |on H oH H )
H H
H OH H o ®

Figure 1. Chemical formula (a) and model structure of Na-CMC (b)

with a degree of substitution (DS) - 70 and a degree of polymerization (DP) - 450. It was repeatedly purified from low
molecular weight salts according to the procedure given in [26, 27].

Na-CMC is a weak polyacid, its dissociation constant depends on the C3. When the DS changes from 10 to 80, the
dissociation constant changes from 5.25-107 to 5:107. In practice, CMC is mainly used in the form of the Na salt.

Polyacrylamide (PAA). The second component of the polyelectrolyte complex is polyacrylamide, a product of the
Navoi Chemical Plant according to TSh 6.1-00203849-64:1997. Polyacrylamide is a polyelectrolyte obtained on the basis
of the polymerization of acrylamide containing the element nitrogen, which has a linearly branched structure
(Fig. 2) [28-31].

Polyacrylamide is an odorless, amorphous solid with a white-yellowish color, the molecular weight of which
is 10*-107 (depending on the conditions of preparation). The density of polyacrylamide at room temperature (295-297 K)
is about 1.302 g/cm®. The decomposition temperature is about 463 K. Polyacrylamide is a polyelectrolyte with
hygroscopic properties, harmless, and forms a soft gel when dissolved in water.

Figure 2. Chemical formula (a) and model structure of PAA (b)

Synthesis of PEC based on Na-CMC with polyacrylamide

We used solutions of Na-CMC in bidistilled water with a concentration of 0.01 to 0.4 basic mol/l. Reaction mixtures
of the required concentrations were prepared by mixing reagent solutions in the appropriate proportion at room
temperature and pH 6.0-7.2.
Obtaining films of polyelectrolyte complexes

Films from polyelectrolyte complexes were obtained by mixing aqueous solutions of Na-CMC and PAA
components in equinormal ratios at different contents of components and pH of the medium. The solutions were poured
onto an optical glass substrate and evaporated at room temperature. Solid dry films were washed with bidistilled water to
neutral pH, then dried at room temperature.
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IR spectroscopic studies

The structure of the obtained products was determined using IR spectroscopy and electron microscopy. IR spectra
in the range 4004000 cm! were recorded on “NIKOLET Magna-560 IR” and “Specord-75IR” spectrophotometers (Carl
Zeiss, GDR). Samples for IR spectroscopy were prepared in the form of pellets with KBr, films on a KRS-5 plate, and
films 8-12 pum thick. Films on a KRS-5 plate were obtained by evaporation of the solvent (water) at room temperature
(295-297 K).
Study of mechanical properties

The mechanical properties of the polyelectrolyte complexes films were determined by stretching at a constant lower
clamp speed of 50 mm/min on an Instron-1100 automatic dynamometer (England) and on a Shimadzu AGS-X universal
tensile testing machine at room temperature. The maximum measurement error was 1% [25]. Samples of the studied films
were prepared in the form of blades with a working area of 5x50 mm and a thickness of 0.07 mm. Samples were measured
in an air-dry state, pre-conditioned at a certain air humidity. Tensile stress 6, (MPa) in uniaxial tension was calculated by
the formula:

where, P- is the breaking force acting on the sample; So- is the initial cross section of the sample.
Relative elongation was calculated by the formula:

o=l

.100% @
0
where, [y and / are the lengths of the original and stretched samples, respectively.
The initial modulus of elasticity was calculated on the initial straight sections of the stretching curves using the
formula:

(o)
E,=— 3
£

Viscometric properties

The viscosity of solutions of polyelectrolyte complexes was determined on an Ubbellod viscometer (¢ = 2 mm), at
various temperatures under thermostatic conditions, and the time of solution outflow from the capillary was determined.
The technique for determining the viscosity of solutions is described in detail in the paper [32].
Electron microscopic studies

Electron microscopic studies of the surfaces and cleavages (ends) of PEC films were carried out on a “Hitachi-520”
scanning electron microscope (Japan) with a resolution of 60 A. Samples were obtained by the brittle cleavage method at
liquid nitrogen temperature [33]. The research results were recorded on electron micrographs.

