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This study provides a theoretical investigation of peristaltic transport of couple-stress nanofluid under the influence of a magnetic field
in an inclined porous tube. With low Reynolds number, long wavelength approximations, appropriate analytical methods are employed
to investigate the fluid’s velocity, frictional force, time-averaged flux, nanoparticle phenomena, pressure drop, and temperature profile.
The effects of various physical parameters, including the thermophoresis parameter, Brownian motion parameter, local nanoparticle
Grashof number, and local temperature Grashof number, on frictional force and pressure drop characteristics are investigated. Graphs
are used to illustrate expressions for pressure drop, velocity, nanoparticle phenomena, temperature profile, and frictional force.
Keywords: Thermophoresis parameter, Peristalsis; Brownian motion parameter; Nanoparticles; Magnetic field; Couple stress fluid;
Porous medium

PACS: 47.15.-x, 47.63.-b, 47.50.-d

Nomenclature
a* ‘Tube Radius’ c’ ‘Nanoparticle Concentration’
b* ‘Amplitude’ Dg" ‘Brownian diffusion coefficient’
[ ‘Wave Speed’ D" ‘“Thermophoretic diffusion coefficient’
A ‘Wave Length’ Cy ‘Nanoparticle Concentration as r* — h’
[0) ‘Inclination Angle’ T, ‘Ambient Temperature as r* - h’
Tl-‘} and Tj; ‘Antisymmetric Tensor and Symmetric Tensor’ 6" ‘Temperature’
w;* ‘Velocity Vector g* ‘Concentration’
M;; ‘Couple-stress Tensor’ N ‘Thermophoresis parameter’
Hij ‘Deviatoric part of M;;’ N, ‘Brownian motion parameter’
w;;" “Vorticity Vector’ Gy ‘Local temperature Grashof number’
dy; ‘Symmetric part of Velocity Gradient’ By ‘Local nanoparticle Grashof number’
nand @ ‘Couple-stress Fluid Parameters’ r* ‘Radial Coordinate’
p ‘Pressure’ z ‘Axial Coordinate’
p* f ‘Fluid Density’ w* ‘Axial Velocity’
p*p ‘Density of Particle’ k ‘Porosity’
F ‘Body Force’ [ ‘Electrical Conductivity’
C ‘Volumetric thermal expansion coefficient’ By ‘Uniform Magnetic Field’
d/dt ‘Material derivative’ M ‘Hartmann Number’
INTRODUCTION

Peristaltic pumping is the gradual contraction of a tube along its length. The cross-sectional area subsequently
changes. Peristalsis naturally takes place in various tubular organs within the human body. Peristaltic motion has been
used in several industrial applications, such as the transport of sterile and hygienic fluids, blood pumps for the heart and
lungs, and the handling of chemically aggressive fluids. Researchers have studied the peristaltic transport of both non-
Newtonian and Newtonian fluids under a wide range of conditions, recognizing its significance.

[1] conducted detailed research on Magnetohydrodynamic flow of nano-coupled stress fluid in the tapered, non-
uniform passage within a porous medium, considering velocity slip and convective boundaries. Their model integrates
key physical influences such as nanoparticle dynamics (Brownian motion and thermophoresis), magnetic fields, and
porous resistance. Numerical results reveal that stronger magnetic fields reduce axial velocity but improve heat transfer.
The wall-slip and permeable medium significantly affect the flow and thermal behaviour. [2] explained the combined
impact of magnetic field and heat transfer on peristaltic transport of couple-stress fluid through an inclined tube. Their
model accounts for body forces, low Reynolds number, and long wavelength approximation due to inclination, along with
temperature-dependent source terms. The results reveal that flow characteristics, including temperature gradients,
pressure rise, and velocity profiles, are significantly affected by the interplay between magnetic damping, couple stress
effects, and inclination angle.
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[3-4] explained the theoretical study of the peristaltic flow of couple stress fluid, including mass and heat transfer
effects. This study assumes a low Reynolds number, long wavelength approximation, which allows analytical solutions.
Key aspects investigated are velocity distribution, time-averaged flux, frictional force, mechanical efficiency, pressure-
drop, nanoparticle behaviour, coefficients of heat and mass transport, and temperature profile. The influence of several
physical parameters, such as Brownian motion, the couple stress fluid parameter, thermophoresis, nanoparticle, and
temperature Grashof numbers, is thoroughly examined. and further it was studied with nanoparticles in an inclined tube
by [5].

Researchers typically use the couple-stress fluid model because it is more mathematically simpler than other models.
Blood, lubricants with electro-rheological suspensions, synthetic fluids, and high polymer-based additives exhibit couple-
stress and rotation, unlike Newtonian fluids. The couple stress fluid model provides a better representation for these fluids.
[6] Stokes developed couple-stress fluids in 1966. [7] developed a stress model of blood flow in the microcirculation. [8]
conducted a study on peristaltic transport of couple-stress fluid, focusing on its relevance to hemodynamic applications.
[9] explored how the boundary layer affects peristaltic flow of couple stress fluid. [10] demonstrated the hydromagnetic
influence on inclined peristaltic flow of couple stress fluid.

Nanotechnology has significant impact on industry due to the distinctive physiochemical characteristics of nanoscale
materials. Common base fluids used in nanofluid applications include oil, ethylene glycol, and water. Nanofluids are
widely utilized in heat transfer processes, including those in fuel cells, microelectronics, hybrid engines, and
pharmaceutical manufacturing. There is extensive literature available on nano fluids and their uses. [11] was the first to
research nanofluids and further it was studied in an inclined tube by [12]. [13] carried out research concerning pool boiling
behaviour of nanofluids in horizontally oriented narrow tubes. [14] studied peristaltic motion of third order nanofluids
under mixed convection in the presence of an inclined magnetic field. [15-17] investigated the peristaltic flow of
nanoparticle-laden micropolar fluid, taking into account heat and mass transfer effects in an inclined tube. Many ducts in
the physiological system are inclined with the axis, rather than being horizontal. [18] explored the effect of slip conditions
on the peristaltic transport of power-law fluid through the inclined tube.

In the previous literature, the researchers studied (i) peristaltic transport of Newtonian or micropolar fluids with
MHD, (ii) peristaltic transport of a couple-stress fluid with MHD, but without nanoparticles, porous medium. In this work,
we considered couple-stress fluid with nanoparticles in an inclined tube under the influence of MHD through porous
medium. This comprehensive model is especially important for advanced applications such as biomedical engineering
(magnetic targeting of drug carriers in porous tissues and blood flow under external magnetic fields), thermal management
of electronics (cooling microchips using nanofluids in porous heat sinks with MHD flow control), and industrial processes
(peristaltic pumping of complex fluids in chemical reactors with porous linings).

With all of the aforementioned in mind, the peristaltic flow of couple stress nanofluid within inclined tube was
examined under the assumptions of low Reynolds number and long wavelength. Homotopy perturbation method (HPM)
was employed to solve the coupled equations governing temperature profile and nanoparticle phenomena. Analytical
solutions for nanoparticle phenomena, velocity, temperature profile, frictional force, and pressure drop were developed.
Impact of various conditions on these flow parameters has been represented using graphs.

MATHEMATICAL FORMULATION
Peristaltic flow of an incompressible couple-stress nanofluid having a uniform cross-sectional radius a,in an inclined
tube. A sinusoidal wave travels along the tube border with amplitude b*, wavelength A*, speed c;, and inclined tube angle

is 0.

Figure 1. Geometry of the problem

Consider the cylindrical polar coordinate system (R, 8%, Z) then the geometry of the wall surface is

R=H(zt") = b*smj—’f (Z-ct)+a (1)
In a fixed coordinate frame, the governing equations of an incompressible couple-stress fluid containing
nanoparticles, neglecting body couples or body moments, are expressed as follows
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Tjij =P @
eiji" Tix + Mjij = 0 3)
Lj = —p8ij" + 2u;dy; “)
Hij = Anw;;" + 40’ w;;” 5)
(00 = kV2T" + (p°0), [Dp"VC". VT + 22 vT. VT ©6)

P f de* p P B . To’ .

d_C, — *g2 0/ DL’* 27

dt*—DBVC+[T6]VT )

By applying the transformation
r'=Rz=Z—-ct",0"=0"uw"=Uw=W-—-¢
Transforming from a stationary to a moving reference frame, we get

! ! !
ou* u* aw*

dr*’ + = + oz’ =0 ®
1 dp’ sin®
uv? [1 -2 v?|w = ﬁ +p B (T = Tg) + p*gB’(C' = C§) + 22 + 8, Bo*w’ + 5w ©)
. 2 N2
w1 0T’ ol aT 1 ar’ | #*1’' [ac’ at’  ac'ar’ Dor (0T’) (ai)
[u ar+’ tw =F or *'2 ' ore’ to7 2% 105 Tor! + oz' oz’ + 1o |\or*’ + oz’ (10)
w1 oc’ w1 C’ ] 82¢’ | 1 ac’ | 8%c'| , Ppri[o%r! | 1 ar’ | 9%T’
[u *' +w DB 61‘*’2 + r*’ ar*’ + aZ,z + T(; 61‘*’2 + r*’ ar*l + aZ,z (11)
. 1 0 5}
with V2= —— (r* —)
r*or* or*
(P*C)p
where T = ——+ =
(P O)f P*g
The dimensionless quantities:
r*' h z' w* a*’p’ ot Au*’ T —T,
T'*: h’:_Z:_W*:_p: L_*: u*: *2—0
a*’ a*’ A’ ¢’ Ao’ A a*c,’ Ty '
R _2p"ca’ B = - _ (p"C)pDB*Cy 4,4 _ (p*C)pDp* Ty, _ c'-c}
¢ (* c) o T B c
3 X 5B 2a"2 . sq*3c!
aza*®= ﬁa*,k: *Z,M*Iloa,G; gﬁaz OB* gBaZ 0
n a W 14 14

Here G, and By are the temperature and nanoparticle Grashof numbers, respectively. They quantify the ratio of buoyancy
forces to the viscous forces in the flow. A larger B, signifies a stronger influence of free convection induced by
nanoparticle concentration differences.

Substituting the dimensionless quantities into equations (8) to (11), and taking long wavelength and low Reynolds
number approximations while omitting the initial terms, we get

2 _g (12)
L ()W) =2 o B S () 0
0= Fgr (5 s S vz (5 (4
0= 2 )+ () 09

Dimensionless boundary conditions are
=022 =0, % =0atr" =0 (16)

w'=0,0"=0,0*=0atr* = h(z) =1+ esin2nz 17)
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*w* 7 ow*
ar? r* or*

=0atr* = h(z) =1+ esin2nz (18)

*w* 7 ow*
*

ar? r* or*

is finite at r* = 0 (19)

«_ Db r_
Here € —;andn =

= |3

SOLUTION OF THE PROBLEM
HPM: It combines the perturbation and homotopy methods. This methodology is more suitable than the other classic
perturbation approaches.
The homotopy formulations for (14) and (15) are (He, J. H. (1999))

. . ‘ « (80" (26" . (297)?
H(s,07) = (1= OILO) — L©;] +5 N5 (52) (52) + M (52) | (20)
* % * N (1 @ *69*
Hs.0) = (1= 9L — Lo + ¢ [1E (2 (r 5%) ) @1)
Let the linear operator be L = % ai* (r* ai*) and
*2_ 2 *2_ 2

010(r*, z) = <%),01*0 (r,z)=— (r L ) are initial guesses (22)

Define
0*(r*,z) =05 +¢0; +¢%60; + ——— — — — (23)
o*(r*,z) =05 +¢of +¢*o5 + ————— — (24)

Expressions for nanoparticle concentration and temperature profile are obtained for

¢=1as
* _N_; * * T*4—h4
0" = =Sy - ) (5 (25)
* * * * 7*®—n6 * * % r*6—n6 « * r*t_pt
0 = Ny (NG — ) (T) = 2Ne ;= o) (D) + (2 — ) (55 (26)

Substituting (25) and (26) in equation (13), we get

1 0
r*or*

* * T*4—h4' * N; * * 7*4_h4 Hn * *
(ZNt—Nb)(6—4)]+3r(—N—Z(Nb—Nt)( — )>+(E+M)W 27)

« 0 _ 1o «\ _ dp | sing . P, F*6_p6 B IR 6_p6
(T 6r*(1 aZV)W)—dZ+ F +Gr[Nb(Nb Nt)(nsz) ZN¢ (N, Nt)<1152)+

On solving equation (27) using the boundary conditions, we get

%10

1 _ d sing r**  Rr2p*? 3pt r rr**  5p8p*2

w* = - . aZ{(—”+—)(——+——— — G|y v; = ND) S A

e G az ' F 64 | 16 64 7372800 73728 = 98304

2 \k 64
23h10 T'*lo hﬁr*‘l' 5’187'*2 T*8 h4r*4— h(,r*z
— N;(N; — N{) - + —0.00000716628h° ) + (2Ng — Ni,k) — + -

614400 3686400 36864 50752 147456 4096 1152
31h8 N} r*8 ntr** n6r*% 31p8
— | =B |-t (N; — N; - + - 28
49152)] Tl N Ny ‘) 147456 4096 = 1152 49152 (28)

Dimensionless flux is
* h * * *
q = J, 2r'wrdr (29)

Substituting w* from (28) in (29) and solving, we get
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73h12
4423680

NJ(NE—NE‘)<

¢ =) [ (- () ()| -

a2 (—0.000001283676h14 - (% + M*) (—0.00000003841188hl6))> — N (Nj — N{) (0.0000330958h12 +

61440 884736

* 10 12
—%(N;—N;)(—”h +a2<— o (L
b

a? (0.0000056283h“ - (g + M*) (0.00000377848h16))) + (2N = ND) <_ LU <_ 19h12

3 *)(— 14 _ p*
(k+M)( 0.00000064184h )>>] B} e ol

M*) (—0.00000064184}114)))” (30

From equation (30), the expression for Z—i is

d_p=_i *+ﬁ

dz Ay Ay Gh

Where A, = a? [— Z—: + a? (_ % + (% + M*) z:)l:o)]
and

73n12

*
— GT‘ —_
4423680

i 6 8 10
B, = & ;—S”‘“’ [—"— + a2 (— S (B (s ))
F 48 3072 k 20480

2(-0.00000128h* + (% + M*) (0.0000000384h16)>> — N7 (N; = Np) (0.000033h12 +

—_—

* * *
Nb (Nb - Nt) (
a
C? [ —

61440 884736 k

* 10 12
—g—;<N;—Nt*><—17h rar (- (e

_B*
r k

M* (0.00000064184}114)))

61440 884736

10 2
2 (0.0000056}114 - (% + M*) (0.00000378h16))> + (2N; = N} ( Uh_ 4 g2 (—ﬂ + (E +

M* (0.00000064184h14)>>l}

Pressure drop over the wavelength is

. 1d
Apy" =~ [ 2odz (32)
By substituting Z—: from (31) in (32), we get
Apy" =q"S1 + S, (33)
11
L=— =
Here $; = — | " dz (34)
1
and
1B
S, = fo A—idz (35)
Time-averaged flux is
%2
Q=1+ +¢q (36)

By substituting (33) in (36), time-averaged flux is

%2 *
Q=1++T2_2

s 5 37

The dimensionless frictional force is given as
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Mechanical efficiency is defined as E* =

E* =

F* = f) n? (=) dz

useful pumping power

total work done per wavelength

Apy”Q*

Maximum flow rate is

The reflux limit is

Z
%Ap;\*ﬂ'ol fold—p{b*sinZn(z—t*)—b*zsin4n(z—t*)dzdt*}

dz

1B
. & fOA—ldz
Q =1+ +77
foA_l z

1By
e* fOA—dZ

Q" <1 +T+ T 11
fOA—ldz

Graphical Illustrations

(38)

(39

(40)

(41

Semi analytical approaches are used to obtain expressions of concentration, temperature, reflux limit, mechanical
efficiency, frictional force, pressure drop, velocity, and time-averaged flux. Figures in the following subsections display
graphical findings of relevant parameters for o, 8*, E*, Ap;”, F*and reflux limit by using Mathematica.

Pressure drop

Figure (2) illustrates variation of absolute value of pressure drop for different values of G,.*, B,", N,*, u, N;*,M*, k*
compared to time-averaged flux (Q*). Figures 2(a)-2(g) shows that rise in porosity (k), and Brownian motion parameter
(N, ") results in an undesirable reaction in pressure drop (Ap;”), whereas Ap;” rises with larger magnitudes of magnetic
parameter (M*), nanoparticle Grashof number (B,"), thermophoresis parameter (N,*), temperature Grashof number

(G,"), and dynamic viscosity (u).

1Ap,*|

Figure 2(a). Variations in Pressure drop for N,*

[Ap,°|

=
\h,;::}\h
15) R ]
"< 10]
o
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5_
07\
0.0

Figure 2(c). Variations in Pressure drop for G,

Figure 2(d). Variations in Pressure drop for B,."
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Figure 2(g). Variations in Pressure drop for k

Frictional Force
Figure 3(a)-3(g) shows how various parameters affect the frictional force (F*). F* upsurges with rise in
thermophoresis (N,"), temperature Grashof number (G, "), nanoparticle Grashof number (B,."), dynamic viscosity (1),
magnetic parameter (M*) but decreases with rise in porosity (k), and Brownian motion (N, ").

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Q Q
Figure 3(a). Variations in Frictional force F* against N},* Figure 3(b). Variations in Frictional force F* against N, "

15].

10

a
Figure 3 (c) Variations in Frictional force F* against G, Figure 3 (d) Variations in Frictional force F* against B,."
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Figure 3(e). Variations in Frictional force F* against u Figure 3(f). Variations in Frictional force F* against M*
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Figure 3(g). Variations in Frictional force F* against k

Temperature Profile
Figure (4) illustrates the variations of temperature (8*) for thermophoresis (N,*) and Brownian motion (N,").
Decrease in N.* and N,* causes a rise in temperature, which signifies the enhanced thermal diffusion resulting from
intensified nanoparticle motion, which acts to homogenize the temperature field.

Np*=40

No™= 45

Np*=50

Np* =56
L L L 1 _7 S S T TR S S ol
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

r r
Figure 4(a). Effect of N;,* on Temperature Figure 4(b). Effect of N,* on Temperature

Nanoparticle Phenomena
Figure (5) shows that increasing the Brownian motion (N,,*) improves concentration, but increasing thermophoretic
parameter (N, ) decreases concentration significantly.

0.020

0.015-
®

0.010-

0.005-

0.000' ) ) 3 ‘ ‘ X )
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

*

r r
Figure 5(a) Nanoparticle phenomenon against Nj,* Figure 5(b) Nanoparticle phenomenon against N, *
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Figure 5(a) Nanoparticle phenomenon against Nj,* Figure 5(b) Nanoparticle phenomenon against N, *
Mechanical Efficiency

Figure (6 and 6.1), Variations in Mechanical efficiency E* are illustrated for different values of
w Ny k,N.*,G.", M*,B,” compared to amplitude (b*) and the ratio of averaged flow rate and maximum flow rate
(Q*/Qo"). Figures 6(a)-6(g), shows that rise in porosity k, nanoparticle Grashof number B,.", and Brownian motion N,
results in an undesirable reaction in Mechanical efficiency(E*) whereas E* rises with larger magnitudes of magnetic
parameter (M*), temperature Grashof number (G, "), dynamic viscosity (i), and thermophoresis parameter (N, ). Figures
6.1(a)-(g), show that E* upsurges with rise in nanoparticle Grashof number B,", porosity k, and Brownian motion N
whereas E* reduces with increase in dynamic viscosity (i), temperature Grashof number G,.*, thermophoresis parameter
(N."), and magnetic parameter (M*).

25 25; ]
20 20: ]
Y
15¢ 15/ "o ]
fy l e
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5 5 ]
0 ‘ , ‘ ] 0 ‘ , ‘ ]
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
b* b*

Figure 6(a). Mechanical Efficiency vs amplitude for different N,* Figure 6(b). Mechanical Efficiency vs amplitude for different N,*
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Figure 6(c). Mechanical Efficiency vs amplitude for different G,.* Figure 6(
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Figure 6(¢). Mechanical Efficiency vs amplitude for different 4 Figure 6(f). Mechanical Efficiency vs amplitude for different M*
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Figure 6(g). Mechanical Efficiency vs amplitude for different k
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Figure 6.1(a). Mechanical Efficiency vs Q*/Q," for different N, Figure 6.1(b). Mechanical Efficiency vs Q*/Q," for different N,*
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Reflux Limit
Figure 7(a)-7(g) show that, with increase in nanoparticle Grashof number B;, porosity k, temperature Grashof
number G, and thermophoresis N results in a significant increase in reflux flow rate whereas higher values of magnetic
parameter M*, Brownian motion N; and dynamic viscosity y results in a reduction in reflux flow rate.

3.5 3.5- ‘ ' E 2
30 3.0 ]
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. 20 . 20 ]
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15 15- ]
1.0; 1.0- 1
05 05" ]
0.0 ‘ ‘ ‘ ‘ 0.0 ‘ : : ‘
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b* b
Figure 7(a). Reflux limit against Nj," Figure 7(b). Reflux limit against N,*
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Figure 7(c). Reflux limit against G,.* Figure 7(d). Reflux limit against B,."
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Figure 7(e). Reflux limit against u Figure 7(f). Reflux limit against M*
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Figure 7(g). Reflux limit against k
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Comparing the result with previous study

Magnetohydrodynamic effects on the peristaltic flow Impact of Magnetic field on peristaltic transport of
of couple stress fluid in an inclined tube with Nano-coupled stress fluid in an inclined porous tube

endoscope (previous study) (present study)
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CONCLUSIONS

Governing equations for an incompressible nano-coupled stress fluid passing through a circular tube under the influence
of magnetic field in porous medium are modeled and used to simulate fluid flow in the tube. The study under consideration
is crucial from a rheological standpoint, and it has applications in various scientific fields, including fluid flow simulation.
This research focuses on how nanoparticle Grashof number (B,."), porous medium (k*), magnetic parameter (M*), and
temperature Grashof number (G,.") affect net flow rate. The key conclusions of the present research are:

e Thermophoresis (N;') and Brownian motion (Nj) decreases as temperature upsurges.
¢ Increase in Brownian motion parameter N,,, increases concentration whereas it reduces with rise in thermophoresis N

e Decrease in porous medium parameter (k*) and Brownian motion (Nj) increases pressure-drop, but increasing
thermophoresis (N, ") and magnetic parameter (M*) significantly increases pressure drop.

e Frictional force (F*) upsurges as magnetic parameter (M*) and thermophoretic parameter (N;) increases, whereas
F* reduces with rise in porous medium parameter (k*) and Brownian motion (Ny).

e An elevation in the thermophoresis parameter N/, nanoparticle Grashof number B,.*, porosity k, and temperature
Grashof number G, substantially augments the reflux flow rate which promote fluid movement by enhancing thermal
convection, reducing viscous drag, and allowing freer passage through the porous medium. Elevated values of p,
M~, and N;, leads to decrease in reflux limit.

e An increase in By, Njj, and k leads to decrease in mechanical efficiency. This behavior suggests that enhanced
nanoparticle diffusion, elevated viscous dissipation, and increased permeability introduce greater resistance and
energy loss within the system. Conversely, higher values of the temperature Grashof number (G;), thermophoresis
parameter (N;), dynamic viscosity (1), and magnetic parameter (M*) are associated with an improvement in
mechanical efficiency. These parameters appear to promote more stable and directed fluid motion, potentially due
to stronger thermal gradients, buoyancy effects, and controlled stress fields that enhance flow alignment.

e Interestingly, mechanical efficiency E* expressed exclusively in terms of the flow rate ratio (Q*/Q,") reveals an
opposite trend in certain cases i.e., increasing Nj;, By, and k results in enhanced mechanical efficiency and in
contrast, larger values of N, G;, u and M* lead to a decrease in mechanical efficiency under the same flow
conditions. This indicates that, depending on the operating regime, excessive thermophoretic effects, strong
magnetic field interactions may suppress efficient energy transport within the system. Changing porosity or
nanoparticle Grashof number can change time-averaged flow by affecting buoyancy-driven convection and also
change frictional dissipation by adjusting viscosity. If the modification increases flux more than dissipation then E*
increases otherwise it reduces.

e WhenNj =0,N; = 0,M" = 0,k = 0, the velocity or pressure relations can be reduced to long wavelength solution.
Increasing the MHD parameter (M™) reduces reflux and stabilizes pumping. Moderate levels of the thermophoresis
parameter (N;') implies good nanoparticle distribution while preventing excessive energy loss. The inclination angle
can be optimized to reduce reflux in biomedical devices or systems.
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Co?* ion-doped ZnSe semiconductor quantum dots (QDs) were synthesized in aqueous solution using starch as a surface stabilizer to
ensure nanoparticle dispersion. Structural and compositional analyses using X-ray diffraction (XRD) and energy-dispersive X-ray
spectroscopy (EDX) confirmed the successful incorporation of Co?" ions into the ZnSe matrix. XRD and UV-visible absorption
spectroscopy were used to determine the crystalline structure, lattice parameters, and particle sizes of Co-doped ZnSe QDs. The optical
properties were analyzed using absorption and fluorescence spectroscopy, revealing a blue shift in the absorption peak with increasing
Co concentration due to quantum confinement effects and changes in particle size. Photoluminescence (PL) analysis revealed dual
emission peaks, corresponding to band-to-band recombination and Co-related defect states, with maximum luminescence efficiency
observed at the 9% Co doping level. Beyond this concentration, the quenching effects attributed to the Co-Co interactions reduced the
fluorescence intensity. Magnetic hysteresis measurements demonstrated that the Co-doped ZnSe QDs exhibited room-temperature
ferromagnetism, with saturation magnetization increasing with co-doping concentrations of up to 12%. The ferromagnetic properties
were ascribed to the exchange interactions between the Co?* ions and the ZnSe matrix.

Keywords: ZnSe:Co; Starch surface stabilizer; Cobalt doped; Magnetic properties; Photoluminescence

PACS: 78.67.Hc, 78.55.-m, 75.50.Pp, 81.05.Dz

1. INTRODUCTION

Scientists have focused their research on semiconductor nanoparticles in recent decades because of their distinct
features compared to bulk semiconductors [1, 2, 3, 4]. Scientists have focused their study on the fabrication process and
physical and chemical properties of group II-VI semiconductor nanoparticles, which are direct bandgap semiconductors with
high quantum efficiency and are suitable for lighting and energy conversion applications [2, 4]. ZnSe quantum dots (QDs)
are among the most non-toxic and chemically stable II-VI semiconductors. ZnSe is an n-type, direct bandgap semiconductor
with a band gap of ~2.75 eV in bulk material, a Bohr radius of ~ 3.8 nm, and a large exciton binding energy of ~ 21 meV [5].
ZnSe QDs have gained attention as promising nanotechnology materials in recent years. Owing to their significant optical
and electrical characteristics [6—8], ZnSe QDs have a wide range of potential applications including light-emitting devices,
solar cells, chemical sensors, biomedicine, photocatalysis, and energy storage [9-11].

ZnSe is an effective substrate for doping various contaminants. Transition metals are frequently doped with QDs to
produce novel materials with electrical, magnetic, and optical characteristics [13, 14]. QDs doped with metal ions exhibit
novel, intriguing, and exceptional features compared to those of undoped semiconductor nanoparticles. Metal-doped
quantum dots (QDs) have a wide range of potential applications. This is because the emission of impurity ions frequently
results in greater thermal and optical stabilities in many distinct substrates [14]. Quantum dots doped with additional
metal ions such as Cr, Fe, Co, Ni, V, Cu, or Mn, contributed to reducing structural defects and improving existing device
technologies such as spin-LEDs and magnetic memory. Furthermore, these materials frequently exhibit significantly
longer fluorescence lifetimes than undoped semiconductors [15—17]. Despite these advantages, significant questions
remain regarding the fabrication method and the material's physical properties. These issues stem from the fact that the
fabrication method for doped semiconductor nanostructures is highly complex, making it challenging to obtain good
optical and electromagnetic properties within the same material.

In this study, Co?" ions were doped into ZnSe QDs to generate various electronic states in the bandgap, thereby
enhancing and broadening the emission band. Furthermore, Co?" ions are highly magnetic substances that improve the
magnetic characteristics of materials. The impact of Co*" ions on the structural, optical, and magnetic characteristics of
ZnSe QDs was explored.

2. EXPERIENCE
2.1 Materials
Zinc acetate dihydrate (Zn(CHs:COO).-2H-0), cobalt acetate tetrahydrate (Co(CH3COO).:4H20), sodium hydrogen
selenide (NaHSe), starch (as a stabilizer), ammonium hydroxide (NH«OH), and deionized water were used as starting materials
for the synthesis of ZnSe:Co quantum dots (QDs). All reagents were of analytical grade and used without further purification.
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2.2 Synthesis ZnSe: Co-Starch ODs

Co?*-doped ZnSe quantum dots (QDs) were synthesized using an aqueous chemical precipitation method with starch
as a stabilizing agent to prevent nanoparticle aggregation. A 250 mL round-bottom flask was used to mix 15 mL of Zn**
solution with varying volumes of Co** solution (corresponding to different doping concentrations). To enhance dispersion
and control particle growth, 50 mL of 0.1N starch solution and 90 mL of deionized water were added, and the mixture
was stirred for 15 minutes to ensure homogeneity. The pH of the solution was carefully adjusted to 10 using 2M NH4OH,
as this pH level was optimized to stabilize metal precursors, prevent Zn(OH): precipitation, and reduce defect-related
recombination centers. The reaction temperature gradually increased to 70°C, which was identified as the optimal
temperature for controlled nucleation and growth of ZnSe:Co QDs. Lower temperatures (<50°C) resulted in incomplete
nucleation and polydisperse QDs, whereas higher temperatures (>80°C) led to rapid particle growth, diminishing quantum
confinement effects. Once the system stabilized at 70°C, the NaHSe solution was added dropwise, initiating QD
formation. The reaction was maintained for 3 hours, as this duration allowed for adequate crystal growth while preserving
nanoscale properties. Shorter reaction times (<1 hour) led to defect-rich, underdeveloped QDs with weak fluorescence,
while longer reaction times (>5 hours) caused excessive particle aggregation, reducing the quantum confinement effect.
Upon completion, the synthesized ZnSe:Co QDs were collected via centrifugation at 10,000 rpm for 15 minutes, followed
by multiple washing steps with deionized water and ethanol to remove unreacted precursors and byproducts. The purified
QDs were then dried at 60°C under a vacuum for further characterization.
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Scheme 1. Synthesis of ZnSe:Co Starch

2.3 Characteristics of ZnSe:Co Starch QDs

Using spectroscopic techniques, the structural, optical, and compositional properties of ZnSe:Co Starch quantum
dots were comprehensively analyzed. The crystallographic structure and phase purity of the samples were analyzed using
an X-ray diffractometer (XRD) (Bruker D8 Advance, Cu Ka radiation, A = 0.15406 nm, 40 kV, 40 mA, scan range
20°-80°). The elemental composition and doping efficiency of Co?" in ZnSe QDs were examined using EDX analysis
(Oxford Instruments, model X-MaxN, 20 kV accelerating voltage, SEM mode). The optical bandgap and quantum
confinement effects were studied using a Shimadzu UV-2600 spectrophotometer (range: 200—800 nm, scan speed: 200
nm/min, quartz cuvette, 1 cm path length). Emission characteristics and defect-related transitions were analyzed using a
Fluorescence Spectrometer (Horiba FluoroMax-4, excitation wavelength: 325 nm, emission range: 350750 nm, slit
width: 2 nm). Surface functional groups and interaction between ZnSe QDs and starch stabilizer were identified using
FTIR spectroscopy (Bruker Vertex 70, range: 4000-500 cm ™, resolution: 4 cm™, ATR mode). The oxidation states and
chemical environment of Zn, Se, and Co were determined using XPS (Thermo Fisher ESCALAB 250Xi, monochromatic
Al Ka source, 1486.6 ¢V, pass energy: 20 eV for high-resolution scans). Morphology, particle size distribution, and
crystallinity were examined using STEM (JEOL JEM-2100F, accelerating voltage: 200 kV, bright-field and dark-field
imaging modes). SAED patterns were recorded to confirm the phase purity of the ZnSe:Co QDs. The magnetic properties
were analyzed using a Vibrating Sample Magnetometer (VSM, Lakeshore 7404, temperature: 300 K, applied
field: £1.5 T) to measure hysteresis loops and saturation magnetization (Ms).

3. RESULTS AND DISCUSSION

Figure la shows the X-ray diffraction (XRD) patterns of the undoped and Co-doped ZnSe QDs with varying
concentrations. Figure 1a shows that all samples exhibit diffraction peaks at 20 angles of approximately 25.69°, 27.12°,
27.09°, 37.96°, 45.58°, 49.51°, 53.78°, 60.58", and 69.58" corresponding to the lattice planes (100), (002), (101), (102),
(110), (103), (112), (202), and (203), respectively, corresponding to the hexagonal wurtzite ZnSe structure. The XRD
patterns of the obtained samples match those of ZnSe (JCPDS# 15-0105). Notably, no additional peaks corresponding to
Co metal or secondary Co-based phases were observed, indicating successful Co incorporation into the ZnSe lattice.

To further examine the crystalline and phase purity, SAED analysis was performed (Figure 1b). The SAED pattern
displays a series of concentric diffraction rings, characteristic of nanocrystalline materials. These diffraction rings
correspond to the expected lattice planes of wurtzite ZnSe [19, 20], further validating the XRD results. It is important to
note that individual ZnSe:Co QDs are single-crystalline, but since multiple QDs are illuminated within the electron
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diffraction aperture, the ensemble produces a polycrystalline-like diffraction pattern. This observation does not indicate
that the QDs themselves are polycrystalline but rather reflects the diffraction contributions from multiple nanoscale
crystallites within the selected area. The combination of XRD and SAED confirms that the ZnSe:Co QDs maintain high
crystallinity and phase purity, with Co?" incorporation inducing minimal structural distortion.
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Figure 1. a) The XRD results of ZnSe:Co Starch at 70 °C with various Co?*/Zn?" ratios and b) SEAD of ZnSe:9%Co Starch
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Figure 2. Illustrations of the unit cell and crystal structure of ZnSe.Co.

The ZnSe:Co unit cells and crystal structures are shown in Figure 2. The unit cell of hexagonal ZnSe (Figure 2) and
Co-doped ZnSe crystal structure (Figure 2) are best illustrated using the VESTA visualization tool using experimentally
determined parameters, which are also shown in Table 1. Equations (1) — (3) [21, 22] were used to compute the lattice
parameters a, ¢, and the cell volume, which are listed in Table 1.

KA
Apa = m (D

where d is the average crystallite size, j is the full width at half maximum (FWHM) of the peaks, A is the well-known X-
ray wavelength (0.15406 nm), K is a constant assumed to be 0.9, 0 is the angle of Bragg diffraction, and the Miller index
of the crystal plane is (hkl).

Using the XRD pattern and Equation (2), the lattice parameters a and c of the hexagonal structure were computed
and are listed in Table 1.