RESULTS AND DISCUSSION
When mixed under certain technological conditions and at a certain temperature, and also, in principle, from
different polyelectrolytes with different structures, a new, individual substance was obtained, which differed both in
properties and in structure from the original components shown in Fig. 3.

CHz—CH— CH: — CH— CH:— CH— CH;~ CH— CHy— CH— CH; — CH—CH;— CH

| | | | | | |
C=0 C=0 Cc=0 C=0 C=0 =0 Cc=0
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CHyOH CHAOCHY CHOH CHOCH!
i o, H H H )
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o v} o
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Figure 3. Chemical formula (a) and model structure (b) of the polyelectrolyte complex obtained on the basis of Na-CMC and PAA.
Shaded area shows the formation of ionic bond between Na-CMC and PAA

Experimental data on the study of the solutions interaction of Na-CMC and polyacrylamide in neutral and slightly
acidic media showed that when mixing solutions, a change in the pH of the polyelectrolyte complex compared to the
initial components (Fig. 4). It should be noted that the initial components of the polyelectrolyte complex have a pH in the
region of neutral values. The initial addition of polyacrylamide to the Na-CMC solution results in a slight change in the
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pH reading to an equimolar composition. A further increase in the proportion of the polyacrylamide solution leads to a
sharp increase in the pH of the solution of the polyelectrolyte complex. A sharp break in the dependence of the pH of
solutions on the ratio of components corresponds to the equimolar composition of the interacting components (Fig. 4).

6,6
6,5+
6,4 —

6.3 % 4
62 h—%

6.1 T T T T T T T T T
Na-CMC 9:1 8:2 T:3 6:4 5:5 4:6 3:7 2:8 1:9 PAA

Figure 4. The dependence of the pH value of polyelectrolyte complexes on the ratio of Na-CMC and PAA components

The above data are confirmed by data on the study of electrical conductivity and viscosity of solutions of
polyelectrolyte complexes from the ratio of Na-CMC:PAA components (table 1). A comparative change in the pH
readings, electrical conductivity and viscosity of solutions of polyelectrolyte complexes from additivity indicates the
formation of new individual substances compared to the original components.

Table 1. Physico-chemical and electrical properties of PEC based on Na-CMC and PAA

PEC Na-CMC : PAA ratio
Properties Na-KMIT 9:1 8:2 7:3 6:4 5:5 4:6 3.7 2:8 1:9 ITAA
Viscosity, n, Pa-s 0.71 0.71 0.72 1.03 1.56 2.01 2.32 2.38 2.39 2.20 2.13
Electrical 186 272 314 | 390 | 451 | 518 | 575 633 715 | 770 | 793
conductivity, 6, Cm

The structure of the resulting PEC based on Na-CMC and polyacrylamide was ascertained by IR spectroscopy and
on the basis of literature data [29, 30]. The results of the analysis of the IR spectrum of the initial product Na-KMC
showed that the IR spectrum contains such functional groups (Fig. 5) as the carboxylate anion - COO™ (1603 cm™' and
1419 cm™), the carboxyl group - COOH and the hydroxyl group is OH, as well as the presence of absorption bands in the
structure at 1650, 1550, 1400, 1250, 1020, 780 cm’!, which gives these polymers polyelectrolyte properties (Table 2,
Fig. 5). The IR spectrum of the second component contains absorption bands characteristic of a linearly branched
structure. Analysis of the IR spectrum of polyacrylamide showed that the structure has absorption bands at 3422, 3180,
1664, 1618, 1401, 1327, 1112, 618 cm™', which exhibits the characteristic properties of a polyelectrolyte (Table 2, Fig. 6).

Table 2. Absorption band of functional groups in Na-CMC and PAA macromolecules and in PEC

Na-CMC: PAA, Na-CMC: PAA, Na-CMC: PAA, Na-CMC: PAA,
Na-CMC 80:20 60:40 50:50 40:60 PAA
3443.2 3442.52 3441.83 3429.20 3429.20 3422.96
2923.09 2923.49 - 3205.15 3207.46 3180.47

- 2854.49 - - - -

- 1664.79 1668.27 1667.71 1667.42 1664.71
1603.76 1609.92 1609.46 1609.89 1612.41 1618.95
1419.79 1414.20 1452.46 1451.46 1452.41 1401.76