1 4 (h2+ hk2+k2) 12
> =
dhkl 3

+5 @

Lattice constants a and ¢ were computed for the (100) and (002) planes, respectively.
The volume (V) of the unit cell of the hexagonal system was computed using Equation (3):

a?

v="Cca? 3)
Table 1. Concentration-dependent average semiconductor nanocrystal size, lattice properties, and unit cell volume
Sample Name d (nm) a (A) c(A) c/a (A) Volume, V (43)
ZnSe-Starch 7.22 3.995 6.557 1.641 90.61
ZnSe:3%Co Starch 6.72 3.992 6.552 1.641 90.41
ZnSe:6%Co Starch 6.33 3.987 6.547 1.642 90.14
ZnSe:9%Co Starch 5.02 3.984 6.545 1.643 89.97
ZnSe:12%Co Starch 4.90 3.986 6.542 1.641 90.00

The parameters that were determined are listed in Table 1. The addition of Co to the ZnSe lattice alters the lattice
parameters a and ¢ of the ZnSe.Co QDs. As the concentration of Co increased, the lattice parameters a, c, ¢/a, and the cell
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volume decreased. The results revealed a decrease in the lattice constants (a and c) with increasing Co doping
concentration, attributed to the substitution of Zn>* ions (ionic radius: 0.74 A) with smaller Co?" ions (ionic radius:
0.72 A). These findings establish a direct relationship between doping concentration and structural modifications in ZnSe
QDs, providing valuable insights for tuning their physical properties for specific applications. In addition, the c/a ratio
remained consistent with the ideal wurtzite structure, confirming the structural integrity of the ZnSe lattice despite the
doping.
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Figure 3. FT-IR spectra of Starch and ZnSe.9%Co Starch QDs

The FT-IR spectra of the starch paste and ZnSe.9%Co Starch sample (Figure 3). This figure shows that the vibration
peaks of -OH, C-C, -CH,, and -CO of starch paste still exist, proving that a bond has been formed on the surface between
ZnSe crystals and starch paste, and the starch paste was bonded with QDs particles. This increases its capacity to diffuse
in water, making it more suitable for biological applications because it is compatible with biological cells [22]. Figure 3
shows that the vibration peaks corresponding to the wavenumber 3405 cm! are characteristic vibrations of the -O-H bond
of starch [25, 26]. The width of the vibration peak is attributed to the formation of hydrogen bonds [25], and the peak at
1650 cm™ is characteristic of the -O-H bond of water adsorbed on the material surface [26]. The 1156 cm’' peak
corresponds to the C-O bond of the C-O-H group. The peak at 2895 cm! corresponds to the asymmetric C-H bond [25].
The peaks that correspond to the wavenumbers at 1020 cm™ and 1417 cm™! are indicative of the C-O bond of the C-O-C
and C-C groups in the anhydrous glucose ring, respectively [27,28]. The vibrational peak at 992 ¢cm™! corresponds to
the a 1-4 glycosidic (C-O-0) vibration. The Zn-O absorption band at 400 to 600 cm ! is attributed to Zn-O [29-32]. The
peak at 671,2 cm™! corresponded to stretching vibrational modes of Co-O in ZnSe.9%Co Starch QDs [33]. The C-C bond
was identified by the vibrational peak at 757 cm!, which corresponds to the wavenumber [25]. Therefore, the -OH, C-C,
-CHa,, and -CO vibration peaks of the starch paste were still present at the same time, indicating the development of a link
between the ZnSe crystals and the starch paste on the surface. This makes them more friendly to biological cells, improves
their dispersion in water, and aids beneficial biological applications [22].
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Figure 4. EDX spectra of Co-doped ZnSe QDs with various Co?"/Zn?" ratio:
(a) ZnSe:3%Co Starch, (b) ZnSe:6%Co Starch, (c) ZnSe:9%Co Starch, (d) ZnSe:12%Co Starch
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EDX spectroscopy was employed to validate the elemental composition of ZnSe:Co QDs (Figure 4). The spectra
(Figure 4a, b, c, d) revealed the presence of Zn, Se, and Co, along with carbon and oxygen from the starch stabilizer. As
the Co doping concentration increased, the proportion of Co ions incorporated into the ZnSe matrix correspondingly
increased. However, the measured Co/Zn ratio was slightly lower than the theoretical value, suggesting partial loss of Co
ions during the synthesis and washing processes. The consistent absence of unexpected elements confirmed the high
purity of the synthesized QDs. In addition, an even distribution of elements within the samples was observed, further
supporting the successful integration of Co ions into the ZnSe lattice.

Figure 5 shows the energy-dispersive X-ray spectrum (EDS) of ZnSe:Co Starch obtained using scanning
transmission electron microscopy (STEM). Zn and Se atoms were found throughout the particles. The presence of Co, O,
and C in ZnSe:Co Starch has also been established.

Figure 5. EDS-STEM image of the ZnSe:9%Co Starch particles
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Figure 6. a) Uv-Vis spectrum and b) photoluminescence of ZnSe Starch, ZnSe:
Co Starch (3, 6, 9 and 12%) QDs synthesized at 70°C, pH 10

Figure 6a shows the absorption spectrum of ZnSe:Co Starch QDs. The UV-visible absorption spectra of the ZnSe:Co
QDs displayed distinct blue shifts in the excitonic absorption peak with increasing Co?" doping concentration. The initial
absorption peak of the undoped ZnSe QDs was observed at 387 nm, corresponding to an energy of 3.16 eV. This energy
is significantly higher than that of the bulk ZnSe bandgap (2.75 eV) owing to quantum confinement effects. As the Co
doping concentration increased from 3% to 12%, the absorption peak shifted to shorter wavelengths, indicating a decrease
in the particle size. This blue shift and reduction in size are consistent with the substitution of Zn?** ions by smaller Co**
ions, which affects the lattice structure and enhances quantum confinement [34,35]. The photoluminescence spectra of
the ZnSe:Co QDs (Figure 6b) exhibited two distinct emission peaks: a high-energy peak at approximately 435 nm and a
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broad, long-wavelength peak around 579 nm. The high-energy peak corresponds to band-to-band recombination in ZnSe,
whereas the broader emission at 579 nm is attributed to defect states and Co-related transitions within the doped lattice.
The intensity of the PL emission strongly depended on the Co doping concentration. At lower doping levels (3%), the
intensity of the Co-related emission peak is relatively weak, indicating fewer Co-related defect states. As the doping
concentration increased to 6% and 9%, the intensity of the long-wavelength emission peak increased significantly,
reaching a maximum of 9%. This enhancement is attributed to the increased number of Co*" ions substituting Zn?" ions
in the lattice, creating more Co-related defect centers that act as luminescent centers.

However, when the Co doping concentration exceeded 9%, the intensity of the Co-related emission decreased. This
quenching effect is likely due to Co-Co interactions, which lead to the formation of nonradiative recombination pathways,
reducing the overall fluorescence efficiency. In addition, spin-spin coupling between Co*" ions at higher concentrations
may further suppress luminescence. These observations highlight the delicate balance between the doping concentration
and optical properties. An optimal doping concentration of 9% achieved the highest luminescence efficiency, making it
the most suitable for applications requiring strong emission properties. The results confirm that Co?" doping significantly
influences the optical characteristics of ZnSe QDs by modulating the defect states and luminescence behavior of the
material.

The presence of Co?" ions in the crystal field of ZnSe resulted in distinct energy levels in the bandgap. Under the
effect of the crystal field and spin-orbit interactions, the energy levels are divided into distinct sub-energy levels [36].
This result once again proves that Co>" ions enter the ZnSe matrix and replace the Zn ions. The energy-level
diagram of the Co-doped ZnSe QDs is depicted in Scheme 2.
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Scheme 2. Energy band diagram and emission mechanisms of Co-doped ZnSe QDs
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Figure 7. XPS spectrum of ZnSe.9%Co-starch, (b) Zn 2p peak, (c) Co 2p peak, and (d) Se3d peak.

XPS analysis (Figure 7) was employed to determine the elemental composition and chemical states of the ZnSe:Co
QDs. The survey spectrum confirms the presence of Zn, Se, Co, O, and C in the doped QDs. High-resolution spectra
(Figure 7a) provide further insight into the chemical environment of the elements. The Zn 2p peaks (Figure 7b) were
observed at binding energies of 1021.6 eV (Zn 2ps3;) and 1044.8 eV (Zn 2pis), consistent with Zn in the +2-oxidation
state [37-39]. The peak at 527.3 eV corresponds to the binding energy of O 1s. For Co, the Co 2ps3,, and Co 2p1,» peaks
(Figure 7c¢) were observed at 780.1 eV and 795.8 eV, respectively, indicating the presence of Co in the +2 oxidation
state [38,39]. Additionally, satellite peaks in the Co 2p region confirmed the high-spin state of the Co?" ions. The Se 3d
peaks in Figure 7d can be separated into two overlapping peaks, Se 3ds» and Se 3ds,, at binding energies of 50.2 eV and
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51.5 eV, respectively, reflecting Se 3d in Zn-Se. The XPS results strongly support the successful doping of Co?" ions into
the ZnSe lattice and their interactions with the crystal matrix. These findings align with the structural and optical analyses,
reinforcing the multifunctional nature of ZnSe:Co QDs.
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Figure 8. Hysteresis curves of ZnSe.3%Co Starch, ZnSe:6%Co Starch, ZnSe:9%Co Starch, and ZnSe:12%Co Starch QDs

The magnetic properties of the ZnSe:Co QDs were investigated using magnetic hysteresis measurements, which
revealed clear evidence of ferromagnetic behavior at room temperature (Figure 8). The saturation magnetization (“Ms”) of
the Co-doped ZnSe QDs increased with Co*" doping concentration, reaching a maximum value at 12% Co?" doping.
Specifically, the Ms values recorded were 0.112, 0.174, 0.280, and 0.288 emu/g for samples with Co?" doping concentrations
0f 3%, 6%, 9%, and 12%, respectively. The magnetic properties of the Co-doped ZnSe QDs can be explained by the exchange
interaction between the Co?" ions and the substrate lattice. The half-filled 3D shell of Co?* can contribute to sp3 bonding and
substitute for Zn ions, resulting in local spin in the dilute magnetic semiconductors of the AyByi group [42]. Co?* in the
AnBy1 group semiconductor compounds is divalent, resulting in a high-spin configuration d>.

At lower doping levels, the interaction between the Co? ions was relatively weak, resulting in moderate
magnetization. As the Co?" concentration increased, stronger exchange interactions occurred, which enhanced the overall
magnetic moment. However, at higher doping levels, such as 12%, saturation of Ms was observed, indicating a potential
limit for the effective incorporation of Co?" ions into the ZnSe lattice. Beyond this concentration, Co clustering or the
formation of secondary phases may contribute to changes in magnetic behavior, limiting further increases in
magnetization. This demonstrates that Co doping imparts ferromagnetic properties to ZnSe QDs and enables the precise
tuning of their magnetic characteristics by controlling the Co** concentration. The combination of optical and magnetic
properties makes Co-doped ZnSe QDs promising candidates for application in spintronics, magnetic memory devices,
and multifunctional nanomaterials.

4. CONCLUSIONS

Co-doped ZnSe QDs with molar ratios of Co**/Zn?" ranging from 3-12% were produced with a wurtzite structure
and a size of 5-7 nm. Co-doping of the ZnSe matrix did not modify the matrix structure but diminished the crystal lattice
constant and grain size as the Co?* concentration increased. As the Co?" concentration rises, more Co*" ions with a smaller
radius (0.72 A) are substituted for Zn?* ions with a larger radius (0.74 A) in ZnSe, which results in a decrease in the lattice
constant. As the Co concentration rises from 3-12%, the absorption and fluorescence maxima from to 4-16 nm likewise
shifted blue owing to the shrinkage of the ZnSe: Co QDs. The PL spectra of the Co-doped ZnSe QDs showed two peaks
at short wavelengths (approximately 435 nm) and long wavelengths (approximately 579 nm), corresponding to Co?"
concentrations ranging from 3-12%, whereas the emission intensity at short wavelengths decreased and increased. This
phenomenon can be explained by the fact that as the concentration of Co?" increased, so did the substitution of Co?"
by Zn*". Co-doped ZnSe QDs are ferromagnetic. The saturation magnetization values of the Co-doped ZnSe QDs at
concentrations of 3, 6, 9, and 12% were 0.112, 0.174, 0.280, and 0.288 emu/g, respectively. The magnetism of Co-doped
ZnSe QDs is induced by an exchange contact between Co?" ions and the matrix or by Co cluster formation.
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OOTOJIOMIHECHEHIISI TA MATHITHE NIJICHJIEHHS B KBAHTOBUX TOUYKAX ZnSe YEPE3 KEPOBAHE
JEI'YBAHHS KOBAJIBTOM
Txi Jbem Byii!, Kyanr-Jliem Hryen?, Ban Kyour Hryen!, Tpour Taur Hryen', Xyy ®yk Jdaur?
! Daxynomem ximiunoi inowcenepii, Indycmpiansuuii ynieepcumem Xowwumina, Xowumin, B'emnam
ZIHcmumym Mmamepiano3uascmea, B'emnamcoka akademia nayk i mexuonoeit, Xanot, B'emuam
S@axynomem ynoamenmanouux nayx, Inoycmpianonuil ynisepcumem Xowumina, Xowumin, B'emnam

KsanTosi Touku (KT) nHanmienposimuukie ZnSe, jerosani ionamu Co>*, 6y/au CMHTE30BaHi y BOJHOMY PO3YHHI 3 BUKOPHMCTAHHAM
KPOXMaJIIo SIK TIOBEPXHEBOT0 CcTabiiizaropa Juis 3abe3nedeHHs qucnepeii HanoyacTHHOK. CTpyKTypHUI Ta KOMIO3UIIHHMH aHANi3] 3
BUKOPHCTAHHSAM peHTreHiBchkoi mudpakmii (XRD) ta enepromucmepciiiHoi peHrtreHiBebkoi cnekrpockorii (EDX) minreepammm
ycmimne BkmodeHHs ioHiB Co2+ y marpumto ZnSe. [yt BU3HAUCHHsS KPUCTATIYHOI CTPYKTYpH, ITapaMeTpiB PEIIiTKH Ta PO3MipiB
YaCTUHOK KBAaHTOBHUX TOYOK ZnSe, neroBanux Co, OyJM BHKOPUCTaHI pPEeHTreHiBcbka audpakiis ta YD-Buauma abcopOrriitna
crekrpockoris. OnTUYHI BIaCTUBOCTI Oy/M MpoaHasi3oBaHi 3a JOMOMOTOK abCcopOLiiHOT Ta (IyopecieHTHOI CIeKTPOCKOIil, sKa
BHUSIBHJIA 3CYB ITiKY TOTJIMHAHHS 10 CHHBOTO KOJBOPY 3i 30iblieHHssM KoHIeHTpauii Co yepe3 edexTr KBaHTOBOro 0OMEXKEHHs Ta
3MiHM PO3Mipy Y4acTUHOK. AHami3 ¢oromominecnenuii (PL) BusBHB MoABIHHI KM BUIPOMIHIOBaHHS, IO BiANOBITAIOTH MK30HHIN
pexoMOinanii Ta neekTHIM cTaHaM, MoB's3aHUM 3 Co, 3 MaKCUMAaJIbHOI €(EKTUBHICTIO JIIOMiHECLEHIIIT, IO CIIOCTEPITAEThCS MPH
piBHi neryBanus 9% Co. Ilo3a mieo koHIEHTpaIli€l0 eeKTH racinus, mos's3aHi 3 B3aemogismu Co-Co, 3MEHIITyBany iHTCHCHBHICTh
¢uryopecriennii. BumiproBaHHS MarHiTHOTO TicTepe3nCy IOKa3aslk, IO KBAaHTOBI Touku ZnSe, neroBadi Co, AEMOHCTPYIOTH
(epomMarueTnsM npu KiMHaTHii TeMneparypi, Ipy [IbOMy HaMarHiYeHiCTh HACHYEHHS 3pOCTa€e 3 KOHLIECHTpALI€I0 JIeryBaHHs 10 12%.
MDepoMarHiTHi BIACTUBOCTI Oyiiu mpunMcani oOMiHHUM B3aeMoisM Mixk ionamu Co®* ta Matpunero ZnSe.

KuarwouoBi cnoBa: ZnSe:Co; nogepxmesuii cmabinizamop Kpoxmanto;, J1e2y8aHHs KoOANLIMOM; MASHIMHI  81ACMUBOCTI;
gomonominecyenyis
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Cadmium telluride (CdTe) quantum dots (QDs) were synthesizedwere synthesized via a molecular precursor (hot-injection) method
and their optical properties were investigated. A cadmium oleate precursor in octadecene/oleic acid was heated to 180 °C under an inert
atmosphere, and a trioctylphosphine—tellurium (TOP-Te) solution was swiftly injected to initiate nucleation. By varying the growth
time, the QD size was tuned, giving emission colors from green to red. The nanocrystals were characterized by UV—visible absorption
and photoluminescence (PL) spectroscopy, which revealed a clear red shift in the optical spectra with increasing particle size. The QDs
exhibited size-dependent optical properties consistent with quantum confinement, with the first excitonic absorption peak shifting from
approximately 520 nm to 700 nm as the diameter increased. All samples showed high luminescence, with photoluminescence quantum
yield (PLQY) values ranging from 60% to 90%. This colloidal synthesis at relatively low temperatures produced colloidally stable
QDs with tunable band gaps. These results demonstrate a straightforward route to tailor QD optical properties by controlling the
reaction time and provide insights into the growth kinetics and defect states in CdTe QDs.and provide insights into the growth kinetics
and defect states in CdTe QDs.

Keywords: Quantum dot; Cadmium telluride; Molecular precursor, Hot injection; Quantum confinement, Photoluminescence;
Absorption; Nanocrystal; Colloidal synthesis; Semiconductor

PACS: 78.67.Hc, 78.55.Et, 78.30.Fs, 81.07.Ta, 81.16.Be

INTRODUCTION

Quantum dots (QDs) are semiconductor nanocrystals with unique optoelectronic properties that strongly depend on
their size [1]. By tuning the particle size, one can tune the absorption and photoluminescence (PL) spectra of QDs — a
manifestation of quantum confinement effects [2,3,4]. This size-dependent band gap enables a spectrum of applications
in solid-state lighting, display technology, solar cells, and biomedicine [5,6]. Indeed, QDs have been utilized as
fluorescent probes in bioimaging, as color converters in LED displays, and as sensitizers in photovoltaic devices, among
others [2,3]. The significance of QDs in science and technology was underscored by the awarding of the 2023 Nobel Prize
in Chemistry to Ekimov, Brus, and Bawendi for the discovery and synthesis of quantum dots [1]. This achievement
highlighted decades of development in colloidal QD synthesis that have led to readily available nanomaterials with high-
quality optical properties [9,10].

Colloidal CdTe QDs, in particular, are of great interest as they can emit across the visible spectrum into the near-
infrared and have favorable band-gap energies for optoelectronic applications [12,13]. Two of the most common
approaches to synthesize CdTe and other II-VI QDs are (1) organometallic (hot-injection) methods in high-boiling
organic solvents and (2) aqueous methods with thiol stabilizers [14,15,16]. In a typical organometallic route, a cadmium
precursor (e.g., cadmium oleate) in a nonpolar solvent is rapidly injected with a molecular chalcogen source at high
temperature, causing burst nucleation followed by nanocrystal growth. This method, introduced in the early 1990s by
Murray, Norris and Bawendi, produces nearly monodisperse QDs with excellent crystallinity and optical quality [17]. In
contrast, aqueous colloidal synthesis uses water-soluble precursors (e.g., Cd** salts with NaHTe or TeOs* reduced by
NaBHa4) along with stabilizing thiol ligands such as 3-mercaptopropionic acid (MPA) to obtain QDs at relatively low
temperatures (typically 80-100°C) [18]. Both approaches can yield highly luminescent CdTe QDs; however,
organometallic methods often produce better size uniformity and higher quantum yields, whereas aqueous methods yield
water-dispersible QDs that are more suited for biological applications [19].

The term “molecular precursor method” generally refers to the organometallic hot-injection technique, where a molecular
tellurium source (e.g., trioctylphosphine telluride, TOP-Te) is injected into a hot cadmium-containing solution [9]. In this work,
we employ the molecular precursor (hot-injection) method to synthesize CdTe QDs at 180 °C, a relatively moderate
temperature compared with classical CdSe/CdS syntheses (>300 °C). Our approach emphasizes simplicity and rapid synthesis,
allowing us to obtain highly luminescent CdTe QDs within minutes. The emission color can be tuned from green to red by
adjusting the reaction time. While similar hot-injection strategies for CdTe have been reported (including the use of single-
molecule precursors, such as cadmium diphenylditelluride, in coordinating solvents) [9,20], this study focuses on a
straightforward TOP-Te injection into a cadmium oleate solution. We also compare our results with alternative recent
techniques; for instance, microwave-assisted aqueous syntheses have achieved tunable emission of thioglycolic acid
(TGA)-capped CdTe QDs by varying reaction time and conditions [21]. In this paper, we detail the synthesis of CdTe
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QDs via the molecular precursor method, characterize their size-dependent optical properties, and discuss the quantum
confinement effects observed.

METHODS

Cadmium oxide (CdO, 99.99%), oleic acid (OA, technical grade, 90%), l-octadecene (ODE, 90%), and
trioctylphosphine (TOP, 90%) were used as received. Tellurium powder (99.999%) was used. All synthesis manipulations
were carried out under an inert atmosphere (argon) using standard air-free techniques to prevent oxide formation.

Preparation of precursors: Cadmium oleate, the Cd precursor, was prepared in situ by heating CdO with excess
oleic acid in ODE. In a three-neck round-bottom flask, CdO (13 mg, ~0.10 mmol), OA (~0.6 mL, 1.9 mmol), and ODE
(10 mL) were combined. The mixture was heated to 120°C under vacuum for 30 min to remove moisture and dissolved
gases, then purged with argon. The temperature was then raised to 180 °C, at which point the CdO had completely reacted
with OA to form cadmium oleate (yielding a clear solution). Separately, a TOP-Te precursor solution was prepared by
reacting Te powder with TOP. Approximately 13 mg of Te (0.10 mmol) was added to 1 mL of TOP in a small flask and
heated (under Ar) to ~200 °C until the Te dissolved, yielding a clear amber-colored TOP-Te solution.

Synthesis of CdTe QDs: Once the cadmium oleate solution reached 180 °C, the TOP-Te solution (1 mL) was swiftly
injected into the hot Cd-oleate/ODE solution, marking time zero for QD nucleation. The reaction mixture was vigorously
stirred and maintained at 180 °C for the duration of nanocrystal growth. Aliquots were withdrawn at specific reaction
times (3, 7, 9, and 16 min) to obtain CdTe QD samples. Growth was quenched by rapidly cooling each aliquot to room
temperature (e.g., by an ice-water bath). No additional shell was added; the native oleate ligand matrix was relied upon
to passivate and stabilize the QD surfaces. The following simplified reaction equations summarize the precursor formation
and QD nucleation steps:

180°C

CdO + 20A —> Cd(0A), + H,0, )]
200°C

Te(s) + TOP —> TOP — Te (solution), )

In the above, OA represents oleic acid and TOP-Te denotes trioctylphosphine telluride (a molecular Te complex in
solution). Upon injection of TOP-Te into the hot Cd(OA)_2/ODE solution (Equation 2), CdTe nuclei form and then grow
as the reaction progresses. During growth, the solution’s color visibly changes: initially nearly colorless immediately after
nucleation, then pale yellow, orange, and finally dark red as the nanocrystals enlarge — indicating a progressive shift of
the absorption edge to longer wavelengths.

After the desired reaction time, the QDs were isolated by a standard purification procedure. Specifically, an aliquot
was removed from the hot reaction mixture and mixed with anhydrous ethanol (to induce precipitation of the QDs and
remove excess ligands/byproducts), then centrifuged to collect the QD precipitate. The precipitated QDs were redispersed
in a nonpolar solvent (hexane or toluene). This precipitation/redispersion wash was repeated twice to yield clean, stable
colloidal CdTe QDs capped with oleic acid. All samples were stored in sealed vials under inert gas (argon) in the dark.
The molar concentration of each QD dispersion was estimated via the Beer—Lambert law at the first excitonic absorption
maximum, ¢ = A/(el), with | = 1.00 cm. The size-dependent molar extinction coefficient € for CdTe QDs was taken
from literature; we used the empirical CdTe relation & = 10043D%2 (M~' cm™), where D is the TEM/optically
estimated diameter in nm.

Characterization: UV—Vis absorption spectra were collected on a double-beam spectrophotometer with hexane as
both solvent and reference. Photoluminescence (PL) spectra were recorded on a fluorescence spectrometer (g, =
350 nm; 1 cm quartz cuvettes; room temperature) and are reported without detector-response correction, as our analysis
focuses on peak positions and qualitative line shapes. The absorbance and PL intensity scales were verified with a
calibrated tungsten lamp and a silicon photodiode, respectively.

PL quantum yields (PLQY) were determined by the relative method using quinine sulfate in 0.1 M H2SOu4 (literature
® ~54%) as the standard. The standard and QD dispersions were prepared to have matched absorbance at 350 nm
(A =0.05-0.10) and were measured under identical integration settings. For each sample, PLQY was obtained from the
slope of integrated emission vs. absorbance, averaged over three independently prepared dispersions. All optical
measurements (absorbance, PL, PLQY) were acquired in triplicate and are reported as mean + standard deviation.

Colloidal dispersions were also inspected visually under ambient light and 365 nm UV to assess emission color and
any qualitative signs of precipitation. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) were used
to determine particle size, morphology, and crystal structure. For TEM, a drop of the hexane dispersion was cast onto a
carbon-coated copper grid, dried under ambient conditions, and imaged at 200 kV. For XRD, purified QDs were drop-cast
onto glass to form a thin film and measured on a powder diffractometer with Cu Ko radiation (A=1.5406 A) over
20 =20°-60°; peak positions were compared with reference CdTe patterns to confirm phase identity and estimate
crystallite size.

RESULTS
Optical appearance and qualitative emission: Figure 1 is a schematic illustration of the CdTe QD synthesis via
the molecular precursor method. After injection and during growth (0—16 min), the solution color evolves from nearly
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colorless (immediately after nucleation) to yellow, orange, and finally red, corresponding to increasing QD size and a red-
shifting band gap. This color change is apparent in the actual QD samples. Figure 2a shows photographs of vials
containing CdTe QD dispersions (in hexane) under normal ambient light for four different reaction durations (from left
to right: 3 min, 7 min, 9 min, 16 min). The solution color deepens with longer synthesis time: the 3 min sample is nearly
colorless with only a faint yellow tint, while the 16 min sample is visibly reddish-brown. This progression indicates the
growth of larger CdTe nanoparticles, since larger QDs have narrower band gaps and thus absorb more lower-energy
(visible) light, imparting a stronger color to the solution. Figure 2b presents the same set of samples under ultraviolet
illumination (365 nm). A striking rainbow of fluorescence is observed: the shortest reaction (smallest QDs) emits green
light, and as the QD size increases, the emission color shifts through yellow and orange to red for the largest QDs. All
samples show bright, saturated fluorescence, confirming efficient surface passivation by the oleic acid ligands. The
emission colors correspond roughly to the expected PL peak wavelengths for CdTe QDs of these sizes (approximately
520-540 nm for the green-emitting smallest dots, 580—-600 nm for medium-sized QDs emitting yellow-orange, and ~640—
680 nm for the red-emitting largest dots). These qualitative observations already suggest successful tuning of QD size via
reaction time, consistent with quantum confinement theory [18].
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Figure 2. Photographs of CdTe QD samples at various reaction times, showing (a) solution color under ambient light and (b)
photoluminescence under 365 nm UV light

UV-Vis absorption spectra: Figure 3 shows the UV—Vis absorption spectra of the CdTe QD samples (dispersed in
hexane) for the four different growth times.
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Figure 3. UV—Vis absorption spectra of CdTe QDs (in hexane) grown at 180 °C with different reaction times (black: 3 min; red:
7 min; blue: 9 min; green: 16 min)

All spectra exhibit a distinct first excitonic absorption peak, a hallmark of quantum-confined semiconductor
nanocrystals. For the 3 min sample (black curve), the first absorption peak appears around 500-520 nm (in the blue-green



382

EEJP. 4 (2025) Karimberdi E. Onarkulov, et al.

region). With increasing growth time, this peak systematically shifts to longer wavelength: approximately 560 nm for the
7 min sample (red curve), ~620 nm for the 9 min sample (blue curve), and ~700 nm for the 16 min sample (green curve).
Concomitantly, the absorption edge (onset of strong absorption) moves from roughly 550 nm (3 min sample) to about
800 nm (16 min sample). This pronounced red-shift of the absorption features clearly indicates an increase in particle size
over the reaction interval. Longer reaction times allow the initially formed CdTe nuclei to grow larger, resulting in reduced
quantum confinement and thus a smaller effective band gap. The observed absorption peak positions are in good
agreement with literature values for CdTe QDs in the ~2—5 nm size range. For instance, the 16 min sample’s first exciton
peak at ~700 nm is consistent with QDs about 4-5 nm in diameter, whereas the 3 min sample’s peak near 500 nm
corresponds to very small nanocrystals of around ~2 nm diameter. These size estimates are supported by the qualitative
PL colors in Figure 2b and by empirical sizing formulas reported in previous studies [18].

Photoluminescence spectra: Photoluminescence spectra of the same four CdTe QD samples are shown in Figure 4.
Under 350 nm UV excitation, the emission maxima exhibit a parallel red-shift with increasing reaction time, mirroring
the absorption trend in Figure 3. Specifically, the PL peak moves from ~525 nm for the 3 min QDs to ~580 nm (7 min),
~630 nm (9 min), and ~650—-670 nm for the 16 min QDs. Each spectrum consists of a single prominent emission band;
we did not observe any secondary long-wavelength emission bands (within the detection limit), indicating an absence of
significant trap-state luminescence. The PL full-width at half-maximum (FWHM) for all samples is on the order of 30—
50 nm, which is relatively narrow. Such narrow emission peaks suggest a fairly uniform QD size distribution (narrow size
polydispersity) and good crystallinity. The Stokes shift (the difference between the absorption peak and PL peak) remains
modest (~20-30 nm for these samples), which further indicates effective surface passivation with minimal defect-related
Stokes losses. The qualitative brightness observed under UV illumination (Figure 2b) is reflected in the PL spectra
intensity; all samples were highly emissive. We note that although we did not perform time-resolved PL measurements,
the absence of any low-energy (red/NIR) trap emission in steady-state PL implies that radiative recombination is primarily
via band-edge exciton decay. A detailed study of recombination lifetimes (e.g., via time-resolved PL) would be valuable
future work to confirm this and to quantify carrier dynamics in these QDs.
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Figure 4. Photoluminescence (PL) spectra of CdTe QDs grown at 180 °C for 3, 7, 9, and 16 min. All samples were measured in
hexane at room temperature (excitation: 350 nm).

Photoluminescence quantum yield: In addition to qualitative brightness, we quantitatively evaluated the
photoluminescence efficiency of the QDs. PL quantum yield (PLQY) values for all samples, measured relative to a quinine
sulfate standard, are summarized in Table 1.

Table 1. Photoluminescence characteristics of CdTe QDs as a function of reaction time.

Growth | 4., | Diameter | Absorbance | ¢ (M™"-cm™) Concentration PL FWHM Stokes shift PLQY
time (nm) (nm) A (M) (nm) (nm) (%)
3 min 525 2.0 0.045 43.656 1.03 47 25 889+25
7 min 580 3.5 0.051 142.984 0.36 50 20 63.9+3.1
9 min 630 4.0 0.061 189.771 0.32 53 30 61.9+£4.0
16 min | 670 5.0 0.043 304.565 0.14 54 20 64.0+3.7

The 3 min CdTe QDs exhibited the highest PLQY, around ~89%. The intermediate-sized QDs (7 min and 9 min
samples) showed slightly lower PLQY's (~64% and ~62%, respectively), and the largest QDs (16 min) had a PLQY
of ~64%. All samples thus have moderately high quantum yields (exceeding 60%), even without any core/shell structure.
The trend of decreasing PLQY with increasing QD size could be due to a greater likelihood of crystalline imperfections
or surface defects in the larger nanocrystals, or reabsorption effects in samples with more red-shifted emission.
Conversely, the smallest QDs may have fewer nonradiative surface recombination centers relative to their volume, thanks
to the strong binding of oleate ligands. Regardless of the exact mechanism, these QY values indicate that the CdTe cores
synthesized by this method are of good optical quality. We anticipate that adding an epitaxial shell (e.g., ZnS) around
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these cores would further enhance the PLQY and stability, as has been observed in core-shell QD systems; however, this
is beyond the scope of the present work.

We quantified the QD number concentration from the UV—Vis spectra using the Beer—Lambert law at the first
excitonic peak and a size-dependent extinction coefficient for CdTe QDs. The diameters used in (D) were taken from
TEM (and cross-checked against the excitonic peak positions). Table 1 summarizes the results for the 3-, 7-, 9-, and
16-minute samples.

These values (=0.14—1.03 uM) are typical for colloidal QD dispersions prepared in nonpolar solvents and are
sufficiently dilute to minimize inner-filter and reabsorption artifacts during optical measurements.

Growth and reproducibility: Nucleation began almost immediately upon TOP-Te injection, as evidenced by an
instantaneous color change to pale yellow. Thereafter, the absorption edge and PL maximum red-shifted progressively
with time as the nanocrystals grew. By ~16 min, growth slowed markedly, consistent with precursor depletion and the
onset of Ostwald ripening. No secondary nucleation was detected after the initial burst, in line with the classical LaMer
mechanism for achieving narrow size distributions. All samples were time-stamped aliquots from a single batch, and their
consistent optical trends confirm reproducible, well-controlled growth.

Our results align well with other reports on CdTe QD growth. For example, da Costa et al. (2024) monitored CdTe
QD formation in situ. They found that emission peaks shifted from ~550 nm to ~655 nm as reaction time or temperature
increased, corresponding to QD diameters growing from ~2 nm (green-emitting) to ~4 nm (red-emitting). This is in
excellent agreement with the size progression achieved in our study. Such consistency confirms that the molecular
precursor (TOP-Te) method effectively produces CdTe QDs whose size can be tuned predictably by reaction time, similar
to the control achieved by adjusting temperature or precursor ratios in other synthesis methods [18].
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Figure 5. TEM ) ¢ Te QDs Figure 6. XRD pattern of a purified CdTe QD sample,
(representative sample) showing nearly spherical nanocrystals confirming the crystalline zinc-blende CdTe structure
with an average diameter of ~4 nm (scale bar: 40 nm)

The above results demonstrate a clear correlation between reaction time, particle size, and optical properties for
CdTe QDs synthesized by the molecular precursor (hot-injection) method. Short reaction times yield small QDs that
absorb and emit in the blue-green region, whereas longer times produce progressively larger QDs with red-shifted spectra.
This behavior is a direct consequence of quantum confinement: smaller nanocrystals confine charge carriers in a tighter
volume, raising their kinetic energy and thus increasing the energy of optical transitions [1]. As the CdTe QDs grow, the
confinement energy decreases, leading to lower band-gap energies and emission at longer wavelengths (approaching the
bulk CdTe band edge of ~820 nm). Our experimental data (Figures 2—4) vividly illustrate this tunability, which is one of
the defining advantages of colloidal QDs.

It is worth noting some practical benefits of the synthetic approach we used. The reaction is rapid — within a few
minutes, a spectrum of sizes (and colors) can be obtained — and it occurs at 180 °C, which is a relatively low temperature
compared to many classic organometallic syntheses of II-VI QDs (often >300 °C for CdSe or CdS). A lower synthesis
temperature simplifies the experimental setup and can reduce unwanted side reactions or precursor degradation. In our
case, the moderate temperature was sufficient because TOP-Te is a highly reactive Te source that readily reacts with
cadmium oleate even at 180 °C. This is in contrast to some older methods, where, for example, elemental Te would have
to be injected into a 300°C solvent, or where cadmium precursors, such as CdClz, had to be reduced in situ with NaBHa
in an aqueous solution [18]. By using pre-formed Cd—oleate and a molecular Te precursor (TOP-Te), we bypassed the
need for an external reducing agent and leveraged the reactivity of organometallic precursors to achieve CdTe formation
under milder conditions.

Another advantage of our approach is the monodispersity observed in the QD samples. The relatively narrow
absorption peaks (Figure 3) and the vivid, narrow emission bands (Figure 4 and visually in Figure 2b) indicate a uniform
QD size distribution for each sample. This can be attributed to the classic hot-injection mechanism, promotes a burst of
nucleation followed by focused growth on existing seeds, rather than continuous nucleation. Our observation that no new
nucleation occurred after the initial stage (with aliquots taken at later times yielding larger QDs but no significant second
population of small QDs) supports the notion of effective Ostwald ripening and growth on seed crystals only [9]. In
practice, this means one can simply stop the reaction at a desired time to obtain QDs of a target emission
wavelength — a convenient way to tune QD color by controlling reaction duration.
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We also briefly compare our results with the aqueous route for CdTe QD synthesis. While not the focus of this study,
it is known that aqueous-synthesized CdTe QDs (typically using thiol ligands like MPA) generally require longer reaction
times (on the order of hours) to achieve similar emission wavelengths, and often the size distribution is broader than that
of hot-injection QDs [1]. However, a key benefit of aqueous QDs is that they are directly obtained as water-soluble
colloids. In contrast, the oleic-acid-capped QDs we produced are hydrophobic (soluble only in nonpolar organic solvents).
We did not perform a ligand exchange to water in this work, but we acknowledge its importance. In fact, recent studies
have shown that microwave-assisted aqueous synthesis can produce CdTe QDs with controlled emission by varying
parameters [21], offering a complementary, more environmentally benign approach. Exploring ligand exchange or direct
aqueous synthesis for our QDs is an important future direction to extend their applicability.

The optical quality of our CdTe QDs suggests good surface passivation by the oleate ligands. We did not observe
any secondary (trap-related) emission peak in PL, and the PL intensity remained stable (with no significant drop) over at
least several weeks when the samples were stored under inert conditions in the dark. This implies that as-synthesized QDs
have relatively few surface trap states initially, and that the oleic acid capping provides a degree of protection against
immediate oxidation or photodegradation. However, we did not carry out comprehensive long-term stability tests or
deliberate oxidation/photobleaching experiments. It is likely that exposure to air, moisture, or prolonged UV excitation
would eventually lead to oxidation of the QD surface (e.g., forming CdO or TeO-) and a corresponding decline in optical
quality, as is known for many II-VI QDs without additional protective shells. In future work, systematic stability studies
(such as monitoring PL intensity and peak position over time under various storage conditions, and performing
photobleaching assays under continuous illumination) should be conducted to quantify the long-term colloidal and
photostability of these CdTe QDs. Additionally, further improvements in stability and quantum yield could be achieved
by overcoating the CdTe cores with a wider-bandgap shell. For example, growing a CdTe/ZnS core—shell structure (as
conceptually depicted in Figure 1 after the core formation step) can dramatically enhance the QD’s resistance to oxidation
and increase QY by confining excitons away from surface defects. Although shell growth was outside the scope of this
study, core/shell CdTe QDs are well known to exhibit superior stability and brightness [13].

Theoretical interpretation. The size-dependent spectral shifts we observe are consistent with the effective mass
approximation (EMA) for semiconductor nanocrystals. The Brus equation provides a quantitative estimate of the
first-exciton energy as a function of radius, capturing quantum-confinement effects. Using literature parameters for CdTe
(electron effective mass =~ 0.096 mo, hole effective mass ~0.60 mo, and the bulk dielectric constant) [18], a 3 nm QD is
expected to have a first-exciton energy near 2.4 eV (=515 nm), while a 5nm QD is expected near 1.9 eV (= 653 nm).
These estimates agree with the absorption peaks of our smallest and largest samples. More sophisticated models could
include surface strain, ligand-field effects, and dielectric screening (which can induce slight red shifts), but the EMA
captures the dominant trends in our data.

Overall, our findings confirm that the molecular precursor (hot-injection) method is a powerful technique for
producing high-quality CdTe QDs with controllable size. The combination of a rapid injection and proper ligand capping
yields nanocrystals whose optical properties can be finely tuned, which is crucial for optimizing QDs for specific
applications. In the next section, we summarize the conclusions and also outline some remaining challenges and future
directions.

CONCLUSIONS

In summary, we have successfully synthesized CdTe quantum dots using a molecular precursor (TOP-Te) hot-
injection method and investigated their optical properties as a function of particle size. By adjusting the growth time from
3 min to 16 min at 180 °C, we obtained a series of QD samples with tunable emission across the visible spectrum (from
green to red). UV—Vis and PL spectroscopy confirmed a pronounced red-shift in absorption and emission peaks with
increasing QD size, in agreement with quantum confinement theory. The CdTe QDs exhibit narrow excitonic absorption
peaks and bright, size-dependent photoluminescence with high quantum yields (up to ~90%), indicating good crystalline
quality and effective surface passivation by oleate ligands. These experimental observations were consistent with
theoretical expectations (as estimated by the Brus equation) and with literature reports, validating the effectiveness of the
relatively mild hot-injection synthesis approach for CdTe.

Direct structural and morphological characterization supported these findings: XRD confirmed the cubic CdTe phase
and nanocrystal domain size, and TEM provided direct visualization of particle sizes (~3—5 nm) and their distribution,
consistent with optical estimates. A logical next step is time-resolved PL to probe recombination dynamics and to test
explicitly for trap-state contributions via exciton lifetimes. We also plan extended stability studies—exposure to air, light,
and elevated temperature over longer periods—to assess long-term colloidal stability and resistance to photobleaching.
The results will guide strategies such as core—shell encapsulation and optimized ligand treatments to enhance robustness.
Finally, translating these QDs into aqueous media is important for specific uses; although we did not pursue ligand
exchange here, future work should explore replacing oleate with hydrophilic ligands (or other phase-transfer methods) to
yield water-dispersible CdTe QDs. Such surface modifications, together with protective shells, will broaden the
applicability of these materials in optoelectronics, biology, and beyond.
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CHUHTE3 KBAHTOBUX TOYOK CdTe METOJOIO MOJIEKYJIAPHUX NIONEPEJTHUKIB TA JOCJILKEHHSA
IX ONTUYHUX BJACTUBOCTEN
Kapim0epnai E. Onapxkyinos, Axxamuaxon 1. 3okipos
Depeancokuti deporcasHuti ynieepcumem, Pepeana, Y3bexucman

KsanToBi touku (KT) temypuny kagmito (CdTe) Oymu cuHTE30BaHI METOAOM MOJIEKYISIPHOTO TIpeKypcopa (Tapsdoi iHKekmii) Ta
JIOCTI/KEH1 iXHi ONTHYHI BiacTuBocTi. [Ipexypcop oneaTty kaaMmiro B OKTaaeleHi/oneiHoBii kucaoTi HarpiBamu 10 180°C B iHepTHIH
arMocepi, a po3unH TpuokTHwiIdochiny-remypito (TOP-Te) mBuako BBoAMIN A IHIMIIOBaHHS HyKJearil. 3MIiHIOIOYM Yac pOCTY
(3-16 xB), po3mip KT HanmamToByBaH, CTBOPIOIOYH KOJIHOPH BUIPOMIHIOBAHHS BiJ 3€JICHOTO 10 YepBOoHOro. HaHokpucramu Oymu
oxapakTepn30BaHi 3a jornomoror YP-Vis abcopbuiitnoi ta poromominecuentHoi (OJI) crekTpockorii, sika MoKa3aia 4iTke YepBOHE
3MIilIEHHS ONTHYHUX CIIEKTPIiB 31 301IbIIEHHSIM po3Mipy yacThHOK. KBaHTOBI Toukn CdTe neMOHCTPYIOTh ONTHYHI BIACTHBOCTI, IO
3aJIeXKaTh BiJl PO3MIpY, IO Y3rOMKYIOTECS 3 KBAHTOBHM OOMEKEHHSM, IIPUIOMY HEPIINH eKCHTOHHHH ITiK MONIMHAHHS 3MIIY€THCS BiJ|
~520 M 10 ~700 HM 3i 30i7bLIEHHAM JTiameTpa. Bci 3pasku Oynmu BHCOKONIOMIHECHEHTHUMH, 31 3HAUYSHHSIMU KBAaHTOBOTO BHXOIY
¢doromominecuenuii (PLQY) B nianazoni 60-90%. Leii npocTuii cHHTE3 P BiTHOCHO HU3bKiil TeMIIepaTypi 1ae KOJIOIIHO cTabinbHI
kBaHTOBI Touki CdTe 3 HacTporOBaHHMH 3a00POHEHHMH 30HAMH. Pe3yabTaTé AEMOHCTPYIOTH MPOCTHH LUISX 10 HaJallTyBaHHS
ONITHYHUX BJIACTUBOCTEH KBAHTOBHX TOYOK IILIIXOM KOHTPOJIO Yacy PEaKIil Ta JaroTh YSABICHHS IPO KiHETHKY POCTY Ta KBaHTOBO-
po3MipHi epekTr B kBaHTOBUX Toukax CdTe.
KirouoBi cioBa: xkeanmosa mouka; menypuod KaoMito; MONEKVIAPHUL NPEKYPCOp; 2apAaua IHXCeKyisa, KEaHmose OOMedCeHH s,
Gomontominecyenyis,; NO2IUHAHHA, HAHOKPUCIMAN, KONOIOHUL CUHME3; HANI6NPOBIOHUK
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This work presents a comprehensive Deep-Level Transient Spectroscopy (DLTS) investigation into the influence of nickel (Ni)
diffusion on the defect landscape and electronic properties of polycrystalline silicon (poly-Si) structures. The study aims to clarify
how Ni incorporation modifies electrically active traps, alters charge carrier dynamics, and affects interface quality in Schottky
diodes formed on poly-Si substrates. Two types of samples—undoped and Ni-diffused—were prepared via controlled thermal
processing at 1000 °C, followed by surface passivation and gold/aluminum metallization to form Au/Poly-Si/Al Schottky diodes.
DLTS measurements over the temperature range 20-300 K revealed distinct differences in the deep-level trap behavior of the two
sample types. In undoped samples, only weak and broad trap signals were observed, primarily associated with intrinsic grain
boundary defects and residual impurities. In contrast, Ni-diffused samples exhibited sharp, intense DLTS peaks, with a dominant
trap level observed between 200 and 220 K. The corresponding activation energy was estimated to be approximately 0.492 eV,
and the capture cross-section was in the range of 107'“-107'3 cm?. These parameters indicate the formation of nickel-related
complex defects, such as Ni—V or Ni—O clusters, primarily located at grain boundaries. C—V profiling further confirmed the
influence of Ni incorporation, showing reduced capacitance, a smoother transition in the depletion region, and improved interface
uniformity, suggesting partial passivation of native and boundary-related traps. The Ni-diffused sample displayed a smoother
capacitance—voltage transition, reduced junction capacitance, and improved interface uniformity, suggesting partial passivation of
native defects. Complementary Gp—V measurements showed a significant decrease in parallel conductance for Ni-doped
structures, indicating a reduction in interface trap density and recombination centers. These results suggest a dual role of
nickel - both as a source of deep-level traps and as a passivating agent, depending on local atomic environment and thermal
treatment conditions. Surface morphology analysis using Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX) confirmed the formation of Ni-rich precipitates, particularly at grain boundaries. The spatial correlation
between Ni and oxygen suggests the formation of Ni—O-based complexes, which likely contribute to the electrical passivation
effects observed in DLTS and G,—V data. Overall, this study demonstrates that controlled Ni diffusion offers a promising
approach for defect engineering in polycrystalline semiconductors. By selectively introducing and passivating defect states, Ni
doping can enhance the electronic quality and thermal stability of poly-Si, thereby improving its suitability for high-efficiency
solar cells, radiation detectors, and other advanced electronic and optoelectronic devices.

Keywords: Polycrystalline silicon; Nickel clusters; DLTS; Deep-level defects; Schottky diode; Impurity diffusion

PACS: PACS: 72.20.Jv, 73.61.Cw, 73.40.Ns, 85.30.De.

INTRODUCTION

The advancement of low-cost, large-area silicon-based technologies increasingly depends on effective control of
crystalline defects and impurity behavior in polycrystalline silicon (poly-Si). Compared to monocrystalline silicon,
poly-Si exhibits a higher density of grain boundaries and intrinsic structural imperfections, which serve as non-radiative
recombination centers and negatively impact device performance [1-3].

Among external impurity elements, transition metals such as nickel (Ni) play a dual role in silicon matrices. On
one hand, they can passivate intrinsic traps under certain conditions; on the other hand, they may form deep-level trap
complexes that deteriorate carrier lifetimes. Notably, nickel’s high diffusivity in silicon and its tendency to agglomerate
at grain boundaries create favorable conditions for cluster formation, which are often responsible for distinct electronic
activity detectable through electrical techniques [4-8]. Deep-Level Transient Spectroscopy (DLTS) is a powerful
method for studying electrically active defects. By analyzing the transient capacitance response of Schottky diodes to
thermal stimuli, DLTS can determine key trap-state parameters, such as activation energy and capture cross-section.
While many studies have examined metal-induced defects in monocrystalline silicon, there is a lack of detailed analysis
of Ni-related defect clusters in polycrystalline matrices [9, 10]. This work addresses this gap by exploring the electronic
impact of nickel diffusion in polycrystalline silicon using DLTS and Schottky barrier analysis. By establishing clear
differences in trap profiles between doped and undoped samples, we provide insights into the defect formation
mechanisms and their potential for material optimization.

METHODS
To investigate the electrical activity and microstructural effects of nickel-induced deep-level defects in
polycrystalline silicon (poly-Si), a multi-step sample preparation and characterization methodology was employed.
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Commercially available polycrystalline silicon wafers with a resistivity of 10>-10° Q-cm were selected and cut into
5%10 mm? squares using a diamond saw to ensure minimal edge damage and compatibility with standard measurement
setups.

Each sample underwent an extensive surface preparation procedure to ensure high measurement accuracy.
Mechanical polishing was conducted in stages, starting with coarse SiC papers and progressing to alumina (ALOs)
suspensions with particle sizes decreasing from 3 um to 0.05 pum to produce a smooth, mirror-like surface. After
mechanical treatment, samples were ultrasonically cleaned in acetone, isopropanol, and deionized water [10].
A standard RCA cleaning procedure was applied to remove residual organic and metallic contaminants. To eliminate
the native oxide layer and activate the surface, a 5% HF solution etch was performed for 30 seconds. The samples were
then immediately transferred to the deposition chamber to prevent reoxidation. A thin nickel layer (~50 nm) was
deposited on one side of the samples using thermal vacuum evaporation under a base pressure of 5 x 10 Torr. The
deposition thickness was monitored using a quartz crystal microbalance. Subsequently, the samples were annealed in a
nitrogen ambient at 1000°C for 30 minutes in a quartz tube furnace. This thermal treatment enabled the diffusion of
nickel atoms into the grain boundaries and defect-rich regions of the poly-Si matrix. The samples were gradually cooled
to minimize thermal shock [11]. Post-diffusion, any remaining surface nickel was removed using a chemical etchant
composed of nitric acid (HNQO:3), acetic acid (CHsCOOH), and hydrofluoric acid (HF) in a volumetric ratio of 5:3:2 for
15 seconds. This step ensured a clean and uniform surface before device fabrication. Schottky diodes were fabricated by
depositing circular gold contacts (1 mm in diameter) via thermal evaporation onto the nickel-diffused surface using a
shadow mask. The rear side of each sample was coated with aluminum to form an ohmic contact. The devices were
annealed at 200°C in a nitrogen atmosphere for 10 minutes to enhance the metal-semiconductor interface properties.

To investigate the microstructural effects of nickel diffusion, surface morphology analysis was performed using
Scanning Electron Microscopy (SEM). A Zeiss AURIGA FIB-SEM system was used to acquire high-resolution images
of the nickel-diffused silicon surfaces. SEM analysis enabled the direct visualization of surface features such as grain
boundaries, diffusion-induced surface texture changes, and possible clustering effects [12]. Images were obtained in
both secondary electron (SE) and backscattered electron (BSE) modes to enhance contrast between silicon and nickel-
rich regions. These microstructural observations were used to correlate the electrical activity observed in DLTS
measurements with the physical manifestation of defect sites and clusters on the polycrystalline surface.

Deep-Level Transient Spectroscopy (DLTS) measurements were conducted over a temperature range of 20-300 K
using a stepwise heating protocol. The Schottky diodes were reverse-biased at —5 V, and filling pulses of -2V
amplitude with 1 ms duration were applied. The transient capacitance signal was recorded at multiple rate windows
(80s71, 200 s7!, 400 s7!, 800 s!) to resolve traps with different emission time constants. The resulting DLTS spectra
were analyzed to extract the activation energy, capture cross-section, and defect concentration corresponding to nickel-
related trap states [13-17].

EXPERIMENTAL RESULTS
In this experimental section, we investigate the impact of nickel diffusion into polycrystalline silicon by
comparing DLTS and C-V measurements. The measurements were performed on both undoped and Ni-diffused
samples using various rate windows (80, 200, 400, and 800 s!) for DLTS and a voltage sweep from -2 to -5 V for C-V
profiling. The goal is to determine the deep-level trap behavior, concentration, and how nickel incorporation affects the
electrical quality of the material.
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Figure 1. DLTS spectra of polycrystalline silicon samples at different rate windows
(a) undoped sample; (b) sample with Ni-diffused

Undoped sample (Fig. la) showing relatively low signal amplitude and broad trap responses across the
temperature range, indicating the presence of intrinsic grain boundary and bulk defects; A pronounced peak appears
around 110K, indicating the presence of shallow-level traps likely associated with intrinsic point defects such as
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oxygen or carbon complexes. The DLTS signal amplitude increases with rate window, confirming thermally activated
emission characteristics. Ni-diffused sample (Fig. 1b) with sharper and deeper peaks, especially between 180-250 K,
corresponding to the formation of Ni-related deep-level traps such as Ni—V and Ni—Si complexes. The enhanced signal
intensity and shift in peak position reflect changes in trap energy levels and charge emission rates induced by nickel
diffusion.

Figures 2a and b illustrate the Arrhenius plots obtained for the undoped and Ni-diffused polycrystalline silicon
samples.
Arrhenius Plot - Secondary Trap (~200 K)
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Figure 2. Arrhenius plots for trap level analysis in polycrystalline silicon samples derived from DLTS measurements

The emission rate data were extracted from DLTS spectra over various rate windows and plotted as In(en/T?)
versus 1/T to determine the activation energies of the observed deep-level traps. In the undoped sample (Figure 2a), two
distinct trap levels were identified at approximately 105 K and 215 K, corresponding to activation energies of
E.~0.141 eV and E, = 0.275 eV, respectively. In contrast, the Ni-diffused sample (Figure 2b) showed a dominant single
trap around ~200 K, with a significantly higher activation energy of E, = 0.492 eV. This increase in energy suggests the
formation of new, deeper traps, possibly associated with Ni-related complexes or defect passivation mechanisms.

These findings confirm that Ni diffusion leads to the emergence of deeper trap levels and potentially alters the
defect structure of the polycrystalline silicon matrix. [18-19].
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Figure 3. Comparison of DLTS spectra of undoped and Ni-diffused polycrystalline silicon samples at various rate windows
(a) 80 s, (b) 200 s, (c) 400 s, and (d) 800 s*
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In all measurements, the Ni-diffused sample shows significantly deeper and sharper DLTS signals, with multiple
peak formations compared to the undoped sample (Fig. 3.). This indicates increased trap concentration and enhanced
recombination activity due to the formation of Ni-related deep levels. The undoped sample exhibits broader and
shallower responses, consistent with intrinsic grain boundary and bulk defects. The variation in signal intensity and
peak position with increasing rate window reflects differences in emission rates and activation energies of the traps.
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Figure 4. a) Capacitance—Voltage (C—V) characteristics of undoped and Ni-diffused polycrystalline silicon samples.
b) Gp—V characteristics of undoped and Ni-diffused polycrystalline silicon samples.

The undoped sample (Figure 4a) exhibits higher capacitance values and a sharper transition in the depletion
region, which may be attributed to a lower defect density and more abrupt junction interface. In contrast, the Ni-
diffused sample shows a reduced capacitance with a smoother voltage response, indicating an increased trap
concentration and possible passivation of grain boundaries. The shift in capacitance behavior reflects the changes in
dopant distribution and interface quality resulting from nickel diffusion. The Ni-diffused sample (Figure 4b) shows a
reduced parallel conductance across the voltage range, indicating effective passivation of interface and grain boundary
states. In contrast, the undoped sample exhibits higher Gp values, especially in the depletion region, which suggests a
greater density of interface traps and enhanced recombination activity. The suppression of Gp in the doped structure
confirms that nickel incorporation reduces the density of electrically active defects and improves the junction quality.

51 Kal Ni Kol 0 Kal

..

Tpm Tum
Figure 5. SEM image and EDX elemental maps of the Ni-diffused polycrystalline silicon sample

The Figure 5 left panel shows the surface morphology, while the middle and right panels illustrate the spatial
distribution of Ni (red) and O (green), respectively. The overlapping regions of Ni and O signals confirm the formation
of Ni-O-based precipitates. These precipitates are believed to contribute to the passivation of electrically active traps, as
evidenced by the reduced DLTS signal amplitude, the suppressed G,— V peak, and the stabilized C—V profile in the Ni-
diffused sample.

DISCUSSION

Based on the experimental results obtained through DLTS and C—V profiling, it is evident that the introduction of
nickel atoms into polycrystalline silicon significantly modifies the defect landscape and electrical activity within the
material. One of the most notable findings is the formation of a pronounced deep-level trap centered at approximately
115 K in Ni-diffused samples, which is absent in undoped specimens. This suggests the creation of specific Ni-related
defect complexes, potentially involving interactions at grain boundaries where structural imperfections act as diffusion
pathways and clustering sites.

The improved interface characteristics observed in C—V measurements indicate that nickel atoms not only create
new trap centers but may also participate in passivating native defects. This dual nature of nickel, acting both as a defect
generator and a passivating agent, aligns with previous studies on transition metal doping in silicon-based materials.
The smoother capacitance-voltage curves and lower trap density in the Ni-diffused samples support the hypothesis that
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nickel can be harnessed to tailor the electronic properties of poly-Si, particularly by forming stable Ni—Si complexes or
precipitates that neutralize recombination-active centers [20-24].

Parallel conductance—voltage (G,—V) measurements further confirmed the presence and partial passivation of
interface and grain boundary traps. Compared to undoped samples, the Ni-diffused structures exhibited reduced G,
values across the depletion region, suggesting a lower density of electrically active recombination centers. This
suppression is attributed to the interaction of nickel with native defects, likely forming electrically inert Ni-O or Ni—Si
complexes.

Additionally, the temperature-dependent suppression of DLTS peak amplitudes across multiple rate windows
implies that the trap states in Ni-diffused samples exhibit reduced thermal activity, which can enhance the thermal
stability and long-term reliability of devices built on such materials. This behavior is crucial for high-performance
applications such as radiation detectors and solar cells operating under fluctuating thermal conditions.

Overall, the findings suggest that controlled nickel diffusion presents a promising avenue for defect engineering in
polycrystalline semiconductors, offering a balance between defect introduction and passivation that could be
strategically exploited to improve material performance in advanced electronic and optoelectronic systems.

Scanning Electron Microscopy (SEM) images revealed noticeable changes in surface morphology of the Ni-
diffused polycrystalline silicon samples. Grain boundary regions became more distinct and slightly rougher, indicating
nickel segregation and possible clustering at these structural imperfections. The formation of Ni-rich precipitates
observed in SEM supports the electrical activity identified in DLTS measurements.

CONCLUSIONS

This study demonstrated that controlled nickel diffusion improves the electronic quality of polycrystalline silicon
by partially passivating grain-boundary-related defects. Capacitance-voltage (C-V) and parallel conductance (Gp-V)
measurements revealed a reduced interface trap density and improved junction characteristics. DLTS analysis revealed
a significant deep-level trap in the Ni-diffused sample at around 220 K, absent in the undoped structure, indicating the
formation of nickel-related defect complexes. SEM and EDX analyses confirmed nickel accumulation and Ni-O
clustering at grain boundaries, which are likely responsible for the observed defect passivation. These findings
emphasize the dual role of nickel in modifying and stabilizing polycrystalline silicon, offering promising prospects for
advanced silicon-based electronic and optoelectronic devices.
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BILIMB JU®Y3Ii HIKEJIO HA CTAH ITACTOK TA SIKICTh IHTEP®ENCY B CTPYKTYPAX
MOJIKPUCTAJJITYHOI'O KPEMHIIO
Kanart6aii A. Iemainos!, Hypyiuia ®. 3ikpiniaes?, 3oip T. Kemskaes!, lep3on 3. Oiuiaméepranos!,
Baiipam6aii K. Icmaiinos!, AsutoGepai K. Canapos!
! Kapaxannakcoxuti deporcanuii ynieepcumem, Hyxyc, 230112 Yzbexucman
2Tawxenmcokuii Oeporcasnuti mexuivnuil ynisepcumem, 100095, m. Tawxenm, eyn. Yuieepcumemcoka, 2, Yzbexucman

I poGoTa mpencraBiisic KOMIUICKCHE JOCHIIKEeHHs riOoKopiBHEeBOI nepexianoi cnekrpockonii (DLTS) BmiuBy audysii Hikento
(Ni) Ha nanamadT AedeKTiB Ta eIeKTPOHHI BIACTHUBOCTI CTPYKTYP MOJIKpHCTaIigyHOro kpemHiro (poli-Si). Mera mocmimkeHHs -
3'acyBaTH, SK BKIIOYEHHS Ni MOAuQiKye eNeKTpUYHO aKTHBHI MACTKH, 3MIHIOE JHHAMIKY HOCIiB 3apsoy Ta BIUIMBAa€E Ha SKIiCTh
inTepdeiicy B miomax IlloTki, chopmoBanux Ha momi-Si minkiaagkax. [IBa Tumm 3paskiB - HenmeroBadi Ta AudysoBaHi Ni - Oymu
OTpHUMaHI IUITXOM KOHTPOJIBOBaHOI TepMiuHOi 00poOku mpu 1000°C, 3 mojanblIOl0 MAcHBaNi€l0 MOBEPXHI Ta MeTali3alli€lo
3osi0ToM/amoMinieM Juist popmyBanus gioxiB llortki Au/Poly-Si/Al. BumiproBanus DLTS, npoBeneni B giamasoni remmeparyp 20—
300 K, BuSBMIM CYTT€BI BiAMIHHOCTI B TOBEIiHIII TJIMOOKOPIBHEBHX MACTOK JBOX THIIIB 3pa3KiB. Y HEJICTOBaHUX 3pa3Kax
criocTepiraiucs juiie cinabki Ta MMPOKI CHTHAIN MAcTOK, B OCHOBHOMY IIOB'S3aHi 3 BJIACHMMH Je(eKTaMM Ha MeXax 3epeH Ta
3aIMIIKOBUMH Jomimkamu. Ha mpotuBary npomy, 3pasku 3 mudysiero Ni nemoHcTpyBaim pi3ki Ta inrencuBHi miku DLTS, 3
JOMIHYIOUHM pPiBHEM MAacCTOK, IO crocTtepiraBcsi mpudian3Ho B Mexxax 200-220 K. BimmominHa eHepris akTuBaiii OLiHIOBAJIacs
npubausHo B 0,492 eB, a momepedHuii mepepi3 3axXOIUIeHHS 3HaXxoAuBcs B miamazoni 107-107'% cm?. Lli mapameTpu BKa3ylOTh Ha
YTBOPEHHS KOMIUIEKCHHUX Ie(EKTiB, MOB'I3aHUX 3 HIKeNeM, TakuX K kiractepu Ni—V a6o Ni—O, po3ramoBaHi IepeBaXHO Ha MEXax
3epeH. C—V npodiaroBaHHS TOJATKOBO MiATBEPAMIIO BIUTUB BKIFOYCHHS Ni, TOKA3aBIIN 3HIDKCHHS €EMHOCTI, OUTBIN TUIABHHAHN TEepexi
B 00J1aCTi BUCHAXXEHHS Ta MOKpAIEHy OXHOPIIHICTE iHTepdeiicy, 0 CBIIUUTE PO YaCTKOBY ITACHBAIIIO BIACHHUX Ta ITOB'S3aHUX 3
Me)aMH 1acTok. 3pa3ok 3 qudysiero Ni 1eMOHCTpyBaB OUIBII IUIABHUN MEPEXill EMHICTh-HAINPyTa, 3HIDKEHHSI EMHOCTI IIEpeXo.Iy Ta
HOKpAIlleHy OIHOPIIHICTh iHTepdeiicy, IO CBIMYNTH PO YaCTKOBY HacuBalito BiacHUX nedekTiB. JonatkoBi BuMmiproBanHs Gp—V
MOKa3aJi 3HaYHEe 3HIDKCHHs HMapajenbHOl MPOBIHOCTI sl CTPYKTYp, JieroBanux Ni, 10 BKa3y€ Ha 3MEHILUCHHS LIIIBHOCTI MACTOK
Ha iHTepdeiici Ta ueHTpiB pekomOinaii. Ili pe3ynbTaTi BKa3yloTh Ha MOABIHHY POJIb HIKEII0 — SIK [DKepesia IIIMOO0KHUX MacToK, TaK i
MacHUBYIOUOr0 areHra, 3ajeXHO BiJ] JIOKaJbHOIO aTOMHOT'O CEpeIOBHUINA Ta YMOB TepMiuHOT 00poOku. AHainiz Mopdoorii moBepxHi
3a JIONIOMOTOI0 CKaHYI4oi eneKTpoHHOi Mikpockomii (SEM) Ta eneproamcmepciiiHoi peHTreHiBebkoi cmekrpockomii (EDX)
MiATBEPINB yTBOPEHHs OaraTwx Ha Ni mpernumiTariB, ocoOIMBO Ha Mexkax 3epeH. [IpoctopoBa kopemsmis Mk Ni Ta KHCHEM
CBIIYMTH TIPO YTBOPEHHS KOMIUIEKCiB Ha OcHOBI Ni—O, siKki, HMOBIpHO, CHIPHSIOTH edeKTaM eIeKTpUYHOI IacHBalii, IIo
cnocrepiratotecst B gannx DLTS ta Gp—V. 3aranom, 1e AOCHiIKEHHS AEMOHCTPYE, IO KOHTposboBaHa audy3is Ni mpornoHye
MePCIIeKTUBHUI MiAXig N0 nedexTHoi imkeHepil B IOJIKpUCTaNiUYHMX HamiBnpoBinHukax. [llnsxoM BHOIpKOBOrO BBEIEHHS Ta
nacuBanii e()eKTHUX CTaHiB, JeryBaHHs Ni MOXKe IOKpALIUTH EIEKTPOHHY SIKICTh Ta TEPMIYHY CTaOUIBHICTH MONIKPEMHIIO, THM
CaMHM IOKpAIYIOYM Oro NMpUAATHICTH Ui BUCOKOS()EKTHBHHMX COHSYHHX €JIEMEHTIB, JIETEKTOPIB BHIIPOMIHIOBAHHS Ta IHIIHMX
MEPEOBUX EJICKTPOHHUX Ta ONTOSICKTPOHHUX IPUCTPOIB.

KurouoBi cinoBa: nonikpucmaniunuii kpemuiii; Hikenesi kiacmepu, DLTS, enuboki oegpexmu, 0iod LLlomxi; ougysia oomiuiok
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ITO films were obtained on silicon substrates using an improved chemical vapor deposition (CVD) method in a quasi-enclosed volume
at normal atmospheric pressure, without using a carrier gas. The resulting films had a thickness of 2.8-3.0 microns and a fairly low
sheet resistance. Using an SPM 9700HT type scanning probe microscope, the surfaces of 500500 nm ITO film samples were
examined, and the results are presented in the form of two-dimensional (2D) and three-dimensional (3D) images. The electrophysical
properties of the grown films were studied by the Hall method and it was shown that the films have an n-type conductivity, a mobility
of w= 2.5 cm?(Vxs) and a concentration of charge carriers n = 1.35x10%° cm™ and a sheet resistance of p = 1.85x10~° Q-sq’! (ohms
per square). It is shown that our modified method of chemical vapor deposition makes it possible to obtain ITO films with good
characteristics acceptable for use in optoelectronics and photovoltaics devices as a transparent contact layer.

Keywords: Indium tin oxide; CVD method; Concentration and mobility of carriers; Sheet resistance

PACS: 68.55.Jk, 73.61.Le, 81.15.Gh, 73.40.Qv, 68.37.Hk

1. INTRODUCTION

ITO (Indy Tin Oxide) thin films attract a lot of attention due to their optical transparency and low resistivity [1, 2].
They are widely used in various optoelectronic devices as transparent electrical contacts or electrodes [3, 4]. For example,
they are used in LEDs [5-7], flat-panel displays [8], thin-film solar cells (SC) [9-14], and various sensors [15].
Optoelectronics typically uses transparent conductive thin-film ITO electrodes with a ratio of In,O3:SnO, = 9:1 (90 wt.% In
and 10 wt.% Sn) [16, 17]. They are also used as an anti-reflective wide-band “window” in SC due to their high refractive
index (n = 1.97-2.06) and relatively low sheet resistance (< 10107 Q-sq!). At the same time, ITO contact layers with high
charge-carrier mobility and low sheet resistance <10 Q-sq™! with optical transparency (>80%) in the visible and near-infrared
(IR) ranges make it possible to ensure high efficiency of SC [9-14]. However, due to the growing technological demand for
transparent conductive contacts for flat-panel displays with a larger area, as well as for SC and LED structures, new materials
with higher electrical and optical properties are required [8, 16], as well as relatively affordable and easy-to-manage
technologies for their production [15]. Although ITO films are transparent in the visible range (380-780 nm), their
transmission coefficients are low in the near-infrared (IR) range (950-1800 nm). This leads to a decrease in the efficiency of
SC in the long-wavelength range of the solar radiation spectrum [9-14]. Therefore, all this requires improving the
transparency of ITO films in the near-infrared range to increase the efficiency of SC, as well as the development of relatively
inexpensive technological methods for producing ITO films.