- - 1411.60 1407.45 1409.54
1270.80 1326.20 1325.32 1324.72 1324.85 1327.14
1114.64 1266.51 1265.71 1117.50 1112.88 1112.51
1060.75 1151.51 1150.79 1066.41 - -
1022.15 1125.71 1123.39 - - -

- 1060.57 1060.30 - - -

- 1022.79 - - - -
915.74 915.79 914.13 914.72 915.69
701.87 621.73 622.02 619.58 617.32 618.63
599.17 - - - - -
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Figure 6. IR spectra of polyacrylamide

The change in intensity and the shift of the absorption band in the area of 1667 cm!, 1609 cm™ and in the area of 1407 cm’,
1451 cm™! indicates the formation of an ionic bond between the carboxylate anions of Na-CMC and the amine groups of
polyacrylamides, which gives this polyelectrolyte complex new properties that differ from the original components (Fig. 7).
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Figure 7. IR spectra of polyelectrolyte complexes from the ratio of components Na-CMC and PAA: 1 - 60:40; 2- 50:50; 3-40:60

Thus, the results of IR spectroscopy of the polyelectrolyte complex obtained on the basis of Na-CMC and
polyacrylamide in neutral and slightly acidic media showed that water-soluble polyelectrolyte complexes are formed upon
mixing. The resulting product can be used as carriers for soft drugs.

The study of the physico-mechanical properties of polyelectrolyte complex films obtained on the basis of Na-CMC and
PAA undoubtedly confirmed the formation of a new individual substance. Since the physico-mechanical properties of such
films are related to the structure of the obtained new individual polyelectrolyte complexes, their use in engineering and
technology and for the preparation of drugs with prolonged properties, as well as in other substrates, is of great importance.
Such studies are of both scientific and practical importance; the physico-mechanical properties and structure of the
polyelectrolyte complex films will depend on the structure and properties of its constituent components [34, 35].
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Figure 8. Graph of the dependence of the films strength of Figure 9. Graph of the dependence of the films elasticity of
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The physico-mechanical characteristics of the polyelectrolyte complexes films were studied on an Instron-1100
automatic dynamometer (England) and on a Shimadzu AGS-X universal tensile testing machine at room temperature by
stretching with a constant lower clamping speed of 50 mm/min. The mechanical strength, relative elongation and modulus
of elasticity of the polyelectrolyte complexes films based on Na-CMC and PAA were determined (Fig. 8-10).
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Figure 10. Graph of the dependence of the films elastic modulus of polyelectrolyte complexes on the ratio of components
Na-CMC : PAA. Temperature T=24°C

The results of the experimental data showed that with an increase in the content of PAA in the composition of
polyelectrolyte complexes obtained on the basis of Na-CMC and PAA, the interaction between the constituent
components of the polyelectrolyte complex increases, which leads to an increase in the mechanical strength of the films
to an equimolar composition (Fig. 8). In this case, one can observe a decrease in the relative elongation of films of
polyelectrolyte complexes (Fig. 9). By increasing the frequency of crosslinking between the constituent components of
the polyelectrolyte complex, the elasticity modulus of the films increases, which can be traced from the graph of the
dependence of the elasticity modulus of the polyelectrolyte complexes films on the ratio of Na-CMC: PAA components
to the equimolar composition (Fig. 10). A further increase in PAA in the composition of polyelectrolyte complexes leads
to a decrease in the mechanical strength of the films (Fig. 8), an increase in relative elongation (Fig. 9) and a decrease in
the elastic modulus (Fig. 10).

A further increase in the content of PAA in the composition of the polyelectrolyte complex films and, therefore, one
can observe a decrease in the mechanical strength of the films due to an increase in the dispersed phase (Fig. 8), an
increase in the relative elongation of the films under tension (Fig. 9) and a decrease in the elastic modulus due to an
increase in the heterogeneous structure in films of the polyelectrolyte complex (Fig. 10). This is mainly due to the
formation of a heterogeneous structure and, as a result, a decrease in the frequency of intermolecular bonds. In addition,
a decrease in the elasticity modulus in films of polyelectrolyte complexes with an excess of Na-KMC or PAA is associated
with the formation of a heterogeneous structure, which can be observed from images obtained by scanning electron
microscopy (Fig. 11).