To improve transparency while maintaining good electrical conductivity of ITO films, researchers use various
methods. Methods for obtaining oxide films with high mobility of charge carriers are presented in [14], and the
mechanisms underlying high mobility in oxide films are discussed. Another interesting way to improve the electrical
conductivity of oxide films while maintaining their transparency is to create multilayer structures in the form of
dielectric/metal/dielectric (ITO/metal/ITO) [6, 17, 18]. Because multilayer films reduce the reflection of light from metal
and, due to a sufficiently thin (not strongly affecting transparency) metal layer, provide high electrical conductivity of
films [17-19]. In the message [20], polycrystalline ITO films with good optoelectronic characteristics and a homogeneous
surface were obtained by chemical deposition from the gas phase (CVD) followed by annealing at a temperature of 550°C
in a nitrogen (N;) atmosphere. The use of the CVD process for the synthesis of ITO, as described in this paper, may
become an alternative to the method of magnetron deposition of ITO films, which are quite suitable for use in various
optoelectronic devices.
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2. MATERIALS AND METHODS

There are various methods to obtaining ITO films; for example, in [16, 21, 22] ITO films were obtained by high-
frequency reactive sputtering with simultaneous ion treatment. Some researchers prefer to use the sol-gel method to obtain
In,O3 and SnO; films [23, 24]. However, in some cases, the CVD method (chemical vapor deposition) is used to obtain
high-purity and high—quality films [25]. In the CVD method, reagents are fed directly to the surface of the substrate,
where the vaporized molecules of the substances that make up In,Os; and SnO, thermally decompose and react to
synthesize ITO layers consisting of a mixture of In,O; and SnO; on the surface of the substrate. In this case, the
decomposition of the reagents occurs at temperatures above 120-140 °C and the ITO deposition process is carried out in
air, since the deposition product is an oxide, and the oxygen environment does not interfere with the synthesis of ITO
oxide material.

In this paper, to facilitate the control of the ratio of the components of the film composition, we modified the method
of chemical vapor deposition (CVD) in such a way that the deposition of ITO layers is carried out under quasi-closed
volume conditions, i.e., under atmospheric air and pressure conditions [26]. In short, in this method, the deposition process
does not occur in a carrier gas stream but in a quasi-enclosed volume at normal atmospheric pressure, which makes it
possible to create a large partial pressure of the components close to the saturation pressure of their vapors for a given
temperature [20]. This, on the one hand, makes it possible to increase the growth rate, and on the other hand, to reduce
the loss of reagents and increase the percentage of raw materials used. The film growth rate in this method is almost
10 times higher than with conventional technology. Figure 1 shows a block diagram of an upgraded ITO film production
facility on various substrates at different temperatures of the evaporator and substrate.

ITO films were deposited on silicon substrates by decomposing vapors of alcohol solutions of indium and tin
chlorides in the temperature range of 120-140 °C (evaporator temperature) and at substrate temperatures of ~240-250°C.
The technological modes were set by controlling the temperature of the substrate, the evaporators to which solutions of
indium and tin chlorides are supplied, as well as the ratio of the solution components and the rate of solution supply. The
precursors were alcoholic solutions of indium chloride (InCls) and tin chloride (SnCl,), which we prepared by separately
heating metallic indium (In-99.99) and tin (Sn-99.99) in dilute (1:1) hydrochloric acid (HCl-extra pure). During the
deposition of ITO films in our upgraded CVD method, the precursor solution is fed to an evaporator heated to 120-140°C,
where indium and tin chlorides evaporate from the evaporator, decompose, and to form indium and tin oxides (In,Os and
SnO») under the influence of temperature. Which then, continuing to move in the direction of evaporation, are directed
towards the substrate, and deposited on it. The properties of ITO films obtained by this method depend mainly on the
temperatures of the substrate, and the evaporator.

L - HJ 5

2 iJ =

—/T —

Fig. 1. Block diagram of a CVD reactor for deposition of ITO films on various substrates at different substrate and evaporator
temperatures, as well as in different ratios of the In203:SnO: film composition: 1-quartz reactor; 2-tube for supplying reagent
solution to the evaporator; 3-substrate; 4-evaporator; 5-thermocouples for controlling the temperature of the substrate and evaporator

3. RESULTS AND DISCUSSIONS

ITO thin films used in many optoelectronic devices are typically less than one micrometer thick. The thicknesses of
the ITO films obtained by us, measured on a microinterferometer MII-4 microscope, were 2.8-3.0 pm. We previously
demonstrated in [27, 28] that ITO films obtained by the above-described method exhibited a polycrystalline structure
with a specific texture. Therefore, we do not present the results of the X-ray diffraction analysis of the obtained ITO layers
here.

Studying of the sample surface 0.9In,03:0.1SnO, was performed on a scanning probe microscope of the SPM
9700HT type. The measurement was carried out in contact mode, and, for this purpose, a sample area measuring
500500 nm was selected. Results of the study of the sample surface 0.9In,03:0.1Sn0O; in the form of two-dimensional
(2D) and three-dimensional (3D) images are shown in Figs. 2 and 3.

Fig. 2 shows that the film is almost uniform with a small texture (Fig. 3). The sharp peaks of the crystals indicate
the nanocrystalline structure of the film. As can be seen from Fig. 3, the heights of the texture peaks are approximately
20-40 nm, but there are also a small number of peaks exceeding 50-60 nm.
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Electrophysical parameters of ITO films (0.9In,03:0.1Sn0,) were measured by the Hall method (HMS-7000). The
results showed that the grown ITO layers have an n-type conductivity with a sheet resistance of p = 1.85x107 Q-sq”! and
a mobility of i = 2.5 cm?/(Vxs) at a charge carrier concentration of n = 1.35x10% ¢cm.

——842rm

y: 500 nm
&

85 nm

-76 nm

Figure 2. Two-dimensional (2D) image (500x500 nm) of the Figure 3. Three-dimensional (3D) image (500x500 nm) of the
0.9In203:0.1SnO2 sample surface, captured using SEM 0.9In203:0.1Sn0O2 sample surface, captured using SEM

The temperature dependencies of the concentration (Fig. 4) and mobility (Fig. 5) of charge carriers, as well as the
sheet resistance (Fig. 6) of the ITO film obtained at a substrate temperature of 240°C (optimal, determined
experimentally), were studied. It can be seen from Fig. 4 that the concentration of charge carriers depends
nonmonotonically on temperature and varies almost twice in the temperature range from 300 to 420 K, which in turn
leads to a decrease in resistivity by nearly a factor of two (Fig. 6).
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Figure 4. Temperature dependence of the charge carrier concentration in an n-ITO  Figure 5. Temperature dependence of the mobility of charge
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Figure 6. Temperature dependence of the sheet resistance of the #-ITO film (0.9In203:0.1SnOz) grown on a polycrystalline p-Si
substrate (The sample was grown at a substrate temperature of 240°C)
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This indicates that the film exhibits semiconductor properties, as confirmed by studies of the temperature
dependence of charge-carrier mobility (Fig. 5). As shown in Fig. 5, the mobility of charge carriers increases non-
monotonically with temperature.

In some papers, to improve optical characteristics, specifically to enhance transparency, film oxidation was
employed, which the authors considered a diffusion process. In the pre-oxidation experiments conducted in these studies,
the film did not have time to oxidize in 30 seconds at a temperature of 550°C and below. The authors of [29] claim that
it is possible to achieve film transparency at lower temperatures (200-220°C), but this requires longer annealing times
(>60 min). This was also confirmed by the results we obtained, as well as the findings of other studies that varied widely
in their annealing regimes. For example, during low-temperature annealing for up to 1000 min at 125-165°C [30] and
30-60 min at 200-300°C [31].

4. CONCLUSIONS

Using the modified CVD method, ITO films with a thickness of ~3.0 um were obtained on p-type silicon substrates,
and their structural and electrical properties were investigated. The resulting layers exhibit n-type conductivity and a
nanocrystalline structure, with a specific electrical resistance of 1.85x1073 sq”!, making them suitable for use as transparent
conductive contact layers in solar cells and LED structures.

The studies conducted in this work have demonstrated that our modified CVD method can produce ITO films at
relatively low substrate temperatures (240-250°C), with thicknesses of several micrometers and good properties under
normal atmospheric pressure and quasi-enclosed volume conditions. We hope these preliminary results will provide
valuable insights and support future research on the synthesis of high-quality ITO films. The composition, structure, and
properties of such coatings can be adjusted by varying the evaporator and substrate temperatures, as well as through
additional post-application treatments.
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MOP®OJIOI'IA TA EJEKTPUYHI BJJACTUBOCTI IVIIBOK ITO, OTPUMAHUX HA KPEMHIE€BUX HIJJTOXKAX
METOJOM CVD
A.C. Cainos!, LI.LH. Ycmonon!, M.Y. Xaxxkues'?, A. Kyraimparos!, T.T. Imnisizos!, H.B. Icmatos?, A.A. 'anies?,
C.M. Xanxiesa*, X.H. I:xypaes', M. Taraes5, JI.I1I. Caigos®, T.A Xynaiioeprenos®
' Disuxo-mexuiunuii incmunym Axademii nayx Ysbexucmany, eyi. Quneiza Atimmamosa 2B, Tawxenm 100084, V3bexucman
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ITniku ITO Gynu oTpuMaHi Ha KPEMHIEBHX MiJKIaJKax 3a JOMOMOIOI0 BIOCKOHAJICHOrO METOAY XiMIi4HOI'O OCAa/PKEHHS 3 MapoBOl
(hasu (CVD) y kBa3izaMKHEHOMY 00'€Mi 32 HOPMAJIBHOTO aTMOC(EPHOT0 TUCKY O3 BUKOPHCTaHHS ra3y-Hocis. OTprMaHi IiBKH MaJld
ToBIIMHY 2,8—3,0 MiKpoHa Ta JOCHTH HU3BKHIA IAPOBHUIA OIIip. 3a TOMOMOT0I0 CKaHYI0YOT'0 30HI0BOT0 Mikpockomna Tiiry SPM 9700HT
Oy nociipkeHi HoBepxHi 3paskiB mwiiBok ITO po3mipom 500x500 HM, a pe3ynbTaT MpeACTaBlIeHI y BUMIILAL ABOBUMIpHUX (2D) Ta
tpuBuMipHUX (3D) 300pakens. EnexTpo¢i3nyni BIaCTHBOCTI BUPOIIEHHX ILUTIBOK JOCIIKYBAIX METOAOM XO0Ia, 1 OyJ0 mokasaHo,
10 IUIBKY MAIOTh N-THII HPOBiAHOCTI, pyXymBicTh W = 2,5 cM%/(BXc) Ta KOHLEHTpalio HociiB 3apsaay n = 1,35x10% cm™, a Takox
maposuii omip W = 1,85%105 Om nHa kBanpart. ITokaszano, mo Ham MoAM(IKOBAaHMH METOJ XIMIYHOTO OCAa/PKEHHS 3 MAapoBOi (asu
no3Boisge orpuMyBat IniBku ITO 3 XopommMmu XapakTepHCTHKaMH, NMPUHHATHUMH JUIS BUKOPHCTaHHS B ONTOEIEKTPOHINI Ta
(OTOENEKTPUYHHUX MPUCTPOSIX SK MPO30PUI KOHTAKTHHI Iap.

Kurouosi ciioBa: oxcuo indiro-onoea; memoo CVD,; konyenmpayis ma pyxaugicmo HOCIig; waposuil onip
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Homojunction structures of the type Ag—nSi-n'Si—(In+Sn) with perfect single-crystal (111) orientation and a high-resistivity
compensated layer at the n*Si/n-Si interface were obtained using the liquid-phase epitaxy method. The results of investigating
photogeneration processes and current transport mechanisms in the silicon Schottky-barrier photodiode structure are presented. A two-
barrier model of the structure was developed, according to which current transport has a multifactorial nature and is governed by the
combined contributions of thermionic emission, tunneling, and generation—recombination processes. Furthermore, it was established
that the photosensitivity of the studied structure covers a photon energy range of 0.387+1.016 eV, shifted toward the long-wavelength
region. The formation of a near-surface high-resistivity layer contributes to an increased response and enables photosensitivity values
of'up to 0.338 A/W. It was found that reducing the barrier capacitance to 8+10 pF broadens the frequency range and enhances the speed
of response. The Ag—nSi—n'Si—(In+Sn) structures are promising for use in photodiodes of optoelectronic devices operating in the
visible and infrared spectral regions.

Keywords: Structure; Homojunction, Characteristic; Index;, Mechanism; Capacity; Barrier; Photogeneration; Photosensitivity;
Photocurrent, Intensity; Photodiode
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INTRODUCTION

At the current stage of information technology development, there is a need to create photodetectors with low noise
levels, high stability, linear photoelectric characteristics, and minimal inertia [1-3]. The use of semiconductor structures
in optoelectronic systems is driven by their inertial properties and the dependence of the photocurrent on both the applied
voltage and the intensity of optical radiation [4]. Since optoelectronic systems operate at high frequencies, it is necessary
to minimize signal delay in the photodetectors employed. Schottky-barrier diode structures are the most suitable for this
purpose, as they offer the potential to reduce inertia by lowering capacitance [5].

For example, structures with two rectifying barriers [6] exhibit reduced capacitance compared to similar single-
junction structures [7,8] and demonstrate superior performance under high-frequency operating conditions.

According to preliminary data [9], adding a second rectifying barrier to a potential-barrier structure helps to reduce
its capacitance. However, the implementation of such a structure requires careful optimization of the base region
parameters and precise control over the technology used to form the Schottky barriers. In addition, it is necessary to
improve the noise characteristics, which depend not only on the magnitude of the reverse current but also on the operating
mode of the device. From this standpoint, photodetectors operating in photovoltaic mode are of particular interest.
Photovoltaic detectors belong to this class of semiconductor devices. Yet, they face a significant challenge: the surface
layer of the p—n junction absorbs short-wavelength radiation, while long-wavelength radiation often passes through the
junction without being absorbed.

These limitations can be overcome by creating multilayer heterojunction structures [10,11] with an extended spectral
absorption range. Such structures are fabricated using molecular epitaxy, though certain technological constraints
exist [12,13]. Noise reduction can be achieved by operating photodetectors in photovoltaic mode and by lowering the
reverse dark currents. Additionally, the issue of inertia must be addressed. One of the most effective ways to overcome
these issues is the development of advanced silicon-based Schottky-barrier photodetectors, which eliminate charge
accumulation. The choice of silicon is justified by its extensive study and the well-established fabrication processes
available for it. However, novel methods employed in gallium arsenide structures with metal-semiconductor junctions
have not yet been applied to silicon systems. At the same time, further research is required to evaluate the potential
outcomes.

It is known that in the early 1990s, research began on the physical and technological aspects of fabricating metal—
semiconductor barrier structures based on silicon [14,15]. Photodetector structures were fabricated on bulk silicon, and
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in some cases on epitaxial layers. Their spectral range depended on the material of the base region, with the maximum
photocurrent observed near the intrinsic absorption wavelength (0.9+1.0 um) [16].

In conventional Schottky-barrier structures [17], the reverse currents exceed those typical of p—n junctions, which
necessitates higher signal levels for their proper operation. To improve the photoelectric characteristics of silicon
structures with double-sided barriers and to study the possible mechanisms of photosensitivity and their relationship to
the parameters of the base region (such as thickness and carrier concentration), comprehensive physical and technological
investigations are required. This includes developing new physical principles for the operation of such structures, which
are promising for optoelectronic systems. This task remains relevant, as the challenge of creating low-noise photodetectors
for optoelectronics has not yet been fully resolved.

At present, researchers are focused on the tasks of receiving and processing laser and optical radiation, paying
particular attention to the development of suitable photodetectors [18]. Intensive efforts are being made to develop
methods for creating photodetectors for the ultraviolet and infrared spectral ranges, where optical losses in fibers are
minimal [19-21].

Elemental and binary semiconductors have begun to be used for their fabrication, where variation of the composition
and thickness of the base region makes it possible to achieve photosensitivity over a wide spectral range
(0.3+1.8 um) [22]. In particular, Schottky-barrier photodetectors based on silicon have been developed, in which charge
carrier transport occurs primarily via thermionic emission [23,24]. It should be noted that the minimum detectable signal
level turned out to be higher than in similar p—n junction structures. This is explained by the high saturation current (I;)
values resulting from the relatively low potential barrier height (¢). Functionally, Schottky-barrier and p—n junction
structures are interchangeable. They are widely used for alternating-current rectification, as well as in mixer diodes, Zener
diodes, pulse diodes, and parametric diodes [25-28]. Recently, new metal—thin dielectric—semiconductor (MIS) structures
have emerged, providing semiconductor devices with a range of new functional properties [29].

In this regard, the present article examines the physical principles related to photogeneration processes in Schottky-
barrier structures, which characterize the electronic phenomena occurring in the space-charge region of the potential
barrier in the Ag—nSi—n*Si—(In+Sn) photodiode structure. The structure under investigation is a complex multilayer
metal-semiconductor—metal system, considered promising for use in photodiodes and sensor elements.

EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS

The studies were performed using Ag-nSi-n*Si-(In+Sn) homojunction photodiode structures formed on the basis of
a heavily doped KEF-7.8 silicon substrate. The substrates were silicon wafers with a crystallographic orientation of (111),
25 mm in diameter and about 380 um thick. The material was characterized by a carrier concentration of Ny=2.3x10 cm™
and a resistivity of 7.8 Ohm cm. The wafers were made of single-crystal silicon provided by JSC Photon. The base region
was a high-resistance silicon layer (p=4.2x10° Q-cm) 36 pm thick, characterized by n-type conductivity at a carrier
concentration of Ny=1.1x10° ¢cm™3.

The initial preparation of the silicon substrates consisted of grinding followed by double-sided polishing using ASM-1.5
diamond paste. Before applying the metal coatings, the silicon wafers were treated in a polishing etchant containing HF,
HNO:s, and CH3COOH in a 1:8:1 ratio. Afterward, they were thoroughly rinsed in deionized water and dried.

Next, an active n*Si region was formed on the surface of the substrate -an epitaxial layer grown by liquid-phase
epitaxy with a thickness of 36 pm. To reduce dark currents, the structures were annealed in a hydrogen flow at 310°C for
30 minutes.

As a contact layer, a silver (Ag) film was deposited on the surface of the active n-Si region, forming a potential
barrier. The deposition was carried out in vacuum (~1077 Torr) at 386°C from a silver source (mass 34 mg), resulting in
a film thickness of 95 A. On the back side of the structure, an ohmic contact was obtained by vacuum deposition of an
(In+Sn) alloy (mass 53 mg) at 212 °C, with a thickness of 125 A. The film thicknesses were measured using a Linnik
MII-4 microinterferometer.

The resulting Ag-nSi-n*Si-(In+Sn) homojunction structure was then scribed into discrete samples with an area of
5-9 mm?. Structurally, the device is a semiconductor photodiode fabricated on a heavily doped substrate, as shown in Fig. 1.

A
w g
36 pm-— n Si
380 pm—
n+Si
—— (In+Sn)

Figure 1. Geometric cross-section of the single-base photodiode structure Ag-nSi-n*Si-(In+Sn)
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The current—voltage characteristics (I-V curves) of the Ag-nSi-n*Si-(In+Sn) photodiode structure were recorded
according to the standard circuit described in [30], in both forward and reverse bias, over a wide range of current and
voltage values at room temperature (293 K). The operating voltage was supplied by B5-48 and B5-50 power supplies
with a step of 0.05 V. Voltage and current were measured using universal voltmeters V7-21A and V7-35. The minimum
measurable current was 2 nA, and the relative measurement error was 0.2+0.4%.

The capacitance—voltage characteristics (C—V curves) of the structure were recorded over a wide frequency range
from 50 Hz to 10 kHz. The study showed that in the frequency ranges f < 100 Hz and £>1 kHz, the C—V characteristics
exhibit different features and capacitance values. Therefore, the primary focus of the investigation was on frequencies
around 100 Hz and 8.3 kHz. The C—V characteristics of the studied homostructures were measured for capacitance values
in the range C=1.0+70 pF using the standard setup described in [30].

The illuminated current—voltage characteristics of the structure were measured under reverse current direction at
room temperature (T=293 K) under illumination in the range E=0+160 Ix. [llumination of the structures was provided by
a special incandescent lamp SIRSh 6-100 with power W=100 W, which is equivalent in its parameters to a standard white
light reference lamp. It should be noted that one lumen of electromagnetic radiation in the visible spectral region
corresponds to a power 0of 9.1-1073 W,

RESULTS AND DISCUSSION

The morphology of the Ag-nSi-n*Si-(In+Sn) homostructure samples on silicon substrates was studied using a
scanning electron microscope SEM EVO MA 10 (Carl Zeiss, Germany) and is shown in Fig. 2. For elemental composition
analysis, an energy-dispersive X-ray spectrometer EDX (Oxford Instruments) — Aztec Energy Advanced X-act SDD —
was used. During the measurements, an accelerating voltage of 15 kV was applied to the filament, with a working distance
of 8.5 mm from the sample surface. Scanning was carried out from one side of the investigated homostructure.
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Figure 2. SEM images of the surface (a) and elemental analysis (b) of the Ag-nSi-n*Si-(In+Sn) homostructure based on
n-type monocrystalline silicon

The data obtained using the scanning electron microscope (SEM) and presented in Fig. 2 indicate a dominant silicon
content in the sample, which is confirmed by the high intensity of its main peak. The weak oxygen (O) peak suggests the
possible presence of oxide compounds or surface contaminants formed during the growth or storage of the structure.
According to the quantitative analysis, the mass fraction of silicon is 99.4%, while that of oxygen is 0.6%.

As is well known, such m-n-n*-m structures are often used to study transient effects and rectification characteristics.
The -V characteristics of the Ag-nSi-n*Si-(In+Sn) structure under forward and reverse bias, shown in linear (a) and
semilogarithmic (b) scales, are presented in Fig. 3, in accordance with the equivalent circuit shown in Fig. 4.
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Figure 3. Current—voltage characteristics of the Ag-nSi-n*Si-(In+Sn) structure in linear scale (a) and semilogarithmic scale (b)
under different biasing modes: I — (-) Ag-nSi-n*Si-(In+Sn) (+), II — (+) Ag-nSi-n*Si-(In+Sn) (-)
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Figure 4. Two-barrier equivalent circuit of the Ag-nSi-n*Si-(In+Sn) structure

Within the framework of the two-barrier approximation, the equivalent circuit of the structure can be represented as

a series connection of two diodes (Fig. 4), which makes it possible to accurately describe the experimental current—voltage

characteristics [31, 32]. This model includes the following elements:

- two oppositely connected diodes (D: and D:) corresponding to the barriers @p and @g: D1 describes the Schottky
barrier at the Ag—nSi contact, characterized by barrier height ¢p, series resistance Rs, saturation current I, and
junction capacitance Cj; D2 corresponds to the n—n*Si junction, with similar parameters: @g, I2, and Cp; series
resistance Rs, taking into account ohmic losses in the volume of the semiconductor and contacts, expressed as,

Rs = Reontact + Rvolumetriclayer + Rgubstratess (1)

- parallel resistance Rq, simulating leakage currents through defective channels and the periphery of the structure;

- barrier capacitances C;; and Cj, which determine the capacitive properties of the depleted regions.

- R is the resistance at the metal-semiconductor boundaries (Ag-nSi and (In+Sn)-n*Si), caused by imperfect contacts
and barrier effects, affecting the real current-voltage characteristic and photosensitivity of the structure.

The proposed two-barrier equivalent circuit is versatile, allowing a consistent interpretation of the experimental
characteristics over a wide voltage range: from the low-voltage regime, where generation—recombination processes
dominate, to the high-voltage region, where thermionic emission and tunneling through localized states become the
determining mechanisms.

According to the equivalent circuit (Fig. 4), when the polarity of the applied voltage changes, the base is blocked
alternately on one side or the other, which determines the current flowing through the structure [33]. The observed difference
in the current values confirms that the Schottky barrier at the Ag-nSi contact and the isotypic n-n* junction (nSi-n*Si with an
(In+Sn) contact) have different electrical characteristics due to differences in the work function of the metals and the
conditions for the formation of interphase boundaries. Under forward and reverse biases, the current is determined by a
combination of charge carrier transport mechanisms, including thermionic emission through the Schottky barrier, tunneling
current through the depletion layer, and recombination-generation processes in the space charge region [34]. An important
factor is the change in the width of the depletion layer, which decreases under forward bias and expands under reverse bias,
which directly affects the probability of tunneling and the effective barrier height. In addition, in real structures [33, 36], a
significant role is played by localized states in the forbidden band of silicon, arising due to lattice defects and impurity
centers. These states participate in recombination-generation processes and can significantly modify the shape of the I-V
characteristic, especially in the region of low voltages. From the analysis of the I-V characteristic, it is evident that the
dependence of the current on the voltage is approximated by a power function of the form I & U [37], with two characteristic
sections being distinguished. In the forward bias region, the first section corresponds to the exponent y =~ 0.28, which indicates
a significant contribution of the tunneling mechanism through a narrow depletion layer. With a further increase in voltage,
the exponent increases to y = 1.42, which indicates a transition to the diffusion and thermionic transport mechanisms,
consistent with a decrease in the effective barrier height [37]. The combined analysis of the current-voltage characteristics
indicates the multifactorial nature of current transport, where the interaction of the barrier height plays a decisive role. The
dynamics of the depletion layer width and localized states in the forbidden zone allow for a deeper interpretation of the
conductivity mechanisms in the structure under study.

In the locking mode, the value of the power-law exponent in the initial section is ~1.15, which corresponds to an
almost linear dependence of the current on the voltage IocU~!. This mode is interpreted as a manifestation of thermionic
injection with insignificant nonlinearity and the absence of significant current limitation from the side of the barrier
contact. In the next section, an increase in the power-law exponent to a value of about 2.84 is observed, which indicates
a change in the dominant conductivity mechanism and the involvement of a volume-limited current with the participation
of traps. It should be noted that in both cases, in the second characteristic measurement interval, the values of the power-
law exponent approach 0.5. With forward bias, this indicates the impossibility of describing the structure behavior within
the framework of the classical diode exponent; the current is formed due to defective conductivity channels. In the reverse
bias mode, this indicator reflects the predominance of tunneling processes through the potential barrier, involving

distributed localized states in the band gap associated with surface generation.
U(+)Ag nSi-n+Si—(In+Sn)(— )

As follows from the equivalent circuit (Fig. 4), when a common external voltage general

applied to the structure, a total current will flow:

U(+)Ag -nSi—-n+Si—(In+Sn)(-) _ U(+)Ag nSsi
general straight

_ Un+Si—(In+Sn) (2)

- Yarr
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However, the total voltage consists of the sum of the voltages dropped at each junction:

(H)Ag—nSi-n+Si—(In+Sn)(-=) _ ;,(+)Ag—nSi nSi—n+Si n+Si—(In+Sn)
Ugeneral - Ulstraight + UZ + U3arr (3)

The potential barrier height for the Ag-nSi transition is 0.65 eV, and for the isotypic nSi-n*Si transition it is 0.197 eV.
Using data on the carrier concentration and the effective density of states in the conduction band of silicon
(N = 2x1018 cm™3), the position of the Fermi level was calculated using the formula [37]:

A =E. —<n (X )

q Np

which was found to be 0.622 eV relative to the conduction band edge. It should be noted that this Fermi level value
indicates a pronounced degree of semiconductor degeneracy, in which the carrier distribution deviates from the classical
Maxwellian distribution and must be described using Fermi—Dirac statistics [38]. Such a shift of the Fermi level has a
direct effect on the depletion layer width in the junction: at high impurity concentrations, the depletion layer becomes
significantly narrower, which increases the probability of tunneling through the barrier and changes the dominant current
transport mechanisms. Thus, the obtained parameters of the barrier height and Fermi level are consistent with the features
of transport processes in multilayer metal-semiconductor structures and isotype heterojunctions. Accordingly, the
difference between the conduction band edge and the Fermi level is 0.59 eV, and the difference between the barrier height
and this value gives the contact potential differences for the junctions:

UAITSI= L0 412 eV, UBSISi= 0,554 ¢V, UMMM = 0152 eV. The potential difference between the Ag-nSi
and n*Si-(In+Sn) junctions is 0.625 eV.

Assuming an abrupt metal-semiconductor junction, the corresponding widths of the space-charge regions
(W™~ "and W™ ™2) can be determined based on the formula [37]:

_ 2 1/2
W = [220 (U Ugay)) ®)

In the absence of an external bias, the initial thicknesses of the space-charge regions formed by the rectifying barriers
were calculated. The obtained values were W1 ™" =672.8 um and W,"~""2=5.49 nm, which reflects a significant contrast
in the spatial distribution of the electric field at different junctions. Using the method for determining the voltage drop

across each junction [39], based on the experimental -V characteristics, the values of Uf g _nSi, Up+Si=nSt and

U: +Si_(m+sn), were obtained, as well as the thicknesses of the space-charge layers of each junction, which are presented

in Table 1.

Table 1. Calculated data of physical parameters at transitions

(-)Ag-nSi-n*Si-(In-Sn)(+)

Ugeneral (V) Igeneral (LA) Uurv)y [ Uz(V) Us (V) E (V/iem) Wi(um) Wa(um) W;3(um)
0.1 0.06 0 0.705 0.320 5.55 254.3 675.2 0.0037
0.5 0.37 0.106 1.125 0.712 27.74 568.6 845.3 0.0056
1.0 0.64 0.615 1.605 1.218 55.49 804.1 1018.7 0.0073
1.5 0.92 1.117 2.132 1.672 83.23 984.8 1166.6 0.0086
2.0 1.23 1.504 2412 2.185 110.97 1137.2 1297.8 0.0098
2.5 1.57 2.119 3.113 2.720 138.72 1272.7 1417.6 0.0110
3.0 1.82 2.606 3.515 3.136 166.46 1395.4 1529.3 0.0121
3.5 2.11 3.107 4.088 3.697 194.20 1507.9 1636.0 0.0132
4.0 245 3.616 4.565 4.210 221.94 1612.8 1739.3 0.0143
4.5 2.73 4.099 5.133 4.703 249.69 1711.9 1840.2 0.0154
5.0 3.16 4.428 5.497 5.301 277.43 1806.6 1939.6 0.0165
10.0 6.78 9.701 10.605 9.327 554.86 2538.8 3089.0 0.0231
15.0 9.12 14.596 16.212 15.583 832.29 3114.3 3186.1 0.0290

20.0 12.0 19.606 21.101 20.158 1109.72 3571.7 3484.6 0.0346

Table 1 also shows the values of the maximum electric field strength in the turn-off junctions. It is important to
note that the dependence of the current calculated relative to the falling voltage completely reproduces the course of
the curve on the total turn-off voltage (Fig. 3), which indicates the identity of the current transfer mechanisms. As
follows from the data in Fig. 3, in forward-biased junctions the current increases linearly with increasing falling
voltage; the exponent ¥~ 1, corresponds to the thermionic emission mode. In this case, the applied voltage in the

forward-biased junction cannot exceed the value of the contact potential difference, as a result of which its main part

Ag—-nSi UAg—nSi* +U

is distributed over the quasi-neutral region of the base 1445, that is, U ;. gt = Ustraignt rhasess CONNEcted in



402
EEJP. 4 (2025) Feruza A. Giyasova, et al.

series with the junction. Such voltage redistribution directly affects the width of the depletion layer, decreasing it with
increasing forward bias, which, in turn, facilitates the injection of carriers through the barrier and leads to a change in
the current transfer conditions [40].

Based on the equivalent circuit (Fig. 4) describing the two-barrier model of the Ag—nSi—n*Si—(In+Sn) structure, the
following features of the current transport mechanism can be distinguished:

- in the low-voltage region (|JU|<0.3 V), the current is dominated by generation—recombination through the barrier
¢v1 in the depletion region, which is reflected in its quasi-linear increase;

- at medium voltages (0.3+1 V), the main mechanism becomes thermionic emission through the ¢, barrier, which
is characterized by an exponential dependence of the current on the applied voltage;

- in the region of high voltages (U>1+2 V) the second barrier ., is activated, tunneling processes with the
participation of localized states are enhanced, which leads to a power dependence of the type I~U" with fractional values
of the exponent y.

The measurements of the VEH were carried out in the voltage range from -15 V to +15 V. The dependences of the
capacitance C(U) were recorded (Fig. 5), which were then recalculated into coordinates C (U) [37]. The dependence of
the capacitance on the voltage in coordinates C>~U (Fig. 6) in the initial section gives a straight line, confirming the
sharpness of the p-n junction.

10} I
e s )

15 A0 =5 0 5 10 15
U, v

Figure 5. Volt-capacitive characteristic of the Ag-nSi-n*Si-(In+Sn) structure under forward (I) and reverse (I) bias

Fig. 5 shows the VEC of the studied Ag-nSi-n*Si-(In+Sn) structure. The experimental data show two characteristic
modes of capacitance behavior depending on the magnitude of the applied voltage. In the region of reverse voltages
(0...—15 V), a monotonic decrease in capacitance from ~9 pF to ~5 pF is observed. This effect is due to the expansion
of the depletion layer and corresponds to the barrier capacitance of the p-n junction, which is described by the expression
[34,37]:

qegN
2(pcon=UY

IR

Coar =S (6)
where, N is the impurity concentration in the lightly doped region, S is the area of the structure, U is the blocking voltage,
¢ is the height of the metal-semiconductor barrier.

Therefore, as the reverse bias modulus increases, the width of the depletion layer increases, which leads to a decrease
in the barrier capacitance.

When moving to the region of forward biases (0...+15 V), an exponential growth of capacitance is observed,
reaching ~64 pF at +15 V. This effect is due to the dominance of the diffusion component associated with the injection
and accumulation of charge carriers near the junction. The diffusion capacitance is described by the dependence [34]:

Ca x exp(qV/KT), (7

Thus, the analysis of the VEH shows that in the region of reverse voltages, the main mechanism of capacitance change
is the redistribution of the space charge and the expansion of the depletion layer, whereas in the region of forward bias, the
process of diffusion injection dominates.

Fig. 6 shows the dependence C2 (U) for the studied structure; linear approximation in the reverse bias region allowed
us to determine key parameters such as: charge carrier concentration, depletion layer width, and potential barrier height of
the junction. In particular, the value of the built-in potential was @~ 0.185 V, and the concentration of donor impurities was
Np = 5.2x1011 cm?. The analysis technique is based on the Mott-Schottky equation, which relates the capacitance of the
barrier junction to the applied voltage [34, 37]:

C2= (2/qeeoNDS?) - (v - U), (8)

where, q is the electron charge, ¢ is the relative permittivity of silicon, & is the electric constant, S is the area of the structure,
U is the external voltage, and @, is the built-in potential.
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Figure 6. Dependence C (U) by the Mott-Schottky method for the Ag-nSi—n*Si—(In+Sn)
structure with superimposed linear approximation

The linear section of the C2 (U) graph indicates a uniform distribution of impurities in the semiconductor volume. The
donor concentration Np is determined from the slope of the straight line, and the intersection point with the voltage axis
yields the value of @c.n. Optimization of the parameters of the base silicon region (thickness =36 pm and specific resistance
4.2x106 Q-cm) leads to a decrease in the concentration of charge carriers and, as a consequence, a decrease in the barrier
capacitance of the structure to 8+10 pF, which is almost an order of magnitude less compared to 70+110 pF for photodiodes
based on GaAsSb solid solutions for the IR region, providing a twofold expansion of the operating frequency range and an
increase in response time, which gives the structure under consideration a significant advantage over analogs based on
gallium arsenide and antimony compounds [41, 42].