Thus, the resulting polyelectrolyte complex based on Na-CMC and PAA is a new, individual substance, both in
structure and in properties differing from the structure and properties of the original products. It should be noted that the pH
value for Na-CMC is pH = 6.2; for PAA - pH = 7.0, and for PEC with an equimolar composition, it has pH = 6.4. Mechanical
strength for Na-CMC - o, = 6.1 MPa; for PAA, o, = 22 MPa, and for PEC films with an equimolar composition, it has
op = 38 MPa. Relative elongation for Na-CMC - ¢ = 5.1%; for PAA — ¢ = 4.0%, and for PEC films with equimolar
composition it has €=0.5%. The modulus of elasticity of films for Na-CMC is E = 3.2 MPa; for PAA — E = 8.1 MPa, and for
PEC films with an equimolar composition is E = 73 MPa. All these changes in the properties of films of polyelectrolyte
complexes are associated with the formation of a cooperative ionic bond between the carboxylate anions of Na-CMC (COO")
and the amine groups of polyacrylamide, which was confirmed by IR spectroscopic data. The increase in mechanical strength
(op) and elastic modulus (E) and the decrease in the relative elongation of the films of polyelectrolyte complexes is associated
with an increase in the density of crosslinking between the constituent components of the polyelectrolyte complex. It should
be noted that the obtained films at an equimolar ratio of Na-CMC : PAA components have the maximum mechanical strength
(op), elastic modulus (E), and minimum relative elongation (&).

CONCLUSIONS
1. Based on the experimental data, it can be concluded that a new individual substance based on Na-CMC and PAA
has been obtained. The structure and properties of the obtained polyelectrolyte complex differ from the initial products.
2. From the data of IR spectroscopy, it was revealed that the polyelectrolyte complex based on Na-CMC and PAA
is stabilized due to the ionic bond between the carboxylate anions of Na-CMC and the amine groups of polyacrylamides.
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3. Ionic bonds largely determine the mechanical strength of the systems under study. Water-soluble polyelectrolyte
complexes based on Na-CMC and PAA with increased strength properties can be obtained from solutions of components
taken at an equimolar ratio of interacting components. By changing the ratio of components, properties such as mechanical
strength, modulus of elasticity and elongation can be controlled. This can serve as one of the means of controlling the
structure and properties of Na-CMC and PAA polyelectrolyte complexes.

2pum

Figure 11. SEM electron microscopy images of Na-CMC (a), PAA (b) and PEC
with the ratio of components Na-CMC : PAA=1:1 (c); 2:1(d); 1:2(e).
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CTPYKTYPA TA ®I3UKO-MEXAHIYHI BJIACTUBOCTI HOJIEJIEKTPOJITHUX KOMIIVIEKCIB HA OCHOBI
MOJICAXAPUAY KAPBOKCUMETUJILEJIIOJO3U HATPIIO TA IOJIAKPUJIAMIAY
CabiTkan 5. Inaramos?®, Ymmatazkon A. Acpopos®¢, Epkin b. Kcymkanos®
4 Tawkenmcewkutl hapmayesmuunuti incmumym, Mipabadcvruii paiion, Aiibexem, 45 m. 100015, Tawxenm, Y36exucman
b Hayionanvnuii ynisepcumem Ysbexucmary imeni Mipzo Vayebexa, Tawxenm, Ysbexucman
¢ Tawxenmcokuii Oepocasnuii neoazoiunuil ynieepcumem imeni Hizami, Tawxenm, Y30exucman

VY poGoTi IocmimKeHO CTPYKTypy Ta (i3MKO-MeXaHidHI BIACTHBOCTI INTBOK mojienektporitHux komiurekciB (ITEK) ma ocHoBi
Harpiiikapbokcumerminentono3n (Na-KMLI) 3 miniitnum noniakpunamigom (ITAK). ITomienekTponiTHI KOMIUIEKCH OTPHMYBAIIU
3MIITyBaHHSAM BOJHUX po3unHiB KoMmnoHeHTiB Na-KMI] i I[TAA B pi3HHX CHiBBIZHOIIECHHSX KOMIIOHEHTiB i pH cepemoswmima.
CTpyKTypy OTPUMaHHX MPOAYKTIB BU3HAYAIH 3a gornoMororo [Y-criekTpockornii Ta eneKTpoHHoi Mikpockorii. [Y-criekTpu B niana3oHi
400-4000 cm!' 3anmcysanu Ha crekrpodoromerpax NIKOLET Magna-560 IR Ta Specord-75IR (Carl Zeiss, HJIP). Mexauiuni
BJIACTHUBOCTI ILTIBOK MTOJIIENEKTPOTITHUX KOMITJICKCIB BU3HAYAIH PO3TATYBAHHM IPH MOCTiiHIN MIBUAKOCTI pyXy HIDKHBOTO 3aTHCKAYa
50 MM/XB Ha aBTOMaTHYHOMY JuHamoMeTpi Instron-1100 (AHrmis) mpu kiMHaTHIN Temnepatypi. ani I[Y-cnekrpockormii mokasainm,
10 TIOMieNeKTPOiTHI Komiuiekcn Ha ocHOBI Na-KMI i [TAA craGimizyBamucs 3a paxyHOK KOOIEPaTUBHOTO 10HHOTO 3B’SI3KY MiXK
kapOokcwiat-anionamu Na-KMI[ (-COO-) i aminammu rpynamu (-NH2) noniakpunaminy. I[lokazano, mo miiBku [TEK 3
EKBIMOJISIpHUM CITiBBiTHOIEHHAM KoMIoHeHTiB Na-KMI ta [TAA maroTs miiBHIIEHEe 3HAUEHHS MEXaHIqHOI MilTHOCTI (0p = 38 MI]a),
moxyist npyskHocti (E=73 MIla) ta miniManeHe BiHOCHE BHIOBXeHHS (€ = 0,5%). A Hagmmok Na-CMC a6o PAA npusBoanTs 10
3HIKEHHSI MEXaHIYHOi MIIHOCTI 1 MOZYyNs MpPYKHOCTI, HIO MOB'S3aHO 31 3HIDKCHHSM YaCTOTH MDKMOJCKYJSPHHX 3B'S3KiB.
BcTaHoBeHO, 1110 3 PO3YHHIB KOMIIOHEHTIB, Y3STHUX IPHU SKBIMOJSIPDHOMY CIiBBIZHOIICHHI B3a€MOJIIOYMX KOMIIOHEHTIB, MOXHa
OTPUMATH BOJIOPO3YHHHI MOJIEICKTPONITHI KOMIUIeKCH Ha ocHOBI Na-KMI] i [TAA 3 miiBUIIEHHNMH MIIIHICHUMH BJIACTHBOCTSMH.
3MiHIOIOYH CITiBBiIHOLICHHSI KOMIIOHEHTIB, MOYKHa KOHTPOJIIOBAaTH TaKi BIACTUBOCTI, SIK MEXaHi4Ha MIL[HICTh, MOLYJIb NPYXHOCTI Ta
nofosskeHHs. Lle Moxxe OyTH ogHNM i3 3ac00iB KepyBaHHS CTPYKTYPOIO Ta BIACTHBOCTSIMU ITOJTieNeKTpoiTHIX KoMmintekciB Na-KMI]
ta [TAA. PerymoBanus ¢izuko-mMexaniunux Bractuoctedl miiBok [IEK BigkpuBae mHMpOKi MOXKIHBOCTI AJIs iX BUKOPUCTAHHS SIK
IPYHTOYTBOpIOBaYa y CILCHKOMY Ta BOJHOMY I'OCIIOJJAPCTBI Ta SIK OCHOBH JUISl M’ SIKHX JIIKApCHKUX 3aco0iB y hapmariii.

KurouoBi ciaoBa: wampiiikapookcumemunyentonosa; NOMaKpuramio, NONIKOMNIEKC, [HMEPNoNiMepHULl KOMHUAEKC, MNLiKU,
CMPYKMypa,; 61acmusocmi; MexaniyHa MiYHICIMb, 8IOHOCHE UOOBICEHHS; MOOYIb NPYNCHOCTI, eJIeKMPOHHA MIKPOCKONIs