The dependences of the photocurrent on the operating voltage during excitation from the Ag-nSi junction side by
integrated light with a maximum at 2=0.55 pm of the Ag-nSi-n*Si-(In+Sn) structure in the potential barrier locking mode
under different illuminations are shown in Fig. 7 [43].

Figure 7. [lluminated current—voltage characteristics of the Ag—nSi—n'Si—(In+Sn) structure in the reverse-
bias mode: 1 -0 Ix, 2 — 100 Ix, 3 — 200 Ix, 4 — 1000 Ix, 5 — 2000 1x

As can be seen from Fig. 7, in darkness the current—voltage dependence is nearly linear. Under the action of broadband
light from a tungsten lamp with a spectral maximum near 0.86 wm, an increase in photocurrent is observed with increasing
reverse bias voltage up to 2 V and illumination intensity, indicating a higher photocurrent compared to its initial value at
0.02 V. The optimal operating voltage range is 0.8+1.2 V.

The dependence of the response sensitivity on wavelength (Fig. 8) qualitatively corresponds to the characteristic curve
of a silicon photodiode with a p—n junction, and the spectral sensitivity range extends from 0.48 to 1.26 um.

10% S, AW
10",
10*

10

10* ' ' ' ' A /lm
04 0.6 0.8 1.0 1.2 14

Figure 8. Wavelength dependence of the response sensitivity of the Ag—nSi—n*Si—(In+Sn) structure
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The spectral optical range of the Ag—nSi—n*Si—(In+Sn) structure is relatively broad, extending from A=0.48 to 1.26 pum,
with a maximum response at 0.92 um. This behavior is explained by the presence of a thin, high-resistivity layer located
near the surface. The spectral range extends into the near-infrared region due to deep impurity levels positioned near the
mid-gap in the subsurface region of silicon, which become ionized under reverse bias. As the operating voltage increases
from 0.02 V to 2.0 V, the photocurrent rises correspondingly, particularly in the range of A=0.9+1.25 pm. The formation of
an active near-surface layer with increased resistivity leads to enhanced photosensitivity across the investigated spectral
range, reaching a value of 0.338 A/W [33, 44]. The spectral photocurrent exhibits a monotonic increase with applied voltage,
which is attributed to the higher rate of photogenerated carriers in the space-charge region controlled by the Ag—nSi
junction [45,46].

CONCLUSIONS

The homojunction structures Ag—nSi—n*Si—(In+Sn), obtained by the liquid-phase epitaxy method, exhibit a perfect
single-crystalline film with (111) orientation and subcrystallite sizes exceeding 50 nm [47]. During the liquid-phase
epitaxy of the solid solution, a compensated high-resistivity layer is formed at the interface between the n*-Si substrate
and the n-Si epitaxial film, characterized by a resistivity of 3.2x10* Q-cm at room temperature (293 K).

The analysis of the I-V characteristics of the Ag—nSi—n*Si—(In+Sn) structure revealed that charge transport is
multifactorial, determined by thermionic emission, tunneling, and generation—-recombination processes. A significant
influence is exerted by the differences in the electrical characteristics of the Schottky barrier and the isotype junction, the
dynamics of the depletion layer width, as well as localized states caused by defects and impurity centers. The power-law
behavior of the current—voltage dependence indicates a change in the dominant conduction mechanisms under different
bias regimes: from tunneling transport at low voltages to diffusion—thermionic and trap-assisted space-charge-limited
current at higher voltages [48]. The photosensitivity of the studied structure covers a spectral photon energy range of
0.387+1.016 eV, being shifted toward the long-wavelength region compared to conventional pSi—nSi silicon structures;
additional formation of a high-resistivity near-surface layer enhances the response, allowing photosensitivity to reach
0.338 A/W. The maximum photocurrent increase at E,;n~0.74 eV indicates the generation of nonequilibrium minority
carriers (holes) in the electronic transitions. It should be emphasized that the highest photocurrent value in the impurity
absorption region is achieved under the condition that the thermal generation rate of electrons from silicon impurity levels
is comparable to the rate of photogeneration of minority carriers via electron transitions from the valence band to these
levels [49]. Optimization of the parameters of the silicon base region ensures a reduction in barrier capacitance down to
8+10 pF, which is almost an order of magnitude lower than that of GaAsSb photodiodes (70+110 pF), thereby enabling
an extended operating frequency range and improved response speed.

Ag-—nSi—n'Si—(In+Sn) structures show potential for use as photodiodes in optoelectronic devices operating in the
visible and infrared spectral regions. The results presented here can be applied to improve the photoelectric properties of
silicon photodiode systems with metal-semiconductor junctions.
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®.A. Tiscoal, A.3. Paxmaros?, X.H. Baxponos’, M.A. IOagomen*, ®.A. Tiscos!, A.H. Oximos’, H.A. Carrapos!
'Mioicnapoonuii ynieepcumem Kimvo 6 Tawxenmi, Y3bexucmar
2BAT «®omony, Tawxenm, Vzbexucman
STawkenmcoxuii ynieepcumem ingpopmayitinux mexnonoziii imeni Myxammaoa anv-Xopesmi, Yzbexucman
*Mincnapoonuii ynieepcumem Typan, Hamanean, Y3bexucman
SInemumym ionHO-NAAZMOGUX Ma NA3epHUX mexHOoNoz2itl Akademii nayk Yzbexucmany,
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TomomnepexinHi cTpykTypu Tuimy Ag-nSi—n*Si—(Int+Sn) 3 igeansHOr0 MoHOKpHcTamigHOWO (111) opieHTali€elo Ta mapoM 3 BHCOKHM
OIOpOM, KOMIICHCOBAaHMM Ha MeXi po3ainy n'Si/n-Si, Oyian orpumani merogom piakodasHoi emitakcii. [IpencrapieHo pesynbraTu
JOCITIZKEHHSI POIIECiB (hoToreHepanii Ta MeXaHi3MiB CTPYMOIIEpEHOCY B KpeMHieBii oTomionHili ctpykrypi 3 6ap'epom LlorTki. Byno
po3pobieHo 1BOOAp'epHy MOAENb CTPYKTYpPH, 3TIIHO 3 SKOIO CTPyMOIEpPEHOC Mae OaraTodakTOpHY HPHPONY Ta BHU3HAYAETHCS
KOMOIHOBaHHM BHECKOM TE€PMOENIEKTPOHHOI EMicCii, TYHEIIOBaHHS Ta MpoLeciB reHeparii-pexomOinarii. Kpim Toro, 6yno BCTaHOBIEHO,
o (OTOUYTIIUBICTh AOCIIKYBAHOI CTPYKTYPU OXOILTIOE Hiana3oH eHepriit gorouis 0,387+1,016 eB, 3wmiluenuii y JOBrOXBUIILOBY
obnacte. ®opMyBaHHs NMPHUIIOBEPXHEBOrO IIAPY 3 BHCOKMM OIOPOM CIIPHSE MiJIBUILEHHIO BIITYKY Ta JO3BOJISIE JOCSITH 3HAYCHb
¢dotouymmBocti mo 0,338 A/Bt. Byno BusBieHo, mo 3MeHImEHHs Oap'epHOi eMHOCTI 10 8+10 nd po3mmproe piama3oH 4acTOT Ta
miaBuIIye MmBHAKICTH BiAryKy. Crpykrypum Ag—nSi-n'Si—(In+Sn) € mnepcnekTMBHUMH I BHKOpUCTaHHS Yy (oromiomax
OINTOCNEKTPOHHUX MPUCTPOIB, IIO MPALIOIOTH Y BHAUMOMY Ta iH(pauepBOHOMY Jiaa30oHax CHEKTpa.
KurouoBi cioBa: cmpykmypa;, 2omonepexio; Xapakmepucmuxa, iHOeKC; MeXawizm; €MHicmb, 0ap'ep; domozenepayis;
omouymausicmn,; homocmpym, inmencusHicms, Pomooioo
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The kinetic parameters of solid solutions TbxSnixSe (0 < x < 0.05), grown by the Bridgman method, were investigated at 300 K. It
was found that doping with Tb significantly affects the electrical conductivity, Hall coefficient, Seebeck coefficient (thermoelectric
power), thermal conductivity, and the concentration and mobility of charge carriers. At low Tb concentrations, a transition from p-
type to n-type conductivity is observed, accompanied by a non-monotonic change in the Hall coefficient and the sign of the Seebeck
coefficient. Electrical and thermal conductivities decrease due to enhanced scattering at defects caused by introducing Tb. The
obtained data are important for controlling the properties of SnSe in its thermoelectric applications.

Keywords: Solid solutions, Kinetic parameters; Doping; Thermoelectric properties; Seebeck coefficient; Electrical conductivity;
Thermal conductivity; Carrier concentration; Conductivity type transition

PACS: 71.20.Nr, 72.20.Pa, 61.72.-y

1. INTRODUCTION

Tin selenide (SnSe) is a binary semiconductor compound with an orthorhombic (Pnma) layered structure,
characterized by pronounced anisotropy, low thermal conductivity, and high thermoelectric performance. The presence
of Sn atom vacancies in the crystal lattice results in p —type conductivity [1-3].

Due to its high Seebeck coefficient, low thermal conductivity, and sufficient electrical conductivity, SnSeis
considered one of the best thermoelectric materials, especially in single-crystal form (ZT = 2.6 — 2.8 at ~900 K). Its
bandgap width (0.9 — 1.3 eV) also makes it promising for optoelectronic applications. The ease of mechanical cleavage
further supports the use of SnSe in flexible electronics [4—6].

The material consists of non-toxic and non-deficient elements, which is important from both environmental and
economic perspectives. The properties of SnSe can be effectively tuned through doping and cation substitution. The
introduction of elements such as Na, Ag, and K (for p —type) or Bi, Cl, and I (for n —type) allows control over the
charge carrier concentration. Substituting Sn with Pb, Ge, Mn, Co, and other cations affects the structure and functional
properties, including reduced thermal conductivity and the emergence of new properties [7—10].

Particular interest lies in doping with rare-earth elements (e.g., La, Ce, Gd), which enhance conductivity and
reduce thermal conductivity due to local lattice distortions [11-13]. Among them, terbium (7'D) is especially promising;
its ions can act as donors, increasing the electron concentration and promoting n —type behavior. Substituting Sn with
Tb also enhances phonon scattering, reduces thermal conductivity, and may introduce localized energy levels [14].This
study investigates the effect of Th content on the key kinetic parameters of Th,Sn;_,Se alloys at a temperature of
300 K.

2. EXPERIMENTAL SECTION

For the synthesis ofTh, Sn,_,Sealloys, high-purity starting materials were used: tin of grade B4-000, selenium of
grade OC417-4, and chemically pure terbium (99.98%).The synthesis was performed in evacuated quartz ampoules at
a pressure of 0.1333 Pa using a two-step direct melting method. In the first stage, the ampoules containing the weighed
components were heated at a rate of 4 — 5 °C/min to the melting point of selenium and held at that temperature for 3 —
4 hours. Subsequently, the temperature was gradually increased to 950 — 1000 °C (depending on the composition)
and maintained for 8 — 9 hours [15].

The interaction in the SnSe — ThSe system was investigated using differential thermal analysis (DTA), X —ray
diffraction (XRD), microstructural analysis (MSA), as well as measurements of microhardness and density [16]. DTA
was conducted using a PerkinElmer Simultaneous Thermal Analyzer STA 6000 (USA) to determine the thermal effects
and phase transitions of the synthesized samples. Nitrogen was used as the purge gas at a flow rate of 20 mL/s, and the
samples were heated to their melting temperatures at a rate of 5 °C /min.

X —ray diffraction analysis was performed using a Rigaku Miniflex diffractometer operating at 30 kV and 10 mA
with CuKa radiation (A = 1.5406 A). Diffraction peaks were recorded over a 26 range of 0 — 80°. The surface
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morphology and microstructure of the samples were examined using a JEOL JSM-6610LV scanning electron
microscope (Japan).

Electrical conductivity and the Hall coefficient were measured under direct current conditions in a constant
magnetic field using an electromagnet setup [17]. The Seebeck coefficient and thermal conductivity were determined
using a fully stationary method, as described in [18]. The experimental uncertainty did not exceed 4.2%.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Analysis

The thermograms of the alloys in the Th,Sn,_,Se system show sharp peaks during heating and cooling, which
correspond to the melting and solidification temperatures, indicating the formation of congruently melting alloys. In the
SnSecompound, partial substitution of Sn with Th lowers the melting temperature due to the incorporation of larger
rare-earth (RE) ions, which distort the crystal lattice and weaken interatomic bonds. This leads to structural defects and
an additional decrease in melting temperature. The microhardness of samples with ThSe content up to 0.05 mol. %
remains at the level of ~500 MPa.

Analysis of the intensity of X —ray reflections shows that the sample has a preferred crystal orientation and
consists of a single phase. Indexing of the X —ray patterns indicate an orthorhombic crystal system with the space group
D35 — Pcmn (Fig. 1). In the range0 < x < 0.05, no shift in diffraction lines is observed; only their intensity changes,
which indicates the formation of solid solutions based on SnSe. When Sn atoms are partially replaced with RE atoms of
larger ionic radius, the intensity of reflections decreases, and the lattice parameters increase additively. The increase in
parameters is linear, with no deviations from Vegard’s law observed.

1060004 X —ray structural analysis shows that the
8.04003 addition of terbium selenides leads to an
soe00d  12()() increase in the unit cell parameters of SnSe as
40e0003 the concentration of Tb increases. This is
g 20e00y accompanied by intense  charge-carrier
g rerl—sg % % - S scattering due to lattice distortion, consistent
. o T R with the low thermal conductivity of the
o alloys [16]. At the same time, the density of the
¥ | l| TR Tb,Sn,_,Se system remains practically
o unchanged, indicating interstitial positioning of
p Tb atoms and the formation ofFrenkel-type

o ’ | defects [19].
t—s Ty % 5 = % The increase in lattice parameters, the
2-heta (deg) coherent substitution of Sn with Th, and

adherence to Vegard’s law confirm the
formation of a substitutional solid solution
based on SnSe.X —ray structural analysis and
pycnometry revealed that the solubility range of ThSe in SnSe at room temperature is limited to 2 mol. %.

Comprehensive physicochemical analysis showed that the Th,Sn,_,Sesystem alloys, like SnSe, crystallize in an
orthorhombic crystal system. With an increase in ThSe content, the lattice parameters, density, and microhardness
increase slightly, while the thermal effects shift to lower temperatures. Due to differences in the electronic configuration
of Sn and Tb, substitution in the Th,Sn;_,Sesolid solution leads to distortions in the SnSe crystal lattice, while
preserving its basic structure.

Atomic force microscopy of the surface topography of Th,Sn,_,Se crystals revealed that the natural surface is
inhomogeneous and has a roughness of about 25 nm. This is due to the presence of weak van der Waals forces between
the layers, which lead to the formation of atomic clusters upon cleavage, giving the surface an uneven appearance.
X —ray microanalysis revealed the phase composition and element distribution (Fig. 2). The surface was generally
homogeneous; however, an excess of selenium was observed within the homogeneity range of SnSe.

Figure 1. X-ray diffraction spectrum of crystals TbxSni.xSe:x=0,0025.
Below are X-ray diffraction patterns of SnSe and SnO for comparison

Total spektrum

Element Weight % Atomic %
SnL 59.69 49.72
SeL 39.90 50.03
Tb L 0.41 0.25
Total 100 100
0 2 B 6 8 10 12 14

Full scale 386808 imp Cursor: 0.000 keV‘

Figure 2. X-ray microanalysis of the crystal surface TbxSnixSe:( x=0.005)
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3.2. Electrophysical and Thermal Properties of Th,Sn,_,Se Alloys at Various Tb Concentrations

In the solid solution range of (0 < x < 0.05), several kinetic parameters were investigated at room temperature
(300 K) for ThSe — containing samples grown by the Bridgman method. These parameters include electrical
conductivity (o), Hall coefficient (R), thermopower (S), thermal conductivity coefficient (k), charge carrier
concentration (p, n), and Hall mobility (¢). The obtained results are summarized in Table 1.

SnSe is typically a p —type semiconductor, and its charge transport properties are highly sensitive to doping. As
seen from Table 1, with increasing ThSe content in TbySn,_Se alloys, the resistivity and Hall coefficient increase,
while the carrier concentration and mobility decrease.

In the binary compound SnSe, with partial cation-cation substitution of Sn atoms by Tbh atoms at room
temperature (T = 300 K), the Hall coefficient (R) strongly depends on the percentage of Th atoms and varies non-
monotonically. This non-monotonic change in the absolute value of the Hall coefficient is explained by the competition
of two or more mechanisms depending on impurity concentration.

The SnSe compound, in the absence of doping impurities, consistently exhibits p-type conductivity, which has
been confirmed both by experimental measurements and quantum-chemical calculations [20, 21]. The primary reason
for this is the presence of intrinsic defects in the crystal lattice—primarily tin cation vacancies (Vs,), which act as
acceptor centers and promote hole generation.

The formation of such vacancies can be explained in terms of the atomic properties and electronic structure of
SnSe. First, tin (Sn) has a relatively low ionization energy (first ionization energy ~7.34 eV [22]), which facilitates the
loss of valence electrons and the transition of Sn atoms to the Sn** ionic state. Second, selenium (Se), with its high
electronegativity (2.55 on the Pauling scale [20]), strongly attracts electrons from the Sn — Se covalent bond, thereby
further polarizing and weakening this bond. As a result, Sn cations become less stable in the lattice, especially under
Se —rich synthesis conditions, which promotes the formation of cation vacancies

Table 1. The main kinetic parameters of Tb,Sn,_,Se alloys at T =300 K

oge -5

CO;I'lglOosll:/loon, R, em¥/K S, pV/K o, Q'cm™ \7{’(/):1?1&) B, cm?(V-s) p(n)x10"7, em™
0.00 +8.68 +420 18 20 156 7.2
0.10 +25.7 +275 242 18 60.5 2.43
0.20 +32.3 +128 0.45 17 14.5 1.93
0.25 -180 -325 0.027 16.4 4.86 0.347
0.50 -1750 -298 0.012 14.5 21.12 0.036
1.00 -1260 -297 0.0063 12.5 6.50 0.05
1.5 -1040 -278 0.0061 12 6.34 0.06
2.00 -898 -262 0.006 11.8 5.39 0.07
2.5 -420 -258 0.012 11.2 5.04 0.15
3.00 -245 -250 0.028 10.7 6.86 0.26
3.5 -176 -246 0.035 9.9 6.16 0.36
4.00 -70 -235 0.04 9 2.82 0.89
4.5 -54 -227 0.043 11.3 2.3 1.16
5.00 -41.6 -210 0.047 14.5 3 1.5

From the standpoint of modern defect thermodynamics, the formation of a cation vacancy in SnSe under
thermodynamic equilibrium can be described by the reaction:

Shgire = VSn + 2h++5n(qaz)'

where Vg, is a doubly negatively charged Sn cation vacancy and h* denotes a hole (positive charge carrier) [23]. Such a
defect type is thermodynamically stable under slight deviations from stoichiometry, particularly in the case of a tin
deficit [19]. These holes can move freely, thus ensuring p-type conductivity [20]. Consequently, the formation of
vacancies is accompanied by an increase in the hole concentration that determines the p-type conduction.

Density Functional Theory (DFT) calculations confirm that the formation energy of Sn cation vacancies is
significantly lower than that of other intrinsic defects (such as Se vacancies or antisite defects), especially under
Se —rich conditions [20]. This indicates the thermodynamic preference for such defects, consistent with p-type
conductivity.

In binary SnSe, partial cation—cation substitution of Sn by Tbh atoms lead to strong dependence of the Hall
coefficient (R) on the Tb concentration at room temperature (T = 300 K), with a non-monotonic variation (Fig. 3).
The non-monotonic change in the absolute value of the Hall coefficient can be explained by the competition of two or
more mechanisms depending on the impurity concentration.

At low Th concentrations, the Hall coefficient is positive, indicating dominant hole-type conduction. As the Th
concentration increases in Sn;_Th,Se alloys, the increase of Ry from +8.68 to +32.3 cm?/C reflects a decrease in
carrier concentration and possible formation of acceptor levels due to the substitution of Sn®* by Th3*. The sharp sign
reversal from positive to negative at 0.25 mol% Tb indicates an inversion of conduction type from hole to electron
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conduction. This may be attributed either to the transition of Tb from acceptor to donor behavior or to band structure
modifications that generate effective electron states.

During cation substitution, Th  atoms, according to their electronic configuration
(152 25% 2p® 35% 3p® 45% 3d*° 4p°® 552 4d™° 5p° 65% 4f°), act as donors. At low Th concentrations, partial substitution
of Sn?* ions by Th3* introduces donor electrons. These donors compensate part of the holes, thereby neutralizing them.
At low impurity levels, compensation starts and the charge carrier concentration decreases [24]. As a result, although
the overall hole concentration decreases (x < 0.002), holes remain the dominant carriers. The compensation of holes
leads to an increase in the positive value of the Hall coefficient.

0

R, cm’/C

-250
-500
-750
-1000
-1250
-1500

-1750

0 1 2 3 4 5
Tb, mol%

Figure 3. Composition dependence of the Hall coefficient of Tb,Sn; _,Sesystem alloys

However, at a critical impurity concentration (x = 0.002 — 0.0025), donor electrons fully compensate holes,
reducing the net carrier concentration to nearly zero (the compensation point). This represents a typical conductivity-
type transformation in semiconductors, and the corresponding composition can be characterized as the compensation
point. Near this transition, the electron concentration approaches that of holes (p = n), indicating maximum
compensation.

At the inversion point of conductivity type (transition from hole to electron conduction), the Hall coefficient Ry is
described by the two-carrier model, since both electrons and holes are present and contribute competitively. The
generalized expression for the Hall coefficient in a two-carrier system is:

puj-nuf
- 25
e(Pl‘p +npp)

where p — is the hole concentration, n- is the electron concentration, p,and pyare the mobilities of holes and electrons,
respectively, and e — is the elementary charge [25]. At the inversion point, the condition pug = nu? is satisfied, and
Ry = 0. When puf, < nu?, Ry becomes negative, indicating electron dominance.

Thus, the observed sign reversal and sharp increase in the absolute value of the Hall coefficient at x =
0.0025 (0.25 mol%) in ThySn,_«Se alloys is a key transition point in the electronic structure of the material. The
transition to negative values demonstrates a shift to electron-type conduction, showing that Th acts effectively as a
donor, introducing electrons into the conduction band [13].

At the composition corresponding to x = 0.0025, the sign of the Hall coefficient becomes negative, and its
absolute value sharply increases, reaching approximately —1750 ¢cm3/C, indicating a sudden change in the dominant
charge carriers from holes to electrons. With further increase in dopant content, the hole carriers are compensated, and
then electrons begin to dominate, resulting in a change in the Hall coefficient's sign from positive to negative. The
change in conductivity type, i.e., the transition from p — to n — type, is explained by the substitution of Sn?* ions with
Th** ions, which leads to the generation of additional electrons and the dominance of donor-type defects in the system.
Consequently, p —type conductivity transforms into n —type, causing a sharp change in the alloy’s electrophysical
properties [26]. Such transition points are of particular significance in terms of controlling the functional properties of
materials and open up possibilities for their tuning in future applications.

With increasing terbium (Th) content, the absolute value of the Hall coefficient decreases, while its sign remains
negative across the entire concentration range, indicating the predominance of electrons as the main charge carriers. In
the concentration range 0.0025 < x < 0.025, the Hall coefficient decreases especially sharply. This is presumably
due to the effective donor action of Tb, which significantly increases the concentration of free electrons.

As the Th content further increases (x > 0.025), the decrease slows down. This behavior may be due to donor
state saturation, where further introduction of Tb no longer leads to a significant increase in carrier concentration.
Additionally, enhanced scattering effects or the formation of localized states may occur, reducing carrier mobility and
thereby stabilizing the Hall coefficient value [27].
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As shown in the table, the carrier concentration (P) initially decreases from 7.2 X 107 cm™3 to a minimum value
of about 0.036 X 107 cm™3 at 0.5 mol%, indicating carrier compensation due to charge capture or the formation of
recombination centers. With further increase in Tb content, the carrier concentration rises, reaching 1.5 X 107 em™2 at
5 mol%. This indicates a shift in the role of Th in the material — from a compensator to a donor capable of generating
free electrons in the conduction band [27].

As seen from the table, the carrier concentration (p) decreases from 7.2 X 107 ¢m™ to a minimum value of
approximately 0.036 X 107 ¢m™2 with the initial introduction of Th up to 0.5 mol%, indicating compensation of
carriers due to charge trapping or the formation of recombination centers. With a further increase in Tb content, the
carrier concentration rises, reaching 1.5 X 10*” ¢cm™2 at 5 mol%. This indicates a change in the role of Th in the
material — from a compensator to a donor capable of generating free electrons in the conduction band [28].

For pure SnSe at room temperature, the Seebeck coefficient lies in the range of S = +400 to + 500 uV /K (in
the table, this value is approximately +420 uV /K). Such a high value is attributed to the low carrier concentration and
to an anomalous density-of-states function at the energy levels. As the temperature increases, the Seebeck coefficient in
SnSe rises, reaching values around 600 — 800 uV/K at elevated temperatures (500 — 800 K) [29]. These
characteristics highlight the high potential of SnSe as a thermoelectric converter at elevated temperatures. The
combination of these properties gives this material a leading position among high-efficiency thermoelectric materials.

With an increase in terbium content in solid solutions of Th,Sn,_,Se, the Seebeck coefficient (S) initially
decreases sharply and then, after crossing into negative values, becomes relatively stabilized (see Fig. 4). In the initial
region (0 < x < 0.002 mol%), a rapid decrease in the positive Seebeck coefficient is observed—from +420 uV /K
to +128 uV/K. This indicates a reduction in the contribution of positive charge carriers (holes) to the
thermoelectromotive force. This decrease is explained by the partial substitution of Sn?* ions with Th” ions, leading to
the emergence of a donor effect and the formation of additional electronic states contributing to the generation of
electrons in the conduction band. This partial substitution disrupts the crystal lattice's symmetry, enhances carrier
scattering, and thus reduces their transport efficiency.

400
300

S,uV/K

200
100
0
-100
-200

0 1 2 3 4 5
Tb, mol%

Figure 4. Composition dependence of theSeebeck coefficient of
TbySn;_,Se system alloys Snq_,Th,

In the narrow interval of 0.002 < x < 0.0025mol% Th, a sign inversion of the Seebeck coefficient is
observed: its value changes from +128 uV /K to —325 uV /K, indicating a change in the dominant type of charge
carriers — from hole-type (p —type) to electron-type (n —type) conductivity. This is associated with reaching a critical
concentration of Tb at which the Fermi level shifts close to the conduction band, and electrons become the predominant
carriers [30]. Terbium atoms create localized energy levels near the conduction band, which are easily ionized and
participate in electron transport.

After the change in conductivity type, in the range of 0.0025 < x < 0.015 mol% Tb, the Seebeck coefficient
stabilizes in the negative region. This indicates the formation of a new carrier balance dominated by electrons,
saturation of the Th donor levels, stabilization of the energy structure, and an increase in the material's homogeneity.

In the interval of 0.02 < x < 0.05 mol% Tb, a gradual decrease in the absolute value of the Seebeck coefficient
is observed, which is caused by an increase in free electron concentration, reducing the chemical potential gradient — the
main factor determining the thermoelectromotive force. Possible interactions between Th atoms that lead to electron
localization or changes in their effective mass, as well as the ordering of bulk defects in the crystal lattice due to the
elevated Th content, also contribute to the reduction in thermoelectric voltage [31].

As shown in Figure 5, the dependence of the electrical conductivity of Th,Sn,_,Se solid solutions on the Tb
content exhibits a non-monotonic character based on experimental data. According to the presented table, at x = 0, the
system's electrical conductivity is high, amounting toc = 18 27* - cm™*. However, with an increase in Thconcentration
from 0.1 to 2 mol. %, the conductivity sharply decreases, reaching a minimum value(c =~ 0.006 27 - cm™). This effect
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is consistent with the literature data [32], which indicate that the introduction of Th3* ions into the SnSe lattice leads to
distortions in the crystal structure, the formation of local energy levels and recombination centers, thereby reducing the
concentration of free charge carriers and, consequently, the electrical conductivity.
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Figure 5. Composition dependence of the specific electrical conductivity
of TbySn,;_,Se system alloys

This process is explained by the occurrence of lattice distortions due to the incorporation of Th3* ions into the
SnSe crystal lattice, the appearance of localized energy levels, and increased scattering of charge carriers. The
difference in valence between Th and Sn ions (Th** — Sn®*) leads to the formation of compensation and
recombination centers in the system, which in turn reduces the concentration of free charge carriers [17].

With a further increase in Tb content above 2 mol. %, the electrical conductivity begins to gradually increase. This
growth can be explained by the formation of additional conductive levels in the energy band after reaching the critical
concentration of Tb atoms, the manifestation of the percolation effect, and the weakening of the degree of carrier
localization. Thus, the mobility of charge carriers in the system is partially restored, resulting in an increase in electrical
conductivity.

These observations indicate that the electrical conductivity in the Th,Sn,_,Sesystem significantly depends not
only on the number of free carriers but also on their energy state and scattering processes within the crystal structure.
Such non-monotonic dependence is typically explained by the localization-delocalization transition, structural
distortions, and percolation theory.

The study of the dependence of the alloys' thermal conductivity on the terbium (Th) content revealed that as the
Tb concentration increases from 0 to 4.0 mol%, the material's thermal conductivity gradually decreases—from
20 X 10°°W/(m-K) to 9 x 107° W/(m - K). However, with further increases in Th concentration, the opposite
trend is observed—thermal conductivity rises to 14.5 X 107> W /(m - K) at 5.0 mol%. This behavior can be explained
by changes in the alloy’s microstructure. At the initial stage of Tb incorporation, impurity atoms distort the crystal
lattice due to differences in atomic radii and mass, which enhances phonon scattering—the main carriers of heat in
solids. Moreover, increasing Tb concentration leads to a higher number of point defects and disorder, further hindering
heat transport. These effects account for the observed decrease in thermal conductivity [33].

When the threshold concentration (~4 mol%) is exceeded, it is likely that a new phase or an ordered structure
forms, in which the level of phonon scattering decreases. This may be associated with a phase transition accompanied
by structural stabilization and a reduction in defect density. As a result, an increase in thermal conductivity is observed
despite the continued increase in Th content [34]. The obtained data indicate a complex dependence of thermal
conductivity on alloy composition, driven by the competition between phonon scattering at defects and structural
rearrangement of the material at high Th concentrations.

The dependence of the Hall mobility of free carriers on Th concentration in the alloys is distinctly nonlinear. As
the Tb content increases from 0 to ~2.5 mol%, there is a sharp decrease in mobility, attributed to enhanced scattering
of charge carriers at lattice defects introduced by Th atoms. Terbium atoms, differing in size and valence, induce
distortions in the crystal lattice and promote the formation of localized states that serve as effective scattering centers.
Additionally, the possible formation of traps associated with Tb 4f —electron levels also contributes to reduced
mobility. At higher concentrations (2.5 — 4.5 mol%), the character of the dependence becomes more complex:
fluctuations are observed, likely due to Th atom clustering, secondary phase formation, or changes in the charge
transport mechanism [35]. Magnetic scattering associated with local magnetic moments of Th may also play a role.
Thus, the reduction in mobility with increasing Th concentration is determined by a complex interplay of structural,
electronic, and magnetic factors.

In summary, doping SnSe with terbium leads to complex changes in thermal and electrical properties, caused by
structural and electronic transformations within the system. These results are essential for understanding the
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mechanisms of heat and charge transport in doped semiconductors and enable optimization of compositions for
thermoelectric and other functional applications.

CONCLUSIONS

The study demonstrated that doping the SnSe semiconductor with terbium (Tb) significantly alters its electronic
and thermal properties, thereby altering the mechanisms of charge and heat transport. Depending on the Tb content,
phase and functional transitions are observed, including a change in the type of conductivity from p —type to n —type,
which is accompanied by a sharp restructuring of kinetic parameters — the Hall coefficient, thermoelectric power
(Seebeck coefficient), electrical conductivity, and others.

A charge carrier compensation point has been identified, at which maximum suppression of conductivity occurs —
an important characteristic for tuning the functional properties of the material. Doping leads to a significant decrease in
thermal conductivity due to enhanced phonon scattering, which is a favorable factor for thermoelectric applications. The
observed nonmonotonic dependencies of parameters on Th concentration are associated with the competition between
donor and compensating effects, carrier localization, and structural changes in the crystal lattice.

The obtained results provide a basis for the targeted control of the properties of SnSe —like materials and for
optimizing their composition for thermoelectric and sensor applications.
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MOJUPIKALIS KIHETUYHUX ITAPAMETPIB SnSe IIVIAXOM JIETYBAHHSI TEPBIEM
T.A. :kagapos!, O.M. I'acanos’, X.A. Aarezaiosa’, X.A. Aciaanos, SL.I. Xyceiinos', LI. A66acos?, P.III. Parimos?

! Azepbaiiocancoruii Oepacasnuii nedazoiunuii ynieepcumem, AZ-1000, Baxy, eya. V3. Fadocubeiini, 68, Azepbatiodcan
2Asepbatioscancokuii depaicasnutl ynieepcumem nagmu ma npomuciosocmi, Az-1010, baxy, npocnexm Azaonux, 20, Asepbaiidsncan
3Bakuncekuii Oepocasnuii ynieepcumem, AZ-1148, baxy, eyn. 3axioa Xaninosa, 23, Azepbatioscan
Kinernuni napamerpu TBepaux posunHiB TbxSnixSe (0 < x < 0,05), Bupomenux meronom bpimxmena, pociimkysamucs npu 300 K.
Byno BusiBneHo, 1o JeryBands Tb cyTTeBO BIUTMBA€E Ha CICKTPONPOBIAHICTh, KoedimienT Xoia, koedinieHT 3eedeka (TepMoEPC),
TEIIONPOBIIHICTh, @ TAKOXX KOHIIEHTPALIO Ta PyXJIUBICTh HOCIIB 3apsiay. [Ipu HU3bKHX KOHUEHTpauisx Th crocrepiraeTbcs nepexis
BiJl p-TUIy 10 N-THUIY HPOBIAHOCTI, IO CYMPOBOKYETHCS HEMOHOTOHHOIO 3MiHOI0O Koedimienta Xomua Ta 3Haka KoedirieHTa
3eebeka. ExekTpo- Ta TemIonpoBigHICTE 3MEHIIYIOTHCS Yepe3 MOCUIICHE PO3CiloBaHHA Ha Ae(EeKTax, CIPHYMHEHNX BBEACHHSAM Tb.

OTpuMaHi 1aHi BaXKJIHB1 11 KOHTPOJIO BIACTHBOCTEH SnSe B HOro TepMOEIEKTPUIHUX 3aCTOCYBaHHSX.
KonrouoBi caoBa: meepdi pozuunu; Kinemuuni napamempu, ne2y8amnHs, mepmoenrekmpuuni eracmusocmi, xoeiyicnm 3ecOexa;
e1eKmponpoGiOHICMb, MenIonPOGiOHiCMb; KOHYEeHMPayis HOCIi8, nepexio muny nposionocmi
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Gallium oxide (Gaz0:5) is an ultrawide-bandgap semiconductor (~4.8-5.0 eV) that has recently gained considerable attention for next-
generation nanoelectronic and memory devices owing to its superior breakdown field, chemical durability, and thermal robustness. In
this study, Ga:Os thin films were fabricated through a sol-gel spin-coating route and subsequently annealed at 1000 °C. X-ray
diffraction revealed that annealing led to structural evolution from an amorphous state to the stable monoclinic 3-Ga20Os phase.
Electrical measurements exhibited reproducible bipolar resistive switching with an ON/OFF resistance ratio exceeding 10 and
relatively low set/reset voltages. The observed switching is interpreted within the framework of conductive filament formation and
rupture, predominantly governed by oxygen vacancy dynamics. The combination of low-cost synthesis, scalable processing, and robust
memristive performance highlights sol-gel derived Ga-Os thin films as strong contenders for future resistive random-access memory
(RRAM) architectures and neuromorphic computing technologies.

Keywords: Gallium oxide; Sol-gel method; Thin films; Memristor

PACS: 73.40.-c; 85.30.Tv; 73.6 Ga

INTRODUCTION

Wide-bandgap (WBG) semiconductors such as SiC, GaN, and Ga-Os have attracted significant attention due to their
potential applications in high-power electronics, high-frequency devices, and deep-ultraviolet optoelectronics [1,2].
Among these, gallium oxide (Ga:0s) is particularly attractive because of its ultrawide bandgap (~4.8-5.0 eV),
exceptionally high breakdown electric field (~8 MV/cm), excellent thermal stability, and chemical robustness [3].
Furthermore, Ga.Os possesses five polymorphs (a, B, vy, §, €), with the monoclinic f-Ga:Os phase being the most
thermodynamically stable, making it highly suitable for device applications [4].

In addition to its role in power and optoelectronic devices, Ga-Os has recently been investigated for resistive random-
access memory (RRAM) devices, where resistive switching (RS) behavior plays a central role [5—7]. RRAM is considered
a strong candidate for next-generation non-volatile memory due to its high switching speed, scalability, low power
consumption, and compatibility with neuromorphic computing architectures [8-11]. The resistive switching mechanism
in oxide memiristors is typically associated with the formation and rupture of conductive filaments, primarily governed
by the migration of oxygen vacancies.

Various fabrication methods, including pulsed laser deposition (PLD), molecular beam epitaxy (MBE), and RF
sputtering, have been employed to grow Ga:0s thin films [12—14]. Although these techniques produce high-quality films,
they require expensive equipment and are not ideal for large-area or low-cost processing. In contrast, the sol-gel spin-
coating technique provides a simple, low-cost, and highly scalable approach, making it attractive for industrial
applications [15,16]. Nevertheless, systematic studies of memristive switching in sol-gel derived Ga20s thin films remain
limited, with most prior works focusing primarily on structural and optical characteristics.

Furthermore, research on other oxide-based memristors has demonstrated how doping and defect engineering can
introduce new functionalities. For example, Murodov ef al. recently reported tunable negative differential resistance
(NDR) in SnO::Co memristors fabricated on p-Si substrates, showing that controlled nanocluster formation can
significantly influence switching behavior [17]. In addition to single-oxide memristors, bilayer and heterojunction
systems have also been investigated to enhance switching performance. For instance, our recent study on SnO2/ZnO
heterojunction thin films demonstrated stable bipolar resistive switching with an ON/OFF ratio above 10? and forming-
free operation, highlighting the role of interface engineering and oxygen vacancy dynamics in modulating device
characteristics [18]. Such works emphasize the importance of material engineering in tailoring memristive responses and
inspire further exploration of wide-bandgap oxides, such as Ga20s.
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In this context, the present study investigates sol-gel derived Ga20s thin films annealed at 1000°C. Structural
analysis revealed evolution from an amorphous to B-Ga:0s phase, and electrical measurements confirmed reproducible
bipolar resistive switching with a high ON/OFF ratio (>10%) and low set/reset voltages. The switching behavior is
interpreted in terms of oxygen vacancy-mediated conductive filament formation. These findings establish sol-gel derived
Gaz0s thin films as promising candidates for cost-effective, scalable, and high-performance RRAM and neuromorphic
computing applications.

METHODS

Gallium oxide (Gaz0s) thin films were prepared using a sol-gel spin-coating method. The overall preparation
process is schematically illustrated in Figure 1, which depicts the main steps of solution preparation, coating, drying, and
high-temperature annealing. Gallium nitrate hydrate [Ga(NOs);'xH.O] served as the precursor, dissolved in
2-methoxyethanol (CsHsO:), while monoethanolamine (MEA, C:Hs-NO) was employed as a stabilizing agent at a
1:1 molar ratio with respect to gallium nitrate. The precursor concentration was adjusted to 0.5 M. The solution was
continuously stirred at 60°C for 2 hours, then aged at room temperature for 36 hours to achieve uniformity and stability.
Silicon (100) substrates were thoroughly cleaned in hydrofluoric acid, acetone, ethanol, and deionized water to eliminate
native oxides and organic residues. The sol-gel solution was spin-coated onto the substrates at 3000 rpm for 30 seconds.
After each deposition, the coated layers were dried at 120 °C for 10 minutes on a hot plate and subsequently pre-annealed
in air at 500°C for 15 minutes. This deposition and treatment sequence was repeated six times, yielding films with
thicknesses ranging from 100 to 150 nm. Finally, the films were annealed at 1000 °C for 30 minutes in air to induce
crystallization.

Precursor Solution Substrate Cleaning

Preparation
= O O O ydrofiuosic Aci
3a(NO,) mH,0 C1HgO, — Cy NO 5O HydroBuoste Ads
C2HgO2 - > Q Ethanol

05M Deioniazed Wate

Stirred at 60°c Silicon (100)

2
\ged alhRT‘ 3h * Ag
Spin C i Coating and T Coating and
pin Coating Annsesiing - Annealing Ga,0, thin film
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120°C 500°C p-Si bottom
1. electrode
3000 rpm, 30s ey Final
1000 *C
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Figure 1. Schematic of the Ga203 thin films preparation Figure 2. Electrical measurement scheme for Ga.Os films with
method Keithley-2460

The structural properties of the films were examined using X-ray diffraction (XRD) (Cu Ka radiation, A = 1.5406 A).
The optical absorption spectra were measured with a UV—-Vis spectrophotometer in the range of 200-800 nm. For
electrical characterization, the measurement setup is shown schematically in Figure 2, where current—voltage (I-V) curves
were obtained using a Keithley-2460 source meter in a two-probe configuration with Ag top electrodes on the Ga-Os thin
films and a p-Si bottom electrode. For electrical measurements, Ag top electrodes (~100 nm) were deposited onto the
Gaz0:s thin films through thermal evaporation using a shadow mask, forming circular pads with a diameter of 200 um.
The bottom electrode was p-type Si (100) substrate, which served simultaneously as a mechanical support and as the
bottom contact. This configuration resulted in a vertical Ag/Ga.0s/p-Si memristor structure. The use of Ag top electrodes
facilitates the formation of conductive filaments during resistive switching, while the p-Si bottom electrode provides good
ohmic contact with the Ga20s layer.

RESULTS

Structural properties: XRD analysis revealed that the as-prepared Ga.0s thin films were predominantly
amorphous, with only substrate-related diffraction peaks corresponding to Si (100) being observed. This indicates that
the deposited layers did not form a well-ordered crystalline lattice in the as-grown state. However, after thermal annealing
at 1000°C, distinct diffraction peaks assigned to the B-Ga:0s; phase appeared, confirming crystallization into the
thermodynamically stable monoclinic structure [19,20].

The transition from the amorphous state to the crystalline B-phase demonstrates that high-temperature annealing
plays a crucial role in improving the structural ordering of sol-gel derived Ga:0s films. This observation is consistent
with previous reports, which have shown that metastable phases of Ga.0s (a, vy, 9, €) tend to transform into the stable -
phase upon sufficient thermal treatment. Thus, annealing at 1000°C is confirmed to be effective in enhancing crystallinity
and stabilizing the B-Ga:0s phase in sol-gel processed thin films (Figure 3).

Optical properties: The optical absorption spectra of the Ga.O; thin films showed a pronounced absorption edge,
which sharpened after annealing at 1000°C, indicating improved crystallinity and a reduction in defect states. The optical
bandgap was estimated using Tauc plots derived from the absorption data. The calculated bandgap for the annealed films
was approximately 4.9 eV, which is in good agreement with reported values for B-Ga20s [21-23]. The corresponding Tauc
plot for the annealed films is shown in Figure 4.
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Figure 3. XRD patterns of sol-gel derived Ga:Os thin films Figure 4. Tauc plot of Ga:Os thin films annealed at 1000 °C,
indicating an optical bandgap of ~4.86 eV

A noticeable blue shift in the absorption edge was observed as the annealing temperature increased. This shift can
be attributed to the improved structural ordering of the films, which reduces sub-bandgap defect states, thereby widening
the effective bandgap. Such behavior is commonly observed in oxide thin films and is typically attributed to the reduction
of localized defect levels and the improvement of stoichiometry upon thermal treatment.

These results confirm that high-temperature annealing not only stabilizes the f-Ga.0s phase but also enhances its
optical quality, making sol-gel—derived Ga:Os thin films suitable for optoelectronic and memory device applications that
require a wide bandgap and high thermal stability.

Electrical properties: The current—voltage (I-V) characteristics of the Ga:0Os thin films demonstrated
reproducible bipolar resistive switching behavior. During the voltage sweep, the devices switched from a high-
resistance state (HRS) to a low-resistance state (LRS) at a relatively low set voltage, and returned to the HRS at the
reset voltage. The observed ON/OFF resistance ratio exceeded 102, ensuring a clear distinction between the two
resistance states and making the films suitable for non-volatile memory applications (Figure 5). The fabricated device
exhibited stable bipolar resistive switching in the Ag/Ga20s/p-Si configuration. The Ag top electrode played a crucial
role in filament formation, as silver cations can drift under bias, assisting the creation of localized conductive paths in
addition to oxygen vacancy migration. This hybrid filamentary mechanism contributed to the low set/reset voltages
and stable endurance observed in our device.

Logarithmic I-V plots further confirmed the presence of well-defined HRS and LRS states across an extended
voltage range (Figure 6). The resistive switching mechanism is attributed to the formation and rupture of conductive
filaments, predominantly governed by oxygen vacancy migration within the Ga.Os layer. In the SET process, oxygen
vacancies drift under an electric field, forming localized conductive paths that reduce the resistance. Conversely, in the
RESET process, these conductive filaments rupture, restoring the device to its high-resistance state.

These findings are consistent with previously reported Ga.Os-based memristors fabricated using physical vapor
deposition techniques, such as RF sputtering and pulsed laser deposition [5—8]. However, the present results highlight
that the sol—gel approach provides a cost-effective, solution-processable, and scalable alternative, while still achieving
competitive switching performance parameters.
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Figure S. Current-voltage (I-V) characteristics of Ga20s Figure 6. Log-scale I-V characteristics of Ga20s thin film showing
thin film demonstrating memristive switching behavior high-resistance and low-resistance states over extended voltage range

The resistive switching behavior in Ag/Ga0s memristors can be explained by the formation and rupture of
conductive filaments, mediated by both oxygen vacancies and Ag cations (Figure 7). Under a positive bias, oxygen
vacancies migrate and Ag ions drift from the top electrode into the Ga.Os layer, combining to form a localized filamentary
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path that reduces the device resistance (SET process). When the polarity is reversed, Joule heating and electrochemical
dissolution lead to the rupture of these filaments, restoring the high-resistance state (RESET process). This filamentary
model is consistent with the observed bipolar switching and stable ON/OFF ratio in our devices.

@ Ag
Oxygen vacancy

Figure 7. Schematic of filament formation and rupture in
Ag/Ga:0s/Pt memristor (orange: Ag ions, yellow: oxygen vacancies)

CONCLUSION

In this work, Ga:O:s thin films were successfully synthesized by a low-cost sol—gel spin-coating technique followed
by annealing at 1000°C. Structural analysis confirmed the phase transformation from an amorphous state to the
thermodynamically stable 3-Ga.Os phase. Optical characterization revealed a sharp absorption edge with an estimated
bandgap of ~4.9 eV, accompanied by a blue shift that can be attributed to improved crystallinity and reduced defect states.
Electrical measurements demonstrated reliable bipolar resistive switching with a high ON/OFF resistance ratio (>10?)
and low set/reset voltages. The switching mechanism was explained by the formation and rupture of oxygen-vacancy-
mediated conductive filaments.

These results highlight the potential of sol-gel derived Ga.Os thin films as scalable, cost-effective, and high-
performance candidates for resistive random-access memory (RRAM) and neuromorphic computing applications.
Furthermore, this study demonstrates that solution-processed Ga20s can achieve memristive characteristics comparable
to those obtained by expensive physical vapor deposition techniques, thus opening new avenues for the development of
next-generation memory technologies. Unlike many previous works that primarily emphasized Ga.Os film growth, our
study highlights the memristive behavior of a complete device structure (Ag/Ga20:/p-Si). The explicit consideration of
contact engineering is essential, since both the choice of top electrode (Ag) and bottom electrode (p-Si) strongly influence
resistive switching performance.
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MEMPHUCTUBHA MOBEJAIHKA IEPEMUKAHHS TOHKHUX IVIIBOK Ga:0s,
OTPUMAHUX 30JIb-TEJIb METOJOM
Txamoaigain X. Myponos!'?2, lllapkar Y. FOagames?, Azamar O. Apcaanos’, Hoiioa Y. BoriposaZ,
Tixagoxip L. Xynaiikyaos®*, Liboc X. Xyaaiikyaos’, Mapryoa C. Mipkamisiosal,
Yr1kyp E. :xypaes!, Aznapxon M. Tisia6oes®
TTawxenmcvruil depoicasnuii mexniunuii ynieepcumem imeni Icnama Kapimoea, Ysbexucman
’[Jenmp poseumxy nanomexnonoaii, Hayionanonuii ynisepcumem Yzbexucmany, Tawxenm, Ysbexucman
SHayionanenuii ynieepcumem Yz6exucmany imeni Mipzo Ynye6exa, Tawkenm, Yzbexucman
*Ienmpaneroaziamcekuil ynicepcumem, Tawkenm, Y3bexucman
SIncmumym ioHHO-NAAZMO6UX Ma Na3ephux mexHono2itl imeni Apighoea Axademii nayx Yzbexucmany, Tawxenm, Ysbexucman
*Yupuukcokuti depacasnuii nedazozivnuii ynisepcumem, Qupuux, Ysbexucman

Oxcup rainito (Ga20s) — 11e HaliBIPOBIJHUK 3 HAJIIUPOKOIO 3a00pOHEHO0 30HOI0 (~4,8—5,0 eB), sikuii Helo1aBHO IPUBEPHYB 3HAYHY
yBary Julsi HaHOGJICKTPOHHHUX HPHCTPOIB Ta MPUCTPOIB MaM'sTi HACTYITHOTO MOKOJIHHS 3aBISKH CBOEMY YyJOBOMY IIOJIO NPOOOI0,
XIMI9HiH CTIHIKOCTI Ta TEPMOCTIHKOCTI. Y 1IbOMY AOCTIKeHH] TOHKI IiBKH Ga203 OyJIi BUTOTOBIICHI METOIOM 30JIb-T€JIb CHIHIHTY Ta
motiM Biamaneni mpu 1000°C. PeHtreniBcpka mudpakiis BHABWIA CTPYKTYPHY €BOJIOLIIO Bil aMOp(GHOTO CTaHy 10 CTaOUIBHOI
MOHOKITIHHO] (a3u B-Ga:0s micis Binnany. EnexTpudni BUMipIoBaHHS ITOKa3ay BiITBOPIOBaHE OIIOJISIpHE PE3UCTHBHE ITEPEMHUKAHHS
3 KoeillieHTOM 0mOpy BBIMKHEHHS/BUMKHEHHS, 110 nepesuinye 107, Ta BiIHOCHO HU3LKMMHU HAMPYTaMd BCTAHOBJICHHS/CKUIAHHS.
CnocrepexyBaHe IEpPEMHUKAHHS IHTEPIPETYEThCS B paMKax (OPMyBaHHS Ta PO3PUBY INPOBITHMX HHUTOK, IEPEBAXKHO KEPOBAHMX
JMHAMIKOIO BakaHCii kucHIo. [ToeHaHHS HEOPOroro CHHTE3y, MaciiTaboBaHOi 00pPOOKY Ta HaNiHHOT MEMPHCTHBHOT IIPOAYKTUBHOCTI
migKpecoe TOHKI miiBku Ga:0s, OTPUMaHi METOAOM 30J1b-Telb, SIK CHIIbHUX TPETEHJCHTIB Ha MallOyTHI apXiTeKTypH Pe3HUCTUBHOI
nam'siTi 3 goBiTbHEM noctyrnioM (RRAM) ta HelipomopdHi 064nCIIOBaIBHI TEXHOJIOTII.

KutouoBi ci1oBa: oxcud eanito,; 301b-2eib Memood; MOHKI NAIGKU, MEMPUCTOD
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In this study, the XRD method was used to characterise the structural and phase properties of GaSe monocrystals, and the impact of
Cu ion intercalation on their optical properties was investigated. An increase in absorption (ABS) was observed in the 200-400 nm
region as a result of the addition of Cu ions, and new optical transitions occurred around 600 nm. Overall, observable variations in
absorption levels have been observed over the 200-800 nm spectral range. Tauc analysis revealed that the band gap narrowed from
approximately 2 eV to about 1.88 eV upon intercalation and slightly widened to about 2.15 eV with photo-intercalation. These results
suggest that Cu ion intercalation can be applied to modify the optical properties of GaSe monocrystals, increasing their potential for
use in nonlinear optical devices, photonics, and sensor technologies. The findings also demonstrate that intercalation is an appropriate
technique for regulating the physical characteristics of layered materials.

Keywords: Band gap, Absorption; Intercalation; XRD diffraction

PACS: 64.60.-1.621.315.592

INTRODUCTION

Due to their significant potential in optoelectronics, photonics, and sensor technologies, layered semiconductor
materials have been the subject of extensive research in recent years. Gallium selenide (GaSe) is unique among these
materials due to its unique layered crystal structure, broad band gap (around 2 eV), and significant nonlinear optical
characteristics. GaSe may crystallise in both orthorhombic and hexagonal systems, and its layered structure makes it
possible to adjust its electrical and optical characteristics using a variety of modification techniques [1]. GaSe is a potential
material for use in laser technologies, photodetectors, and nonlinear optical devices because of these characteristics [2—5].

The process of intercalation, which is the insertion of atoms, molecules, or ions into the interlayer spaces in such
layered crystals, can have a major impact on the electronic structure and functional characteristics of the material [6]. The
research suggests that intercalation may result in the creation of new localised energy states, band gap change, optical
absorption spectrum broadening, and photoluminescence intensity regulation. In Gelz crystals intercalated with pyridine
molecules, for example, band gap widening has been seen, whereas electrochemical intercalation has enhanced electrical
conductivity in materials like MoS: and ZrSe», even causing a change from semiconducting to metallic behaviour [7-10].

The combined results of these investigations show that the intercalation process is a popular and efficient way to
intentionally adjust the electrical and optical characteristics of materials with little structural harm. Intercalated layered
materials have a wide range of potential applications in optoelectronic devices, as confirmed by the literature now under
publication. This highlights the need for more study in this area [11-12,13].

However, the effects of intercalation on the optical properties of layered semiconductors like GaSe, such as
absorption spectra, optical transitions, and energetic modifications of the band gap, have not yet been thoroughly
examined. Previous study published in the scientific literature [1, 14-18] has concentrated chiefly on structural features
and electrical conductivity. Electrochemical intercalation was chosen for this investigation because to its quick, energy-
efficient, and economical application, as well as its repeatable and controllable nature. Additionally, it provides a viable
approach for the creation of novel functional nanostructures. Because of their potential to improve electrical
conductivity, modify the band gap, contribute to memory, energy storage, and more effectively thermal and chemical
stability, copper ions were specifically chosen as intercalants. Nevertheless, little is known about the specific optical
changes brought about by the intercalation of transition metals like Cu into GaSe crystals, especially with regard to
wavelength-dependent effects and structural changes of the band gap. This emphasizes the necessity of additional
experimental research. Therefore, by investigating the impact of Cu intercalation on the optical properties of GaSe
crystals and exploring the potential applications of the ensuing alterations, this work aims to fill the existing gap.

EXPERIMENTAL METHODOLOGY
The layered GaSe single crystals investigated in this study were grown using the Bridgman—Stockbarger
directional crystallization technique [1]. This method was specifically chosen due to its ability to produce high-quality
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single crystals with a homogeneous structure and excellent crystallinity, yielding large, optically smooth GaSe crystals
with a characteristic bright red appearance. The technique enabled the growth of samples with high purity and well-
preserved layered morphology, which are essential for accurate optical investigations.

A detailed sample preparation protocol was implemented before measurements. High-quality specimens were
selected based on their mirror-like surface morphology and scanned along the layer planes to ensure structural
uniformity. Structural and compositional analyses were performed, including X-ray diffraction (XRD), to verify the
crystalline order and homogeneity of the samples. These characterizations were essential not only to confirm the
composition of the GaSe crystals but also to monitor changes induced by the intercalation process.

The intercalation itself was carried out via electrochemical intercalation under a constant electric field. The GaSe
single crystal samples were placed between electrodes separated by a 2.5 cm distance and subjected to the process for
1 hour. Experiments were conducted under two different conditions — illuminated and dark environments — to examine
the effect of external excitation on ion diffusion. The electrolyte consisted of a 4% aqueous copper sulfate solution
(CuS04-5H,0)+H,0 (distilled), prepared by dissolving 30 g of copper sulfate in 700 ml of distilled water. Before the
intercalation, the solution was heated to 70°C, and the process was initiated at this temperature. During the experiment,
a potential difference of 0.3 V was applied, while a constant current of 0.22 mA was maintained between the electrodes,
enabling the effective insertion of copper ions into the GaSe crystal lattice. A copper sulfate (CuSOs) aqueous solution
was employed as the electrolyte, facilitating the insertion of copper ions into the GaSe crystal lattice.

To investigate the influence of intercalation on the optical properties of GaSe single crystals, the optical spectra of
the samples were measured across a wide spectral range of 190-1100 nm, encompassing both ultraviolet (UV) and
visible regions. A high-sensitivity Varian Cary 50 UV-Visible spectrophotometer was used for spectrometric analysis,
allowing precise measurement of the samples’ absorption and transmission characteristics. The results revealed notable
changes in the optical spectra due to the incorporation of copper ions into the crystal lattice, particularly the shift of the
absorption edge and the modulation of the optical band gap energy. These findings provide critical insights into how
intercalation affects the electronic structure of GaSe crystals, offering a valuable foundation for assessing their potential
in future optoelectronic applications.

Absorbance spectra in the range of 200-800 nm were calibrated by subtracting the dark signal prior to analysis.
The absorption coefficient was calculated as:

o ()\‘)_2.30314(/1)
d

where d is the sample thickness (uncertainty: £3%). Wavelength calibration uncertainty was £1 nm, as specified by the

manufacturer, corresponding to £0.005-0.02 eV in the 300—600 nm range.

The optical bandgap (£,) was determined under the assumption of a direct allowed transition using Tauc analysis,
plotting (ohv)? versus hv. The linear fitting region was selected by visual inspection (pure GaSe: 1.95-2.15 eV; Cu-
intercalated: 1.75-1.95 eV) and fitted using the least-squares method. Eg values were obtained from the x-intercept of
the linear extrapolation.

Total uncertainty was estimated as the quadratic sum of contributions from: (i) absorbance noise and fitting error
(95% confidence interval of the linear fit), (ii) wavelength calibration, and (iii) thickness measurement. For each
sample, three replicate spectra were recorded; where applicable, the 95% CI from the fit and the standard deviation
across replicates were combined.

3. RESULTS AND DISCUSSION
3.1. Structural Characterisation of the Layered GaSe Single Crystal by XRD

To analyse the structural properties of the studied GaSe single crystals, X-ray diffraction (XRD) measurements
were carried out in the angular range of 20 = 0°-120°. The XRD technique plays a crucial role in identifying the
crystallographic phase and structural order of materials. In the diffraction pattern, the 20 angle provides information
about the atomic arrangement. At the same time, the intensity (measured in counts per second, cps) reflects the strength
of the diffracted signal and indicates how densely atoms are packed along specific planes.

In the recorded diffraction pattern, a dominant peak with an intensity of approximately 300,000 cps appears near
20 = 20°, which corresponds to the primary crystallographic phase of GaSe and confirms the high degree of ordering
within the material (Fig. 1). The sharpness and narrow width of the peaks across the entire scan range are indicative of a
well-ordered single-crystalline structure. We identified seven distinct diffraction peaks, each corresponding to specific
crystallographic planes within the GaSe lattice.

The most intense peak observed around 20° is indexed as the (002) reflection plane. This peak is characteristic of
layered semiconductors, such as GaSe, and reflects the strong periodicity along the crystallographic c-axis. A weaker
peak located between 30° and 40° corresponds to the (004) plane, which typically exhibits lower intensity in layered
compounds due to the nature of interlayer interactions. Another significant peak appears around 60°, associated with the
(006) plane, further validating the material’s layered periodicity. The (008) reflection is detected near 70° and is
generally observed in high-quality GaSe single crystals.

In addition, a peak near 80°, indexed as the (101) plane, reveals information about the lateral atomic arrangement
within the basal layers. Two further low-intensity reflections observed between 90° and 100°, corresponding to the
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(112) and (114) planes, provide evidence for the full three-dimensional crystallographic symmetry of the crystal lattice.
These reflections, though less intense, help affirm that the crystal exhibits long-range order in multiple directions.
Figure 2 presents the compositional analysis derived from the XRD pattern of the investigated GaSe crystal. In this
plot, the red and green peaks correspond to the experimental reflections obtained from the sample, while the blue markers
represent the standard diffraction data for the GaSe phase (ICDD card: 00-037-0931). A comparison of the measured and
reference patterns reveals a high degree of correspondence, confirming that the studied material is consistent with the
stoichiometric GaSe phase. This agreement indicates that the crystal is single-phased and exhibits high purity.
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Figure 1. XRD image of a GaSe crystal Figure 2. Compositional analysis of GaSe crystal

Gallium selenide (GaSe) is a III-VI group layered semiconductor that crystallizes in an orthorhombic system and
typically displays p-type conductivity. The presence of acceptor-like defects, particularly selenium vacancies, is a
characteristic feature contributing to its p-type behavior. The confirmation of a monocrystalline nature implies that the
entire crystal has grown uniformly along a single crystallographic direction, exhibiting minimal grain boundaries or
internal fractures.

The orthorhombic symmetry of the GaSe structure implies that the crystal possesses three mutually perpendicular
axes of unequal lengths (Y-modification, a = 3.755%10™* pm and ¢ = 2.392x1073 um.). This structural system is distinct
from the more symmetric hexagonal configuration and is considered a more specific and directionally anisotropic
phase. A major advantage of single-crystalline materials over polycrystalline or nanocrystalline forms is their superior
and more predictable physical properties, as the uniform crystal orientation enables more coherent charge transport and
reduced scattering at interfaces.

In the case of p-type GaSe, the charge transport is primarily governed by positively charged carriers (holes),
resulting from an intrinsic deficit of electrons. This type of conductivity is particularly relevant for tuning the material’s
electronic response under external stimuli. The combination of a layered structure and intrinsic p-type behavior makes
GaSe a promising host material for intercalation-based modifications, enabling targeted tuning of its physical and
optoelectronic properties.

3.2. Effect of electrochemical intercalation with copper ions on optical properties
In Figure 3a, the wavelength-dependent absorption (ABS) of the layered GaSe single crystal is presented. The
main features of the graph can be described as follows:

e At short wavelengths (high absorption region) — in the range of 200-350 nm, a strong absorption is observed.
This indicates the spectral region where electronic transitions from the valence band to the conduction band
occur intensely in the GaSe single crystal. The sharp peaks observed during the measurement are attributed to
the sensitivity of the device.

e  Sharp decrease in absorption (300-400 nm region) — after 300 nm, a noticeable drop in absorbance is observed.
This suggests that the material’s band gap lies within this spectral range. In this region, the photon energy is no
longer sufficient to induce major electronic transitions in the GaSe crystal, leading to a decrease in absorption.

e Low absorption region (beyond 400 nm) — for wavelengths greater than 400 nm, the absorbance appears to
stabilize around 2. This indicates that the material does not significantly absorb light in this region and is
mainly transparent.

e Stable absorption up to 800 nm — at longer wavelengths (approaching the infrared spectral region), the
absorption remains very low. This is due to the increase in optical transmission of the material and the fact that
the photon energy is insufficient for electronic transitions.

Figure 3b shows the wavelength-dependent absorption of the GaSe single crystal after electrochemical
intercalation with copper ions.
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High absorption region (200-350 nm) — compared to the pure GaSe, intense absorption peaks are also observed at
short wavelengths in this spectrum. These peaks are associated with changes in the electronic structure of the crystal
due to the incorporation of copper ions between the GaSe layers.

Sharp decrease in absorption (350—600 nm) — after intercalation, the absorption decrease shows a slightly different
behaviour. Compared to the previous (non-intercalated) spectrum, it can be seen that absorption persists to some extent
even at longer wavelengths. This is explained by the modification of energetic levels and the emergence of new optical
transitions as a result of copper ion incorporation into the crystal structure.

New features (600—800 nm) — in this region, a sharp change is observed around 600 nm in the intercalated sample.
This is related to the influence of newly formed energy levels, induced by copper ions between the GaSe layers, on the
optical properties. The fact that absorption drops to nearly zero beyond 600 nm indicates that the material becomes less
sensitive to light in this region.
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Figure 3. a) Wavelength dependence of absorption before intercalation; b) Wavelength dependence of absorption after intercalation
with Cu ions

In Figure 4, the Tauc method is used to analyze the effect of intercalation on the band gap more precisely. By
applying the Tauc method, the band gap energy of the GaSe single crystal is accurately determined. For this purpose,
the Tauc equation is used:

(ohv)"=A(hv—Ey)

Here:
o - absorption coefficient, hv - photon energy, Eg - band gap width, A - proportionality coefficient, n - a parameter that
depends on the type of transition. Since this coefficient is a direct transition for GaSe, n=2 is taken.
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Figure 4. Determination of the prohibited zone according to the Tauc method

The linear fit windows are shown as gray bands; solid lines represent least-squares fits; the shaded area indicates
the 95% confidence interval. The band gaps extracted from the intersections are: E, (pure)=2.00+0.03 eV,
E, (Cu-intercalated) = 1.86 + 0.03 eV.

In Figure 4, the narrowing of the band gap in the GaSe crystal is related to structural and electronic changes in the
crystal lattice caused by intercalation with copper ions.

Before intercalation, the band gap width of the GaSe crystal (blue line) was observed to be approximately 2 eV.
This value corresponds to the expected band gap of pure GaSe. For copper-intercalated GaSe (red line), the band gap is
approximately 1.88 eV. As shown, the band gap narrows due to copper intercalation.
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The insertion of copper ions between the layers leads to changes in the energetic levels and gives rise to new
optical transitions at lower energy states. In the spectrum of pure GaSe, the transmittance (Tm%) sharply decreases at
high energies (short wavelengths), indicating the absorption edge and the band gap energy (Eg) of the material. This
steep drop is a clear indicator of the band edge position.

During the electrochemical intercalation process, copper ions enter between the layers of the GaSe single
crystal and affect the crystal lattice. As a result, lattice deformation occurs, where the incorporation of copper ions alters
interatomic distances, thereby influencing the mobility of electrons and the configuration of the energy bands. At the
same time, new localised energy states are formed.

When copper ions (Cu?*) are intercalated into the GaSe crystal lattice, the type of energy levels they generate depends

on several factors. These factors are as follows:

e  The electronic configuration of Cu?*" ions — The electron configuration of the Cu?*' ion is 3d°. The d-orbital
electrons of this ion create localized energy states within the GaSe crystal lattice.

e  Increase in conductivity and narrowing of the band gap — As seen from the graph, copper intercalation enhances
conductivity and narrows the band gap by approximately 0.1 eV. This implies that Cu?* ions are more likely to
form acceptor levels rather than donor levels.

e  Type of levels formed by copper ions — Acceptor levels (energy levels near the valence band) — When Cu?" ions
are intercalated into the layered GaSe structure, they tend to attract electrons, which leads to the formation of new
energy levels just above the valence band. In this case, the valence band effectively expands, resulting in a
narrower band gap. The energy required for electrons to transition into the conduction band decreases, which
accounts for the 0.12 eV narrowing of the band gap. As a result, conductivity increases because electrons in the
valence band can more easily reach the conduction band.

e Spectral manifestation of band gap narrowing — In the spectrum of pure GaSe, the absorption edge is located at a
higher energy (around 2 eV). However, after copper intercalation, this edge shifts toward lower energies (around
1.88 eV), indicating a narrowing of the band gap, as the material begins to absorb lower-energy photons.
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Figure 5. Dependence of the absorption coefficient (a) on photon energy (hv) for pure GaSe (black
squares), Cu-ion-intercalated (red circles), and photo-intercalated (blue triangles) GaSe single crystals

Figure 5 presents the dependence of the absorption coefficient (o) on photon energy (hv) for pure GaSe, Cu-ion-
intercalated GaSe, and photo-intercalated GaSe single crystals. Layered semiconductor GaSe, in its pure state, possesses
high crystalline perfection and a relatively low defect density. High-energy photons (in the UV region) induce strong
absorption; however, as the photon energy approaches the band gap, the absorption decreases sharply. The absorption
edge is observed at approximately 2.0 eV, which corresponds to the typical band gap of pure GaSe. The incorporation
of Cu?' ions into the interlayer spaces creates localized energy states in the crystal lattice. These states enable additional
transitions between the valence and conduction bands, allowing electrons to be excited by photons of lower energy
(~1.88 V) (red shift). At the same time, defects and lattice deformation caused by the ions increase light scattering and
the probability of carrier recombination, which in turn reduces the overall absorption coefficient. During photo-
intercalation, both the positioning of the ions and the formation of photo-induced defects occur under illumination. The
photo-induced effect generates additional lattice strain and changes the relative positions of atoms, thereby increasing
the distance between the valence and conduction bands (~2.15 eV) (blue shift). In this process, some defects act as
“trapping centers” in the conduction band, reducing the absorption of low-energy photons. As a result, the overall
absorption coefficient becomes even lower compared to ion intercalation.

Figure 6 shows the dependence of light transmittance on photon energy for all three samples.

As seen in the pure sample, the transmittance remains relatively high (~65%) up to approximately 2 eV, followed
by a sharp drop. This drop corresponds to the fundamental band gap of the material, indicating that the GaSe single
crystal absorbs light with photon energies above ~2 eV and does not transmit it.
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After intercalation, the initial transmittance level starts around ~43%, and a steep decrease is observed near 1.88 eV.
This indicates that the intercalation slightly narrows the band gap and introduces changes in the crystal structure or
electronic states.

In the case of photo-intercalation, the transmittance is further reduced (~35%), and the onset of absorption appears
around ~2.15 eV. This suggests that even lower-energy photons are now being absorbed by the material, resulting in an
earlier and more pronounced drop in transmittance.
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Figure 6. Dependence of light transmission rate on energy

CONCLUSIONS

The experimental investigations revealed that the most intense diffraction peak (002) in the XRD pattern confirms
the layered structure and high degree of ordering along the c-axis. Additional major diffraction peaks such as (004),
(006), and (008) indicate a well-organised layered phase, while reflections corresponding to planes like (101), (110),
and (112) demonstrate the lateral structural arrangement of the crystal. The narrow and sharp nature of these peaks
reflects the high crystalline quality of the single crystal (99.99999%)).

As a result of Cu ion intercalation into GaSe single crystals, the band gap decreased from 2 eV to 1.88 eV, leading
to the formation of new energetic levels. This caused a notable increase in the absorption coefficient within the 200—400
nm range and the appearance of new optical transitions around 600 nm. In the case of photo-intercalation,
approximately 35% of the incident light is transmitted through the material, while the remaining 65% is absorbed, with
the band gap widening slightly to about 2.15 eV.

Using the applied approach, the band gap for pure GaSe was determined as Ez=2.00+0.03 eV and for Cu-
intercalated GaSe as Eg=1.86+0.03 eV (95% CI). Thus, intercalation reduces the band gap by AE;=—0.14+0.04 eV.

DISCUSSION
This work presents results for a single intercalation level; nevertheless, considering the measurement uncertainty,
the observed narrowing of the band gap (Eg) is clear and exceeds the experimental errors. In the future, we plan to
prepare a series of samples with varying Cu intercalation levels (confirmed by EDS) to investigate changes in Eg over a
broader range.
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JOCIIIKEHHS ONITUHYHUX BJIACTUBOCTEN MOHOKPHUCTAJITB HAITIBIIPOBITHUKIB GaSe,
IHTEPKAJIBOBAHUX IOHAMHU METAJIIB
Paxim Mapgaros'?2, Jlamia Canirni!, Pakmana Mamimosal?, Aiinan Xamirsage!
! Minicmepcmeo nayku ma oceimu Azepbaiiocancokoi Pecnyonixu, Incmumym padiayitinux npoonenm,
eynuys b. Baeabsaoe, 9, AZ 1141, Baxy, Asepbaiiosrcan,
’Hayionanvna asiayiiina akademis, npocnexm Mapoaxana, 30, Az 1045, baxy, Asepbaiioscan
3 Azepbatiodcancoxuii ynieepcumem apximexmypu ma 6yoienuymea, eynuysa Atinu Cynmanoeoi, 5, Az1073, Baxy, Asepbatiodican

Y mpOMy AOCHIDKEHHI Ul XapaKTePUCTUKU CTPYKTYPHHX Ta (pa30BHUX BIACTHUBOCTe MoHOKpHcTamiB GaSe Oylio BHKOPHCTAaHO
METOJl PEHTTCHIBCHKOT NU(PAKIIi, a TaKOXK TOCIIKEHO BIUIMB iHTepKausmii ioHiB Cu Ha iX ONTHUYHI BIACTUBOCTI. 3OUIBIICHHS
norHaHHA (ABS) criocrepiranocst B o6macti 200400 HM B pe3ynbrari qogaBaHHs i0HIB Cu, a HOBI ONTHYHI IIEPEXOH BiOyBaIHCs
omm3bpko 600 HM. 3araniom, CIOCTEpeXkKyBaHi Bapiallii piBHIB MOMIHMHAHHS CIIOCTEPIraucs B CrieKTpaibHOMY iana3oni 200—-800 HM.
Tauc anami3 a mokasas, IO IUPUHA 3a00POHEHOI 30HU 3BY3WiIacs MpHOIU3HO 3 2 eB g0 mpubnusuo 1,88 eB mpu inTepkamsmii Ta
Jemo po3umpuiacs 10 npubnusuo 2,15 eB npu dortointepkamsmii. L{i pesynbrarti cBiguarh mpo Te, 1o iHTepkasuito ioxie Cu
MOXKHA 3aCTOCOBYBaTH Ul MoAuQikaiil ONTHYHUX BIACTUBOCTEH MoHOKpuctamiB GaSe, 30iIblIylodM IXHIA MOTEHIHAN s
BHUKOPHCTAHHS B HENIHIHHUX ONTHYHHUX MPHUCTPOSX, (QOTOHIMI Ta CEHCOPHUX TEXHOJIOTiAX. Pe3ymbTaTté TakoX AEMOHCTPYIOTH, L0
IHTEPKAJIALIs € BIINOBIAHAM METOIOM PETYTIOBaHHS (i3HYHUX XapaKTEPUCTHK IAapyBaTHX MaTepiaiB.
Ku04oBi ci10Ba: wupuna 3a60poHeHoi 301U, NOIUHAHHS, THMEPKATAYIS, PEHM2eHIBCbKa OUPPAKYis
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In this paper, we present a detailed theoretical exploration of the ternary chalcopyrite semiconductors AgGaTe, and AgInTe, using
first-principles calculations grounded in Density Functional Theory (DFT). The simulations are carried out within the Full-Potential
Linearized Augmented Plane Wave (FPLAPW) formalism as implemented in the WIEN2k computational package. Structural
properties are optimized using the WC-GGA exchange—correlation functional, whereas the electronic and optical responses are refined
through the modified Becke—Johnson (mBJ) potential, known for its improved bandgap estimation accuracy. The study involves a
thorough evaluation of the electronic band structures and various optical parameters, including the complex dielectric function,
absorption coefficient, refractive index, energy-loss function, and reflectivity. The findings reveal that both materials possess direct
bandgaps that lie within the optimal range for solar cell absorption. Additionally, these compounds show strong light absorption in the
visible and near-infrared regions, high refractive indices, and marked interband transitions. Such features highlight their suitability for
photovoltaic technologies, especially in thin-film configurations where enhanced light capture and carrier generation are critical.
Moreover, the observed optical and electronic properties also suggest possible utilization in infrared detection and nonlinear
optoelectronic systems. Overall, the results contribute valuable theoretical insight into the optoelectronic characteristics of silver-based
telluride chalcopyrites, reinforcing their potential as environmentally friendly and efficient materials for future solar energy solutions.
Keywords: FPLAPW; Density Functional Theory, Modified Becke—Johnson,; Electronic structure; Optical analysis

PACS: 73.20.At, 78.20.Ci

1. INTRODUCTION

Ternary [-IT1I-VI2 chalcogenide semiconductors, notably AgGaTe, and AgInTe,, have garnered substantial attention
from the scientific community owing to their remarkable structural and physicochemical characteristics.

These compounds are part of a wider family of tellurium-rich materials that adopt a crystal structure based on the
chalcopyrite prototype [2]. Their combination of adaptable crystal geometry, adjustable bandgap energy, and superior
optical activity across the visible and infrared spectra renders them highly suitable for innovative energy-related and
optoelectronic applications [3—8].

AgGaTe; and AglInTe; crystallize in a chalcopyrite-type tetragonal lattice (space group I-42d, No. 122) [9], derived
from the zincblende structure through an ordered arrangement of cations. This structural configuration exhibits a distinct
distribution of atoms at cationic and anionic positions, leading to anisotropic electronic properties and notable dielectric
responses.

Thanks to their relatively narrow and direct bandgaps, both materials are highly suited for use in thin-film solar
cells, infrared photodetectors, thermoelectric converters, and nonlinear optical applications [10—15]. Furthermore, their
optoelectronic characteristics can be engineered through compositional modifications or lattice strain, enhancing their
adaptability for tailored device integration.

Despite their promising functionalities, rigorous theoretical investigations, particularly those employing accurate
ab initio techniques, remain limited. Among such methods, the Full-Potential Linearized Augmented Plane Wave
(FPLAPW) approach [16] is widely regarded for its high precision in solving the Kohn—Sham equations within the
Density Functional Theory (DFT) framework [17], especially for systems exhibiting structural anisotropy or complex
bonding environments.

In this study, we utilize the WIEN2k computational platform [18], a well-established implementation of the
FPLAPW formalism, to explore the structural, electronic, and optical properties of AgGaTe, and AgInTe,. Geometry
optimization is conducted using the Wu—Cohen Generalized Gradient Approximation (WC-GGA), while the electronic
and optical responses are computed via the modified Becke—Johnson (mBJ) potential [19], which offers superior bandgap
accuracy compared to traditional GGA or LDA functionals.
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The objective is to provide a thorough characterization of these compounds, including their:

e clectronic band structures and bandgap nature (direct vs. indirect),

eand Optical parameters, such as the dielectric function, absorption coefficient, refractive index, and
reflectivity [15].

The findings provide valuable theoretical insights for optimizing Ag-based chalcopyrite semiconductors in energy
harvesting and optoelectronic applications, while supporting their development as efficient and sustainable materials for
next-generation technologies.

2. COMPUTATIONAL METHODOLOGY

All computational analyses in this study were conducted using the WIEN2k package [18], which implements the
Full-Potential Linearized Augmented Plane Wave (FPLAPW) method [16] recognized as one of the most precise first-
principles techniques for solving the Kohn—Sham equations of Density Functional Theory (DFT) [17]. This approach is
particularly effective for handling materials with strongly localized or correlated electrons, such as those containing
transition metals or heavy elements.

For structural relaxation and total energy determination, we employed the Generalized Gradient Approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [20]. To enhance the accuracy of the
computed electronic bandgaps and optical properties, we adopted the modified Becke Johnson (mBJ) potential, which is
known to yield bandgap estimates that align more closely with experimental results than those obtained using standard
GGA or LDA methods.

Given the presence of the heavy tellurium (Te) atom (Z = 52), spin—orbit coupling (SOC) effects were explicitly
considered, as they significantly influence the electronic states near the valence band maximum. Computational
parameters were carefully selected to ensure numerical accuracy and convergence: the plane-wave cutoff parameter RKmax
was set to 8.0, and the Brillouin zone was sampled with a 12x12x12 Monkhorst Pack k-point mesh.

Muffin-tin radii (Rmt) were assigned as follows: 2.5 atomic units (a.u.) for Ag, 2.3 a.u. for Ge or In, and 2.4 a.u. for Te,
ensuring there was no overlap between atomic spheres. Self-consistent field (SCF) cycles were considered converged when
the total energy difference between iterations was less than 10~° Ry, and the charge convergence threshold was setto 10* Ry.

3. RESULTS AND INTERPRETATION
3.1. Structural Optimization

The structural optimization of the ternary chalcopyrite compounds AgInTe, and AgGaTe, offers crucial insights
into their crystal stability, atomic-scale arrangement, and the structural parameters that influence their physical behavior.
Both compounds crystallize in the tetragonal chalcopyrite structure with space group 1-42d, [9] which can be regarded as
a derivative of the cubic zinc blende structure. This configuration arises through the ordered substitution of Group III
elements (In or Ga) and the resulting doubling of the unit cell along the c-axis. The ordered arrangement of cations (Ag
and In or Ga) in this tetragonal lattice breaks the cubic symmetry and introduces anisotropy into the physical properties
an essential feature for applications in directional optoelectronics and thermoelectrics [21].

The optimized lattice parameters obtained using the GGA-WC results illustrated in (Table 1), in good agreement
with reported experimental and theoretical data. The c/a ratio in both compounds is approximately 1.98, which is slightly
lower than the ideal value of 2.0. This subtle deviation signifies the presence of a minor tetragonal distortion, commonly
observed in real chalcopyrite structures. Such a small distortion indicates that the systems maintain a high degree of lattice
symmetry and structural integrity, essential for minimizing crystal imperfections, lattice strain, and potential defect states
that can trap carriers or act as non-radiative recombination centers.

Table 1. Lattice parameters (a, c) (A), internal parameter (u), bulk modulus B (GPa), and its pressure derivative B’ for the AgGaTe,
and AgInTe, compounds

Compound a(A) CA) ca n =ac/ 2 UQA) B(GPa) B
Our Calcul. 6.221 12.558 1.99 1.00 0.250 50.123 5.347
AgGaTe, Exp 6.288" 11.940° 1.898° 0.949° - - -
. 6.283" 11.918" 1.897" 0.948" 0.26" 48.6" -
AglnTe: Our calcul. 6.442 12.925 1992 0.997 0.231 45.540 5.6122
Exp. 6.467° 12.633° 1.85° 0.977° 0.262° - -

"Ref [32], "Ref [33]

The variation of Energy as function a volume (Fig. 1). The slight differences in lattice constants and unit cell
volumes between AgInTe, and AgGaTe, can be attributed primarily to the difference in covalent radii of the Group III
elements. Indium (In), with a covalent radius of 1.56 A, is significantly larger than gallium (Ga), which has a radius of
1.36 A. This difference leads to a lattice expansion in AgInTe, along both the a-axis and c-axis, resulting in a larger unit
cell volume compared to AgGaTe,. This observation is consistent with Vegard’s law, which states that the lattice
parameters of a solid solution or alloy vary linearly with the atomic radii of the substituting elements. From a materials
physics perspective, such atomic substitution not only alters the geometrical framework but also subtly affects bond
lengths and bond angles, especially the Ag-Te and In/Ga—Te bonds, which are critical for orbital hybridization and
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bandgap formation. For example, a longer In-Te bond in AgInTe, leads to weaker orbital overlap compared to the shorter
Ga-Te bond in AgGaTe,, which can influence both the band dispersion and the effective mass of charge carriers.

Moreover, the bond alternation parameter (u) and internal displacement of atoms though not detailed here also play
a role in the spatial electron density distribution, anisotropic dielectric response, and polarization effects, which are
significant in nonlinear optical applications and in understanding carrier localization phenomena.

/ -99166.05 |-
8341033
-99166.06 |- - AginTe,
B3410.39 m  AgGaTe,
811040 -99166.07 |-
Energy (Ryd)
8341041 -99166.08 |-
-83410.42 -99166.09 |-
-83410.43 -99166.10 - -
-83410.44 4 .99166.11 1 1 1 1 1 1
} ! } } } 1600 1700 1800 1900 2000 2100

1400 1500 16‘1}0 1700 1800 1900
. Volume (ua?)
Volume (ua?)
Figure 1. The dependence of the total energy on volume was examined for the AgInTe, and AgGaTe, compounds, aiming to
analyze their thermodynamic and structural characteristics

The precision of the computed structural parameters highlights the strength and reliability of the employed
computational approach. Although the GGA-WC functional is recognized for its limited accuracy in bandgap predictions,
it proves effective in capturing equilibrium structures and volumetric behavior. This consistency in structural modeling
provides a dependable foundation for further exploration of the electronic band structure, density of states, and optical
characteristics, especially considering that even slight discrepancies in lattice parameters may lead to significant variations
in observable physical properties.

In conclusion, both AgInTe, and AgGaTe, exhibit stable, well-ordered chalcopyrite structures with minimal
tetragonal distortion and expected trends in lattice expansion due to atomic substitution. These structural characteristics
contribute directly to the favorable semiconducting and optical properties of these materials. Their mechanical stability,
structural uniformity, and adaptability to lattice engineering make them strong candidates for advanced applications in
photovoltaic energy conversion, infrared photodetection, and thermoelectric energy harvesting.

3.2. Electronic Structure Band

The electronic band structure calculations for AginTe, and AgGaTe; indicate that both compounds possess a direct
bandgap, with the valence band maximum (VBM) and conduction band minimum (CBM) located at the I'-point in the
Brillouin zone (see Figure 2). This direct transition is particularly beneficial for optoelectronic and photovoltaic
technologies, as it enables efficient photon absorption and emission without the necessity of phonon involvement. The
band structures were derived using the Generalized Gradient Approximation (GGA), based on either prior literature or
current computational results (refer to Table 2). These findings align with the well-documented limitation of GGA in
underestimating bandgap values due to its inadequate treatment of exchange—correlation interactions. To achieve more
reliable electronic gap predictions, the modified Becke—Johnson (mBJ) potential was employed. This semi-local exchange
potential significantly improves the description of the electronic structure, resulting in corrected bandgap values of around
0.98 eV for AgInTe: and approximately 1.15 eV for AgGaTe:. These values are in much closer agreement with available
experimental data, confirming that mBJ is more suitable for accurately capturing the quasi-particle bandgap of
semiconducting chalcopyrite materials.

Energy(Ev)

Figure 2. Electronic band structures of (a) AgGaTe, and (b) AgInTe, were computed using the modified Becke—Johnson (mBJ) potential
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Table 2. Band gap (Eg) values of the AgInTe, and AgGaTe, compounds.

Eg (eV)
Our Calcul.
WC-GGA mBj Exp. Other calcul.
AgGaTe: 0.5 1.18 1.1~1.36% 1.32¢ 1.10% 1.21°
AgInTe; 0.04 1.01 0.93-0.96°, 1.04" 1.09°

Ref [32], "Ref [33]

In terms of orbital character, the valence band region in both compounds is predominantly composed of Te-5p states,
which are strongly hybridized with Ag-4d orbitals. This p—d hybridization plays a vital role in shaping the upper valence
bands, leading to relatively flat band dispersion near the VBM and contributing to the high hole effective mass. The
conduction band edge, however, exhibits material-specific characteristics: in AgInTe,, the CBM is largely formed by
In-5p orbitals, while in AgGaTe,, it consists mainly of Ga-4p states. Due to the smaller and more localized nature of
Ga-4p orbitals compared to In-5p, the conduction band in AgGaTe, is slightly more dispersive, which can contribute to
a lower electron effective mass and potentially better n-type transport behavior.

The separation between the valence and conduction bands defines the electronic bandgap, and the precise alignment
and nature of these bands are crucial in determining the absorption edge, carrier recombination dynamics, and overall
efficiency of optoelectronic devices. The clear direct bandgap at the I'-point and the dominant p—d and p—p interactions
in both materials are consistent with what is expected in chalcopyrite semiconductors and support their use as light-
absorbing layers in thin-film solar cells, infrared sensors, and photoelectronic modulators.

In summary, the electronic structure analysis demonstrates that AgIinTe, and AgGaTe, are both direct gap
semiconductors with bandgaps suitable for infrared and near-infrared applications. The mBJ correction effectively
mitigates the bandgap underestimation typical of GGA, and the detailed orbital analysis highlights the significant role of
Te—Ag hybridization and Group III p-orbitals in shaping the band structure. These characteristics reinforce the potential
of these compounds for integration into next-generation optoelectronic and photovoltaic technologies.

3.3 Optical Properties

The optical response of AgInTe, and AgGaTe, was investigated through first-principles calculations of the complex
dielectric function, expressed as &(®) = €1(®) + iex(®), [31] where €1(m) represents the real part (describing dispersion)
and &;(w) the imaginary part (related to absorption). From these fundamental optical quantities, additional key parameters
such as the refractive index (n), absorption coefficient (a), and reflectivity (R) were derived, providing a comprehensive
view of the materials’ interaction with electromagnetic radiation.

The static dielectric constants €;(0) were found to be approximately 12.6 for AgGaTe, and 13.1 for AginTe,,
indicating strong polarization response at zero photon energy. These high values suggest significant electronic
polarizability, which is favorable for materials intended for nonlinear optical or capacitive applications. Similarly, the
static refractive index n(0) shows high values of ~3.55 for AgGaTe, and ~3.60 for AginTe,, (Figure 3) indicating that
both compounds are optically dense. Such high refractive indices imply efficient light confinement, which is crucial for
enhancing the optical path length in thin-film solar cell structures and improving light absorption efficiency. (Table 3).
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Figure 3. The energy-dependent behavior of both the real and imaginary components of the electronic dielectric function &(w)
was analyzed for AgGaTe, and AgInTe, compounds
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Table 3. Static Dielectric Function (¢1(0)) and Static Refractive Index (n(0)) Calculations for AgInTe2 and AgGaTe2 Compounds.

n(0) £1(0)
Our Calcul. Other calcul. Our Calcul. Other calcul.
WC-GGA Ref. Ref.
AgInTe, Xx: 3.591 Xx: 2.756 Xx:12.942 -
77:3.623 Zz:2.775 Zz:13.193 -
AgGaTe, Xx: 3.631 Xx: 2.891 Xx: 13.193 Xx: 12.72
Zz: 3.513 Zz: 2.466 Zz:13.103 Zz:12.90

Ref [32,33]

The analysis of the imaginary component of the dielectric function, &;(®), indicates that the principal absorption
peaks are located at approximately 4.1 eV for AgGaTe, and 3.9 eV for AgInTe,. These prominent features are attributed
to strong interband transitions, notably from Te-5p and Ag-4d states in the valence band to conduction band states largely
comprised of Ga-4p or In-5p orbitals. Moreover, the computed absorption coefficient a(w) (as shown in Figure 4)
surpasses 10° cm™ within the visible and near-infrared regions, highlighting the materials’ pronounced interaction with
light. This high absorption performance is particularly advantageous for photovoltaic applications, as it facilitates efficient
solar energy capture even in devices employing ultrathin active layers.
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Figure 4. The energy-dependent optical conductivity of AgInTe, and AgGaTe, compounds was examined to assess their
electromagnetic response characteristics
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Figure 5. The photon energy dependence of the optical reflectivity R(w) was investigated for the AgInTe, and AgGaTe,
compounds to understand their reflective behavior across different spectral regions

The reflectivity spectra demonstrate that both AgInTe, and AgGaTe, compounds display moderate reflectance
approximately 45% in the ultraviolet (UV) region, followed by a gradual decline as the wavelength extends into the visible
and infrared ranges. This behavior, characterized by efficient absorption in the visible spectrum alongside partial UV
reflectivity (See Figure5), suggests these materials are well-suited for multifunctional optical coatings. In particular, their
UV-reflective properties can enhance device longevity and serve as effective radiation filters, making them valuable in
optoelectronic and protective applications.

The variation of the refractive index n(w) and the extinction coefficient k(w) as a function of energy is presented in
Figure 6. According to the refractive index spectrum, we observe anisotropic behavior, characterized by An(0) = 0.05 and
0.02 for AgInTe; and AgGaTe,, respectively. The refractive index increases with energy until it reaches a maximum value
in the visible region for both compounds. Beyond these energies 1.542 eV for AgInTe, and 1.589 eV for AgGaTe; it
decreases. It is also noted that the peaks shift towards lower energies when moving from Ga to In.

The extinction coefficient k(w) is related to the damping of the oscillation amplitude of the incident electric field.
The maximum peak in the extinction coefficient curve appears at the energy value (2.771 eV for AgGaTe; and 2.489 eV
for AginTe,) where the real part of the dielectric function crosses zero. This is clearly verified for both compounds.
Subsequently, the extinction coefficient k(w) decreases with increasing incident photon energy.

Optical conductivity plays a crucial role in evaluating photoelectric conversion efficiency, as it reflects the material’s
response under illumination. Figure (7) illustrates the energy-dependent optical conductivity profiles of AgGaTe, and
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AgInTe,. Notably, both compounds demonstrate substantial conductivity within the visible spectrum (1.64-3.12 eV),
highlighting their suitability for solar energy applications.

Overall, the optical analysis confirms that AgInTe, and AgGaTe, exhibit highly favorable properties — such as
elevated refractive indices, robust absorption across the visible to near-infrared range, and moderate reflectivity in the
ultraviolet. These characteristics render them excellent candidates for cutting-edge technologies, including thin-film
photovoltaic cells, IR photodetectors, and nonlinear optical components. Furthermore, their capacity to achieve efficient
light absorption while maintaining selective transparency enhances their potential integration into advanced multilayer
optoelectronic and photonic architectures.
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Figure 6. Optical Behavior of AgInTe, and AgGaTe,: Spectral Variation of n(®) and extinction k(w)
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Figure 7. The variation in optical conductivity with photon energy was explored for AgInTe, and AgGaTe, compounds to assess
their light-induced electronic response characteristics

5. CONCLUSIONS
In this study, we conducted a comprehensive theoretical investigation of the chalcopyrite-type semiconductors
AgGaTe; and AgInTe, using the Full-Potential Linearized Augmented Plane Wave (FPLAPW) method as implemented
in the WIEN2k code. Our first-principles calculations provided detailed insights into the structural, electronic, and optical
properties of these compounds.

e  The optimized lattice parameters are in excellent agreement with available experimental data, confirming the
reliability of the computational approach based on the GGA-PBE functional.

e Band structure calculations using the mBJ potential reveal that both materials possess direct bandgaps of
approximately 1 eV, which is ideal for optoelectronic and infrared applications.

e The optical analysis demonstrates strong absorption in the visible and near-infrared regions, high static refractive
indices, and robust dielectric responses, all of which are critical for efficient light harvesting and photonic
functionality.
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These findings highlight the potential of AgGaTe, and AgInTe, as promising candidates for next-generation
photovoltaic devices, infrared detectors, and nonlinear optical systems.

6. OUTLOOK AND FUTURE DIRECTIONS
To further advance the understanding and technological potential of these materials, future studies may focus on:
e  Defect engineering, including the investigation of vacancies, substitutional dopants, or antisite defects, to tailor
electronic and optical behavior.
e Alloying strategies, such as partial substitution of Ga, Sb, or Se, to tune the bandgap and optimize performance
for specific applications.
e Inclusion of many-body effects, through GW approximation and Bethe—Salpeter Equation (BSE) methods, to
more accurately describe excitonic interactions and optical spectra.
e  Evaluation of thermal conductivity and carrier mobility, which are crucial for thermoelectric applications and
overall device efficiency.
This work lays a strong theoretical foundation for the practical development of Ag-based ternary tellurides and opens
avenues for their integration into high-performance optoelectronic and energy conversion technologies.
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MNOKPAHNIEHE JOCJJIIIKEHHS HAINIBITPOBITHUKIB XAJIBKOITIIPUTY AgGaTe: TA AginTe: HA OCHOBI
MNEPIIONPUHIUIIIB 3A JOITIOMOI'OIO FPLAPW B PAMKAX WIEN2K: CTPYKTYPHI, EJJEKTPOHHI TA
OIITUYHI BJJACTUBOCTI
Aobneanrani Kyoin!, Moxamen Xerraa!, IOcpa Merayn', Mocoax Jlayamep?, Amina Benkpuma3,

Jlariga Taiipi‘, Penxa Menecep?

HInemumym nayx, Vuisepcumemcoiuti yenmp Tinasza, Anoicup
’[Tioposdin UDERZA, Texnonoziunuii gpaxynomem, Yuicepcumem Env-Yeo 3900, Anoicup
3Buwa nopmanvna wixona Yapana 3000 Anoicup
*Hocnionuyskuti yenmp npomuciosux mexnonoziti CRTI, P.O. Ckpunvra 64, Cheragal 6014 Ancup, Anicup
VY wmiif cTaTTi ME MPEACTaBIEMO JIeTaIbHE TEOPETHIHE JOCII/DKEHHS MOTPIIfHUX XaJbKOMipUTOBUX HamiBipoBinHuKiB AgGaTe: Ta
AglInTe: 3 BUKOPHUCTAHHSIM PO3paxyHKiB 3 MEPIINX IPHHIMIIB, 3aCHOBaHUX Ha Teopii pyHkuionany rycrunu (DFT). MoznentoBanus
IIPOBOJUTECS B paMKax (popMaii3My MOBHONOTEHLIANBHOT JiiHeapu30BaHoi JoroBHeHOI miockol xBuii (FPLAPW), peanizoBaHoro B
o6uucroBansHomy nakeri WIEN2k. CTpyKTypHi BIacTHBOCTI ONTHMIi30BaHi 3a gornoMoroio ¢yHkiioHary oominy-kopemsiii WC-
GGA, Toi sIK eIeKTPOHHI Ta ONTHYHI BIATYKH YTOYHIOIOTHCS 3a JI0MOMOror0 MoaudikoBanoro norexuiany bekke-/[xoncona (mBJ),
BiJOMOTO CBOEIO MOKPAIICHOIO TOYHICTIO OI[IHKH IUPUHH 3a00pOHEHO1 30HU. JlOCIiIKEHHS BKIIIOYA€ PETENBbHY OLIHKY EIEKTPOHHUX
30HHHAX CTPYKTYp Ta PI3HHX ONTHYHHUX MapaMeTpiB, BKIIOYAIOUYH KOMIUICKCHY Hi€JICKTPHYHY (DYHKIiI0, KOS(Ili€eHT MOTIHMHAHHS,
MOKa3HUK 3JIOMJICHHS, (DYHKIIIIO BTpAT €Heprii Ta BiJOMBHY 3[aTHICTh. Pe3ynbpraTi MokasyioTh, [0 00HMABA MaTepialy MaloTh PsMi
3a00pOHEHI 30HH, SKi 3HAXOIATHECS B ONTUMAIBFHOMY Jiala3oHi JUIS ITOTJIMHAHHS COHSYHHMHE elleMeHTaMu. KpiM Toro, Ii CIomyku
JEMOHCTPYIOTh CHIIbHE ITOTJIMHAHHS CBITJIa Y BUIMMOMY Ta OIM)KHBOMY iH()pauepBOHOMY Aialla30HaX, BUCOKI TOKA3HUKHU 3JIOMJICHHS
Ta TMOMITHI MIXK30HHI mepexoau. Taki 0cOOIMBOCTI MiAKPECTIOIOTh iXHIO MPUIAATHICTD I (POTOCIEKTPUIHUX TEXHOJIOTiH, OCOOIUBO
B TOHKOIUTIBKOBHX KOH(Irypaiisx, 1e MOKpallleHe 3aXOIUICHHS CBIiTJIa Ta reHepallisi HOCIiB 3apsiy € KPUTHYHO BaXJIMBUMH. Binbiie
TOTO, CIIOCTEPEKYBaHI ONTHYHI Ta EIEKTPOHHI BIACTHBOCTI TAKOXK BKa3ylOTh Ha MOXKJIMBE BHKOPHCTaHHS B iH(ppauepBOHOMY
JIETEKTYBaHHI Ta HENIHIMHUX ONTOEJCKTPOHHHX CHCTEMaX. 3arajioM, pe3yldbTaTH HaJaloTh I[iHHE TEOPETHYHE PO3YMIiHHS
ONTOETEKTPOHHUX XapaKTEPUCTUK TEMYPHIHHUX XAIBKOIIPHUTIB HA OCHOBI cpi0ia, MiIKPECTIOI0YN IXHIHM MOTEHIial SK €KOJIOTi9HO

YUCTHX Ta €(PEKTUBHUX MaTepiaiiB At MaOyTHIX pilIeHb y cdepi COHTIHOI CHePTeTUKH.
Kuntouosi ciioBa: FPLAPW, meopis ¢yuxyionany eycmunu, moougicosanuii ananiz bexxe-/oconcona; enexmponna cmpykmypa,
ONMUYHULL AHANI3
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This paper explores the technological and physical principles for developing silicon-lithium (Si(Li)) nuclear radiation detectors with a
thickness greater than 1.5 mm and a surface area of at least 50 cm?. The formation of large-area p—i—n structures via lithium-ion drift
and diffusion mechanisms was analyzed. To evaluate the electrophysical parameters of the detectors, current-voltage (I-V) and
capacitance-voltage (C—V) characteristics were measured. The [-V results under reverse bias in the range of U= 0 — 200 ¥ showed
extremely low leakage currents / < 0.5 nd, indicating the formation of high-quality p —i—n junctions. Beyond 100 V, the current
remained nearly constant, forming a plateau region. The findings propose effective technological solutions for developing highly
sensitive, stable, and low-noise radiation detectors.

Keywords: Detector; Heterostructure, Silicon;, Germanium; Semiconductor p—i—n structure; p—n junction, Electrophysical properties
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INTRODUCTION

In recent years, semiconductor-based detectors have been widely applied in various fields such as nuclear physics,
medical diagnostics, environmental monitoring, and cosmic radiation detection [1-5]. In particular, detectors based on
semiconductor materials such as silicon (Si) and germanium (Ge) are distinguished by their high sensitivity and accuracy.
The electrical and physical properties of these materials enable their effective use as radiation-responsive detectors [6-9].
This study focuses on the electrophysical and radiometric properties of detectors fabricated with Al — nGe(p —i — n) —
Au and Au —nSi — Al structures. The Al —nGe(p — i —n) — Au detector, based on germanium, exhibits high
sensitivity due to the presence of a p—i—n junction. Meanwhile, the Au —nSi — Al detector, based on silicon, is
characterized by its low-noise operational regime. During the research, the current-voltage (I-V) and capacitance-voltage
(C-V) characteristics of the detectors were analyzed, along with investigations into their radiation sensitivity, temperature
dependence, and physical phenomena arising under irradiation. The results of this work contribute to the advancement of
modern semiconductor detectors by enhancing their sensitivity and expanding their applicability across different
technological fields [10—13]. The development of such detectors begins with a thorough study of the parameters of the
materials used in their fabrication. Accordingly, we have theoretically analyzed the energetic properties of Si and Ge, the
primary semiconductor materials used in this research. The analysis involved understanding the interaction between metal
and semiconductor layers, as well as the variations in these properties across the material's depth. We specifically
examined the physical processes occurring in these regions and evaluated their influence on the detector’s performance
[14-16]. In this work, we conducted an in-depth study of the electrophysical and radiometric characteristics of Al —
nGe(p — i —n) — Au and Au — nSi — Al structures. Through this, we determined their optical and electrical parameters.
Globally, the development of compact semiconductor detectors has made significant advancements. To date, detectors
with dimensions of up to 50 mm based on the Al — nGe(p — i — n) — Au structures have been developed by researchers
worldwide. A critical aspect of Al —nGe(p — i —n) — Au structured semiconductor detectors is ensuring a uniform
concentration of lithium ions within a defined depth of the silicon crystal. This uniform distribution is essential for
achieving optimal detector performance [17—18]. Therefore, technological processes based on diffusion and drift methods,
which are widely used to introduce dopant atoms into the crystal lattice, require optimization to ensure homogeneous
dopant distribution throughout the bulk of the crystal.

RESEARCH METHODOLOGY
In the development of semiconductor detectors used for recording nuclear radiation, the energy levels and potential
barrier diagrams of key elements — silicon (Si) and germanium (Ge) — are of primary importance. These parameters are
illustrated in Figure 1. The analysis was conducted explicitly for the detector based on the Au — nSi — Al structure, and
the results are presented using the corresponding energy band diagram.
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As shown in Figure 1, the energy transitions and theoretical energy band structure of the semiconductor material
silicon (Si) are depicted. The upper part of the diagram illustrates the energy levels across the detector structure. Region
No. 0 (the Au electrode) has an energy level of approximately 5.00 eV, indicating that gold (Au), due to its high work
function, forms a potential barrier at the interface with silicon. This barrier makes it somewhat more difficult for electrons
to move from the gold contact into the silicon region. Region No. 1 represents n-type silicon, where the bandgap energy
is approximately 1.1 eV. However, in this diagram, the vertical axis indicates an energy value of around 4.20 eV. The
Fermi level (indicated by the red dotted line) lies between the conduction and valence bands, but given the n-type nature
of the silicon, the Fermi level is positioned closer to the conduction band. This confirms that the majority charge carriers
in the n-type Si are electrons, and their preferred direction of motion is from left to right (Au — Al). The energy level
of the Al electrode is approximately 4.24 eV, which suggests that at the Al — nSi interface, the potential barrier is
relatively small — significantly lower than that at the Au — Si junction. As a result, electron transport toward the Al side
is more favorable in this detector. Considering that the central region of the detector is composed of n-type silicon, it can
be concluded that electrons are the primary charge carriers in the device. The energy band diagram also indicates the
presence of an internal electric field across the structure, which facilitates the rapid separation and collection of charge
carriers under the influence of this field.
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Figure 2. Energy band diagram of the Al — pGe(p — i —n) — Au structured detector based on germanium

As shown in Figure 2, energy barriers, Fermi level positions (red dotted lines), and the movement of charge carriers
are illustrated for each layer of the structure. NO — N1 (Al contact to p — Ge): This region represents the interface
between the aluminum electrode and the p-type germanium layer. The downward slope of energy barriers indicates a
favorable path for electron movement. The Fermi level is located close to the valence band, confirming the p-type
character of this region. N1 - N2 (p — Ge = i— Ge — n— Ge) This is the core of the p—i—n structure. The energy
gap of 4.92 eV corresponds to the intrinsic region of germanium. The bent portion between black lines reflects the internal
potential gradient. The Fermi level is nearly centered, which is typical for intrinsic semiconductors. In this i-region, charge
carriers (electron-hole pairs) are generated when photons or ionizing particles interact. N2 — N3 (n — Ge to Au) This
segment extends from the n-type Ge to the gold (Au) contact. The Fermi level lies higher, which aligns with n-type behavior.
A gradual upward slope of the energy levels reflects the internal electric field generated under external bias. Under radiation
exposure, the electron—hole pairs created in the i-region are quickly separated and directed towards their respective
electrodes, resulting in a measurable signal. The spatial variation of the Fermi level across the layers indicates the formation
of an internal electric field. Additionally, adjusting the electrode thickness allows fine-tuning of key detector parameters
(Figure 2). Technological Fabrication Overview. The fabrication of Au —nSi — Al and Al —pGe(p —i —n) — Au
semiconductor detectors for nuclear radiation detection is a complex process involving mechanical, chemical, and thermal
operations, as well as precise structural design. Each step has a specific purpose and requires meticulous control. Refined
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semiconductor processing technologies determine the ability of these detectors to preserve radiation sensitivity over
extended periods. In this study, silicon wafers with diameters of & = 10 — 30 mm and thicknesses of d = 1 —2mm
were prepared using p — type monocrystalline silicon (p = 0.01 =5k -cm,t = 50 — 1000 us). The wafers were
cut with a diamond internal arc saw. To remove the mechanically damaged layer, double-sided grinding was performed
using M-14 and M-5 micropowders. Each side was ground to a depth of at least 50 um. After grinding, the wafers were
cleaned with non-alkaline soap and deionized water and subjected to ultrasonic treatment. The mechanical damage often
exceeds the abrasive grain size, particularly when using diamond powders. Therefore, chemical etching was employed to
remove residual defects. Before etching, the wafers were rinsed in distilled water for at least 15 minutes. The chemical
solution was prepared using hydrofluoric acid (HF), nitric acid (HNO3), and acetic acid (CHs:COOH) in a 1:5:1 ratio, and
cooled to 5°C. This slow etching process allowed better control. The wafers were rotated in a fluoroplastic bath for 15—
20 minutes using a motorized platform to ensure uniform surface processing. The optimal etch rate was 4 pm/min.

RESULTS AND DISCUSSION
The condition of the silicon wafers prepared for experimental research after completing the step-by-step processing

stages described above is illustrated in Figure 3 (a—b—c).
. Y
& "‘—/) g

a) Appearance of the silicon wafer after b) Appearance of the silicon wafer c¢) Appearance of the silicon wafer after
cutting after mechanical processing chemical treatment

a) Appearance of the silicon wafer after b) Appearance of the silicon wafer c¢) Appearance of the silicon wafer after
cutting after mechanical processing chemical treatment

Figure 3 (a—b—c) shows images of the silicon wafers obtained using Atomic Force Microscopy (AFM)
after the technological processing steps

As shown in Figure 3(a), surface irregularities of approximately 38 nm are formed on the silicon wafer after the cutting
process. In Figure 3 (b), these irregularities are reduced to 33.7 nm after mechanical processing. Finally, Figure 3(c) shows
that the asymmetrical layer is further reduced to 31 nm after chemical cleaning. This demonstrates the gradual decrease in
surface non-uniformity through successive technological steps. Achieving high energy resolution in semiconductor detectors
is one of the more complex challenges in detector development. This primarily depends on the growth technologies of the
initial semiconductor materials and their electrical and structural properties. Localized defects and impurity bands in the
sensitive volume significantly degrade the detector’s radiometric characteristics. A key advantage of lithium-doped silicon
and germanium is their ability to create large, nearly intrinsic regions exceeding 1 mm in thickness. This is made possible
due to the high mobility of lithium ions in Group IV crystals and their low ionization energies — 0.033 eV in silicon and
0.0043 eV in germanium.

For example, the diffusion coefficient of
lithium in germanium is approximately 107 times
higher than that of conventional donor atoms.
Lithium ions, due to their small radius, do not
occupy lattice sites but instead migrate through
interstitial positions. In silicon, lithium ions form
an extended intrinsic zone, which significantly
enhances sensitivity to X-rays and gamma
radiation. This region generates a high-resistance
volume inside the crystal, facilitating charge
collection and signal generation within the
detector. To implement lithium diffusion in
small-sized crystals, a GSL-1100X furnace was

Figure 4. Schematic diagram of the device used for lithium diffusion:
1 — quartz tube, 2 — lithium sample, 3 — needle valve
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used. The furnace consists of a quartz tube for sample placement. Diffusion was performed across the entire surface of the
wafers at a vacuum of ~10° mmHg, to a depth of (50-200) um, for 1 to 3 minutes, at temperatures between 380°C and
450°C (Figure 4). After diffusion, the crystals were slowly cooled to 250°C to prevent defect formation and lithium ejection,
which typically occurs during rapid cooling. Diffusion depth was controlled using a step-grinding technique. The depth of
lithium diffusion into p-type silicon can be determined using the following formula:

x=2VDt erfc™! (%‘:) (1)

Here, D is the diffusion coefficient, which is calculated for p-type silicon with a specific resistivity of approximately
p = 1000 2 - cm, as follows:

D=6 -10"*exp ("0e17) [em/] ®)

Here, g is the elementary charge, kg is the Boltzmann constant and 7 is the temperature in Kelvin.

In p-type material, compensation of acceptor atoms through lithium diffusion is carried out as follows: First, lithium
is directed into the p-type material. The temperature is then raised to approximately 430 °C, initiating the diffusion of
lithium into the sample. The diffusion process lasts for several minutes, during which lithium penetrates to a depth of
approximately 0.01 pum. Subsequently, lithium ions begin to migrate from the n-side back toward the p-side of the p—n
junction. In this region, they compensate for the acceptor atoms present in the p-type material. The thickness of the
depleted layer formed as a result of this diffusion process can be calculated using the following formula:

d = ./2u,;Ut, (3)

Here, d is thickness of the depleted layer, x4 is the ion mobility in semiconductors at the given diffusion temperature, U
is the drift bias voltage and t is the drift time.
The diffusion time is determined as follows:
w2,
T 2upy,

“)
Here, W is the thickness (width) of the compensated intrinsic (i) region in the Si(Li) detector.

The relationship between mobility and the diffusion coefficient is as follows:

hu = k;%T ) [sz/(v . 5)] 5)

The thermal regime of lithium-ion drift is described in detail to ensure the required compensation at minimal
redistribution of the lithium profile within the sensitive volume.

Drift was performed unidirectionally at a temperature of T = (60—100)°C, under a reverse bias voltage of 70-600V,
for a duration of four days. The completion of the drift process was monitored by a sharp increase in the reverse current.
To determine the i-region, after drift termination, one side of the crystal (with an n* — i — p* structure) was polished
using silicon carbide (SiC) micro powder on a glass disc. The thickness of the removed layer was estimated considering
partial washout of the diffusion profile. The polished layer typically had a thickness ranging from 50 to 400 pm. The i-
region was then selectively removed using an etching solution of HNOs:HF in a 1:1000 ratio. The i-region was considered
entirely removed when its contour matched the diameter of the diffused region and appeared close to a circular shape.

The geometry of Si(Li) p—i—n detectors play an important role in determining their electrical and detection
characteristics. Two typical structural configurations are illustrated in Figure 5: the planar geometry (Figure 5a), where
the p—i—n layers extend uniformly across the detector surface, and the T-type reference geometry (Figure 5b), which is
widely used to reduce surface leakage currents and improve charge collection efficiency. The key design parameters
include the detector diameter (D), the thickness of the intrinsic (i) region (d), the thickness of the p-region (h), and the
diameter of the n-region (2r).

D1
a)
D3 7/ P
= ANNN\N i
\\\\ n
2r
b)

Figure 5. Cross-sectional view of the detector: a — planar, b — T-type reference geometry
D — detector diameter; d — thickness of the intrinsic (i) region; h — thickness of the p region; 2r — diameter of the n region.
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It should be emphasized that when performing diffusion doping of silicon, it is essential to consider the thermal and
temporal regimes to avoid the formation of thermally induced defects. In the technology of Si(Li) p—i—n detectors, lithium
is typically diffused at temperatures ranging from 300°C to 500°C, with a critical threshold at 450°C, beyond which the
intensive generation of donor-type thermodefects occurs. In known Si(Li) p—i—n detector fabrication processes, a rapid
cooling step is applied after diffusion to preserve the desired lithium profile and prevent redistribution. However, this
high cooling rate (on the order of 10>~10° °C/s) can induce stable thermodefects, which may negatively affect the final
characteristics of the semiconductor detector. The formation of electrical contacts on the prepared silicon wafers was
carried out using a VPS-4 universal vacuum post system. The sample holders were specially designed using molybdenum
and tungsten, cleaned in alcohol, and then preheated in a vacuum for 10—15 minutes. The molybdenum filament had a
length of 40 mm, and the distance between the evaporator and the silicon wafer was set at 80 mm. The silicon wafers
were placed in the evaporation chamber, and contacts were deposited under a vacuum of 5x10° mmHg. As a contact
material, gold layers with a thickness of approximately 200 A were deposited on the silicon wafers.

The visual appearance of the silicon wafers before and after contact formation is shown in Figure 6. In particular,
Figure 6a illustrates the surface morphology of the Si(Li) wafer after the lithium drift process, whereas Figure 6b
demonstrates the post-diffusion appearance of the Au-coated silicon wafer. This comparison highlights the transition from
the initial lithium-compensated structure to the final detector surface with gold contact deposition.

Figure 6. Appearance of the detector after contact formation
a) Post-drift appearance of Si(Li), b) Post-diffusion appearance of Si(Au)

The current—voltage (I-V) characteristics of Si(Li) p—i—n structured detectors were investigated in accordance with
the GOST 26222-86 standard methodology. To study the characteristics mentioned above, a specialized device was
developed and assembled for measuring reverse current, which allows for the simultaneous acquisition of dark current
values across different bias conditions. The applied reverse bias voltage U,..,, was set in the range of 0.1 to 800 V, and the
current measurement ranges I,..,, were configured for 1 pA, 10 pA, and 100 pA, respectively.

9
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Figure 7. Current—voltage (I-V) characteristics of semiconductor Si(Li) p—i—n structured detectors

Figure 7 illustrates the dependence of the output current. I5ypy On the output voltage U,y ¢py, for a detector with a
T-shaped cross-section, showing both the minimum and maximum current values. As shown in the graph, the output
current across the entire detector volume ranges from 0.5 to 9 pA at an applied voltage of 200 V.

This indicates that a uniform compensation has been achieved within the silicon volume (30 mm in diameter and
2 mm in thickness) by lithium ions. As the voltage increases, the current also rises; however, this increase is non-linear
and gradually approaches a saturation-like regime. In the initial voltage region (0-30 V), the current increases sharply
with voltage, indicating the onset of the drift process. In this zone, the detector exhibits high sensitivity. In the intermediate
region (30-100 V), the growth of the current slows down. This suggests that the drift region is expanding, although a
significant portion of the lithium ions in the silicon has already been positioned. At high voltages (100200 V and beyond),
the current increase becomes nearly negligible and deviates significantly from linearity, indicating saturation. This means
the drift layer has reached its maximum extent, and the detector operates in a stable regime at these voltages. It is well
known that capacitance-voltage (C—V) characteristics can be used to determine both the density of surface states and their
distribution function across the energy bandgap at the semiconductor—dielectric interface of monocrystalline silicon.
Several methods have been developed to analyze these parameters based on C—V measurements.
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It is well established that capacitance—voltage (C—V) characteristics provide valuable insights into the density of
surface states and their energy distribution at the semiconductor—dielectric interface. This type of C—V analysis is
particularly significant for evaluating the physical - parametric properties of Si(Li) —based detectors. Figure 8 presents
the C—V characteristic of an Al —nGe(p — i —n) — Au detector, which is based on a p — i — n (positive—intrinsic—
negative) type semiconductor structure. In such detectors, due to the narrow width of the intrinsic (i) layer, the depletion
region extends significantly, resulting in a low overall capacitance. As the applied voltage increases, the capacitance
decreases slowly. The C—V curve generally shows a downward trend with increasing bias voltage, ultimately reaching a
plateau region where the capacitance becomes nearly constant. From the graph, it can be observed that in the initial voltage
range (~0-20 V), the capacitance decreases rapidly, indicating the expansion of the depletion region. In the 30-35 V
range, a plateau forms, indicating that the structure has reached complete depletion, and further increase in voltage no
longer significantly affects the capacitance. The capacitance starts at approximately 300 pF and stabilizes as it approaches
the plateau. Under this condition of complete depletion, the detector yields a clean and well-defined signal, indicating its
optimal operating state. Any additional voltage serves only to stabilize the operation and does not affect the capacitance
further. On the other hand, the Au — nSi — Al detector features a structure based on a classical n-type semiconductor (Si)
and behaves similarly to a Schottky barrier or p—n junction detector. In this case, applying a voltage causes the depletion
region to deepen, but since there is no intrinsic layer (i-region), the capacitance remains relatively high. Consequently,
the C—V characteristic of such detectors exhibits a steeper and more abrupt decrease. Due to the shorter depletion width,
the capacitance begins at a higher level (approximately 300400 pF) and decreases rapidly as the voltage increases. The
C = f(V) graph for this detector type shows a rapid drop in capacitance with little to no observable plateau.

C-V Characteristics of the Si(Li) Detector Au-nSi-Al C-V Characteristics (Plateau Highlighted)
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Figure 8. Capacitance-voltage (C — V) characteristics
a) Al —nGe(p — i — n) — Au. b) Au — nSi — Al detectors

The capacitance-voltage (C—V) characteristics were studied using the E7-12 instrument at a frequency of 1 MHz,
and a modernized L2-7-1M instrument was employed for measurements in the 0.465 MHz to 10 MHz frequency range.
These instruments ensured that the amplitude of the applied AC signal did not exceed 5-7 mV. All measurements were
carried out at a temperature of T = 300 K, using both parallel and series equivalent circuit configurations. The
measurement error did not exceed 0.1pF. The voltage-capacitance characteristics investigated for detectors of different
types demonstrate that a high compensation quality was achieved during fabrication, owing to the drift process of lithium
ions within the detector material.

The obtained results are considered to be optimal for semiconductor detectors. Consequently, through
investigations and technological processes, the fabrication technology of Si(Li) —based semiconductor detectors with
ap — i — n structure has been developed and optimized.

CONCLUSIONS

The choice of detector material and structure directly affects their electrophysical and radiometric properties. In
particular, detectors with a p — i — n structure stands out from other types due to their high resolution and low current
noise. High sensitivity and stability were achieved in low-defect p-type silicon (pSi) samples due to deep lithium
diffusion. The high resistance and extremely low leakage current of the detector demonstrated its excellent energy
resolution capability. Measurements of detectors based on the Au — nSi — Al structure showed that this type of detector
has greater radiation tolerance, making it suitable for continuous operation. The capacitance—voltage (C—V) and current-
voltage (I-V) characteristics were measured for both types of detectors, revealing that the depletion region is fully formed
within the voltage range of 30 — 35 V. The plateau region observed in the C—V characteristics indicates full activation of
the detector, while the low current observed under reverse bias in the [-V characteristics confirms the formation of a high-
quality p—n junction. These detectors have high potential for use in various applications, including cosmic radiation
detection, nuclear medicine, environmental monitoring, and security systems.
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EJIEKTPO®IBUYHA XAPAKTEPU3ALIA ®OTOJETEKTOPIB HA OCHOBI HAIIIBITPOBIAHUKOBHUX
CTPYKTYP Si(Li) TA Si(Au)
Inxom I. Mapinos', Caui A. Pamxikanos?, Capaop ®. Xacanos', lamip b. Ictamos?, FOcyd T. FOanames’, liopa Axuazaposa?,
Mlammignin A. Amipos®
'"Tawxenmcvkuti Oeparcasnuti acpapnuil ynisepcumem, Tawkenmcoka obnacmy, 111160, Y36exucman

2Qisuxo-mexniunuil incmumym Axaodemii nayk Ysoexucmany, Tawxenm 100084, Vsbexucman

STynicmancokuil deparcashuil yHisepcumem, 4-i mikpopatiion, 120100, I'ynicman, Y36exucman
V wiit cTaTTi JOCHiIKEHO TeXHOJIOT1YHI Ta (Gi3nYHI NPUHIUITY CTBOPEHHS SICPHHUX AETEKTOPIiB BUIIPOMIHIOBAHHS HA OCHOBI KpEMHIM-
mitieBux (Si(Li)) crpyktyp i3 ToBHmIMHOIO mHoHax 1,5 MM Ta miomielo moBepxHi He MeHiie 50 cm?. AHamizyerbcs (HOpMyBaHHS
BEJIMKOTa0apUTHHUX p—i—N CTPYKTYP LUIIXOM Apeiidy Ta audy3ii ioHiB mitito. s OMiHKH eneKTpodi3nyHNX NapaMeTpiB JeTEKTOPiB
Oynu mpoBeneHi BUMiproBaHHS BosbT-amnepHux (I-V) ta emuicHo-HampyroBux (C—V) xapaktepuctuk. Pesympratu -V mpu
3BOpOTHOMY 3MimeHHi B fgiamazoni U = 0-200 B moka3zanu Haa3Bu4aitHO HU3bKI cTpymu BUTOKY (I < 0,5 HA), 1m0 cBiguuTh 1Mpo
(opMyBaHHS BUCOKOSIKICHUX p—i—n nepexoais. [Ipu Hanpysi nonax 100 B cTpym 3aimmaBest mpaKTHYHO CTalIMM, YTBOPIOIOYH IIIATO.
OTpumaHi pe3yibTaTH MPONOHYIOTh €(EeKTHBHI TEXHOJOTIUHI PIMIEHHS IJIsI PO3POOKH BHUCOKOUYTIMBHX, CTAOUIBHHUX JETEKTOPIB
BUIIPOMIHIOBAHHS 3 HU3bKUM PiBHEM LIyMY.
KuawuoBi ciaoBa: demexmop, cemepocmpykmypa, KpeMmHill, 2epMaHill, HANIGNPOGIOHUKO8A p—i—N CMPYKMypa; p—n nepexio;
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This study provides a comprehensive analysis of the electrophysical properties of the pSi/n-Cd,S,- heterojunction, where the cadmium
composition x varies continuously from 0 to 1. The investigation integrates theoretical modeling, numerical simulations, and
experimental validation employing typical doping concentrations of p = 2x10'” cm™ for p-type porous silicon and n = 1x10'® cm™ for
n-type Cd,S;-.. Particular attention is devoted to the temperature-dependent evolution of key material parameters, including the bandgap
energy Eg(T), intrinsic carrier concentration ni(T), and the Debye temperature O(x). As the cadmium fraction increases, the bandgap
narrowing in CdiSi— becomes evident, while porous silicon maintains a relatively wide and thermally stable Eg(T), resulting in a
substantial band offset (AEg) that enhances charge carrier separation across the interface. Furthermore, the reduction of ®(x) with
increasing cadmium concentration modulates phonon scattering and recombination dynamics, thereby influencing charge transport
characteristics. The analysis of current transport mechanisms indicates that the junction behavior is predominantly controlled by
temperature- and composition-dependent band alignment and carrier recombination processes. The obtained results validate the
proposed physical model and demonstrate the promising potential of pSi/n-Cd.S;-. heterostructures for high-temperature and
acoustically tunable optoelectronic devices.

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

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

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

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

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

METHODS AND MATERIAL

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

EX)=x-Epyg +(1—x)-£g—-x(1—-x) )

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

E(x)=x-Eqy +(1—x)-& 2)

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

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

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

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

a-T?

“

In equation (3), E4(T)denotes the bandgap energy at temperature T, while E; (0)represents the bandgap at absolute
zero (0 K). The parameter ais a material-specific coefficient that quantifies the temperature dependence of the bandgap
and is typically determined experimentally for each semiconductor material [29]. The temperature dependence of the
bandgap for both pSi and n-Cd.Si layers was modeled using the Varshni relation, allowing accurate prediction of
bandgap narrowing at elevated temperatures. To validate the theoretical model, the calculated temperature-dependent
bandgap values were compared with numerical simulations performed for doping concentrations of p = 2 X 107 cm™3and
n =1 x 10 cm™3. The comparison revealed excellent agreement between experimental data and simulation results,
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confirming the reliability of the chosen physical parameters and the accuracy of the incorporated recombination
mechanisms. In the energy band diagram, the conduction band (E), valence band (E},), and Fermi level (Er) are shown
with characteristic band bending near the interface due to space-charge formation and built-in potential development.
Distinct band discontinuities (AEc, AEy) arise from differences in electron affinity and bandgap between Si and Cd,Si-,
typical of type-II heterojunctions. The composition- and temperature-dependent bandgap, E,4(T,x), governs carrier
confinement, recombination dynamics, and optical absorption. This pSi/n-Cd,S:-, heterojunction exhibits strong potential
for: Optoelectronic applications, including high-sensitivity photodiodes and broadband solar cells; Bandgap engineering,
achieved by controlling the Cd-to-S ratio (x) to tune electronic and optical response; Thermal behavior analysis, as its
E4(T, x)dependence makes it a promising candidate for temperature-sensitive or high-temperature optoelectronic devices.

RESULTS AND DISCUSSION

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

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

a) 400 pm 10 pm

b)

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

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

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

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

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

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

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

CONCLUSIONS

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

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

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

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

Overall, the pSi/n-Cd,S,.. heterojunction demonstrates strong compositional tunability, thermal robustness, and
phonon-controlled carrier dynamics, making it a promising candidate for high-temperature, infrared-sensitive, and
ultrasound-responsive optoelectronic devices.
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VY 1poMy JOCTIPKEHHI MpECTaBICHO BCceOiUHE BUBUCHHS €IEKTPO(I3NUHUX BIacTHBOCTEH rereponepexony pSi/n-CdiSi~, y sxomy
KaJMi€Ba CKJIaZoBa X 3MIHIOETHCS B Mexkax Bif 0 mo 1. AmHami3 6a3yeThcsl Ha HOEAHAHHI TEOPETHYHOIO MOJIEIIOBAHHS, UHMCEITEHOTO
MOJIEITIOBaHHS Ta €KCIIEPUMEHTAIILHOI EPEBIPKH, BUKOHAHUX IS THIIOBHX PIBHIB JieryBaHHs: p = 2x10'7 cM™ 1711 IOPUCTOTO P-KPEMHII0
tan = 1x10" cM? st n-CdsSi1~. OcobnuBy yBary npuaiIeHO TEMIIepaTypo3aIeKHii MOBEiHII KIIOYOBUX MaTepiajbHUX MapamMeTpiB,
30kpema mmpunu 3aboporeHoi 30uu Eo(T), xoHuentpauii Baacuux HociiB ni(T) ta temmeparypu [ebas O(x). Beranosmneno, mo 3i
301IBIICHHSIM YacTKHU KaJMil0 CIOCTepiraeThesi 3ByxKeHHs 3a00poneHoi 30HH CdySi—~, TOMi SK HMOPHUCTHI KpeMHil 30epirae BigHOCHO
mUPOKy Ta TepMiuHo cTabinbHy Eo(T), mo 3abe3medye 3nauHe 30HHe BUpiBHIOBaHHS (AEv) i cripusie eekTHBHOMY PO3MIiIIEHHIO HOCIIB
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This study investigates the influence of substrate temperature on the morphological and structural characteristics of TiO> thin films
synthesized by thermal atomic layer deposited (ALD) using titanium tetraisopropoxide and water as precursors. The substrate temperature
was varied from 200 to 275°C in 25°C increments. Surface morphology was examined using atomic force microscopy, while the crystalline
structure was analyzed by XRD and Raman spectroscopy. It was found that films deposited at 200 °C exhibited an amorphous structure
and a smooth, conformal surface with minimal roughness. Increasing the temperature to 225 °C led to the formation of microstructures and
the emergence of initial signs of crystallization, accompanied by an increase in surface roughness. At 250-275°C, a well-defined
polycrystalline anatase structure was formed, characterized by grain development and nanostructure agglomeration, as evidenced by the
increased intensity of diffraction peaks and higher surface roughness parameters. According to the XRD analysis, the average crystallite
size ranged from 32 to 71 nm, depending on the synthesis temperature. The results demonstrate that deposition temperature exerts a
comprehensive effect on both the phase composition and surface morphology of TiO: films, which must be considered for their application
in functional nanostructures, photocatalytic systems, sensors, and microelectronic devices.

Keywords: TiO.; ALD; Anatase; Crystallinity; Morphology, Substrate temperature; XRD; Raman

PACS: 81.07.Bc, 81.15.Gh, 68.37.Ps, 61.05.C-

INTRODUCTION

TiO» is one of the most extensively studied oxide materials due to its high thermal and chemical stability, environmental
safety, and the diversity of its structural modifications. It is widely employed as a functional material in micro- and
nanoelectronics, sensing technologies, photocatalysis, as well as in buffer and protective layers within multilayered
heterostructures [1,2,3]. Of particular interest is the ability to deliberately control the surface morphology and structural state of
TiOs thin films, as these characteristics directly influence the material’s mechanical, electrical, and diffusion properties [4,5].
The type of crystalline phase, such as anatase, rutile, or brookite, along with crystallite size and orientation, the presence of
amorphous components, and surface topography, collectively determine the performance of the film in practical
applications [6]. Among the modern techniques for TiO, thin film fabrication, ALD stands out as one of the most precise and
controllable methods, capable of producing highly uniform coatings even on substrates with complex geometries [7,8].

ALD enables angstrom-level control over film thickness, uniformity, and conformality, making it particularly
attractive for the fabrication of nanostructured materials, especially on substrates with complex geometries [9]. In the
synthesis of TiO> thin films via ALD, various titanium-containing precursors are commonly employed, such as titanium
tetrachloride [10], tetrakis(dimethylamido)titanium [11], and titanium tetraisopropoxide (TTIP) [12], in combination with
oxidizing agents like water, oxygen, or ozone. Among these, the thermal ALD process using TTIP and water as precursors
is especially advantageous due to its low toxicity, high process stability, and the absence of corrosive by-products such
as hydrochloric acid, which are typically generated when using chloride-based precursors [13]. This approach ensures
high chemical purity of the resulting films and offers precise control over their thickness and phase composition, which
is essential for tailoring the structural and functional properties of TiO, layers. One of the most critical parameters in the
ALD process is the substrate temperature, which has a pronounced effect on growth mechanisms, the degree of
crystallinity, and the surface morphology of the resulting films. At low deposition temperatures, films typically remain
amorphous, whereas elevated temperatures can induce crystallization, surface roughening, grain growth, and, beyond the
optimal range, agglomeration and loss of uniformity [14].

This work aims to investigate the effect of substrate temperature on the formation of surface morphology and crystalline
structure of TiO» thin films synthesized by thermal ALD using TTIP and water as precursors. Particular attention is given to
the analysis of surface evolution and crystallinity as a function of deposition temperature in the range of 200 - 275°C with
25°C increments, using atomic force microscopy, XRD, and Raman spectroscopy.

EXPERIMENT
TiO;, thin films were deposited by thermal ALD using an SI PEALD system (SENTECH Instruments GmbH,
Germany). Polished monocrystalline silicon wafers with a thickness of 0.4 mm, p-type conductivity, and (100)
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crystallographic orientation were used as substrates. TTIP served as the metalorganic precursor, while deionized water was
employed as the oxidizing agent. Nitrogen was used as both the carrier and purge gas. The substrate temperature was varied
from 200 to 275 °C in 25 °C increments to investigate its effect on the morphology and crystallinity of the resulting films.
All other deposition parameters were kept constant and corresponded to previously optimized conditions [12]: nitrogen flow
rate of 120 cm’/min, chamber pressure of approximately 60 Pa, and a total cycle duration of 8s. Each deposition cycle
included five steps carried out in sequence: an initial purge with nitrogen, injection of the TTIP precursor for 0.5 s, a nitrogen
purge for 3 s, introduction of H,O for 1.5 s, and a final nitrogen purge for 3 s. The deposition was carried out for 500 cycles
under the conditions described above.

The structural properties of the films were investigated using a Renishaw InVia Raman spectrometer operating in the
visible range with a laser wavelength of A = 532 nm. Phase analysis of the samples was performed by XRD using a Rigaku
SmartLab diffractometer equipped with a copper anode (Cu Ka, A = 1.5406 A). Diffraction data were collected in the 20
range from 20° to 75° with a step size of 0.02°. The resulting diffraction patterns were analyzed using the ICSD (Inorganic
Crystal Structure Database) to identify the crystalline phases. Surface morphology of the synthesized TiO, films was
examined by AFM using an AFM-NT MDT Solver Next system operating in contact mode.

Surface Morphology

Surface scanning was performed over areas of 5 x 5 pm? for each deposition temperature. Both two-dimensional
topographic images and cross-sectional surface profiles were analyzed, enabling assessment of the influence of substrate
temperature on surface relief evolution.

Topographic AFM images of the films deposited at temperatures ranging from 200 to 275°C are presented in
Figure 1(a). A progressive transformation of the surface structure is observed with increasing deposition temperature. At
200°C, the surface is nearly flat and featureless, indicating a conformal growth mode. At 225 °C, isolated microstructures
appear, likely associated with the onset of crystallization and the formation of initial growth centers. At 250°C, these
microstructures become more pronounced and well-defined, suggesting intensified crystallization and the emergence of
crystalline phase regions. At 275 °C, a substantial morphological transformation is observed, with the formation of
agglomerated spherical nanostructures exhibiting particle sizes of 50-100nm and an overall cluster diameter of
approximately 0.5 um. This indicates that the upper limit of the optimal ALD process window may have been exceeded,
resulting in enhanced surface diffusion and aggregation due to precursor molecule desorption and re-adsorption. Analysis
of the surface profiles extracted from the AFM scans is presented in Figure 1(b).
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Figure 1. AFM images (a) and cross-sectional profiles (b) of TiO2 films deposited at 200-275°C

Quantitative analysis of the AFM surface profiles enabled the determination of key roughness parameters, which
are summarized in Table 1. The values of surface roughness and maximum height difference were calculated using
standard formulas commonly applied in the interpretation of AFM data.

Table 1. Surface roughness parameters of TiO2 films deposited at different substrate temperatures

200°C 225°C 250°C 275°C

R. | 0.14 nm 2.4 nm 2.69 nm 18.64 nm
R:| 1.73nm 1097nm 1744nm 167.92 nm

At 200°C, the R, was measured to be 0.14 nm, indicating a highly smooth surface and uniform growth without the
formation of local clusters. The film growth at this temperature was predominantly governed by saturated surface
reactions. At 225°C, an increase in surface roughness to 2.40nm was observed, along with the appearance of
microstructures, suggesting the onset of conformality loss and the emergence of crystallization centers. This trend
continued at 250°C, where R, reached 2.69 nm and Rz was 17.44 nm, reflecting the development of grains and the
intensification of grain boundaries. The most significant changes were observed at 275°C, where R, increased to 18.64 nm
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and R, to 167.92 nm. These values indicate the formation of a coarse-grained agglomerated structure and a pronounced
loss of growth uniformity, likely due to the exceedance of the ALD process temperature window and enhanced thermally
driven diffusion processes.

Structural Analysis

The Raman spectrum of the investigated sample exhibits well-defined peaks at 143, 194, 392, and 637 cm ™, along with
an intense band at 520 cm™ (Figure 2). Peak identification was performed based on factor group analysis and comparison
with literature data. It is well established that anatase phase TiO, exhibits six Raman active modes with symmetries Alg,
Blg, and Eg, typically observed at 144, 194,397,513, 517, and 639 cm™ [15]. The peaks recorded at 143, 194, and 637 cm™!
correspond to phonon modes with Eg symmetry, while the band at 392 cm™ is assigned to the B1g mode. The strong signal
at 520 cm™ originates from Si-Si vibrations and is attributed to the monocrystalline silicon substrate [16]. This substrate-
related peak overlaps with the anatase-related Alg and B2g modes at 513 and 517 cm™, respectively, hindering their
unambiguous identification. The rutile phase of TiO, is characterized by principal Raman modes at 144, 243, 447, and
612cm™ [17]. None of which was observed in the acquired spectrum. Similarly, no bands corresponding to brookite-
typically found at 153, 247, 322, 366, 398, 414, and 632 cm'-were detected [18]. This indicates the absence of both rutile
and brookite phases in the film.

Intensity (a.u.)

I O

200 400 600 800

Raman shift (cm™)

Figure 2. Raman scattering spectrum of the sample

Identification and physical interpretation of the observed Raman peaks: The peak at 143 cm™ is the most intense and
prominent feature of anatase-phase TiO,. It corresponds to the Eg symmetry phonon mode, associated with symmetric in-
plane vibrations of oxygen atoms relative to titanium ions. Its intensity and sharpness are indicative of a high degree of
crystallinity and lattice order. The 194 cm™ peak represents a low-frequency mode with Eg symmetry, attributed to collective
oxygen vibrations directed along the crystallographic axis. The 392 cm™ peak arises from oxygen vibrations perpendicular
to the titanium atoms and is characteristic of the Big mode, reflecting the local symmetry of the anatase crystal lattice. The
strong peak at 520 cm™ originates from the Si-Si bond vibrations of the monocrystalline silicon substrate. In cases of low
TiO, film thickness, this peak appears as a pronounced background signal, which can mask the intrinsic Raman features of
TiO,, particularly those near 513 and 517 cm™. The 637 cm™ peak is a high-frequency mode associated with symmetric
oxygen vibrations within the anatase lattice and serves as an additional signature of this crystalline phase. Taken together,
the presence and assignment of these peaks confirm that the TiO, films synthesized at substrate temperatures of 225-275°C
exhibit a well-defined anatase crystalline structure, while the film grown at 200 °C retains an amorphous phase.

The crystallinity and phase composition of TiO; films synthesized at substrate temperatures of 200°C, 225°C, 250°C,
and 275°C were investigated using XRD. In the sample deposited at 200°C, no diffraction peaks were detected, indicating
an amorphous structure with the absence of long-range crystalline order. For the samples synthesized at 225 °C, 250 °C,
and 275°C, the corresponding XRD patterns are shown in Figure 3 (a). At 225°C, weak but clearly distinguishable
diffraction peaks appear, characteristic of the anatase phase of TiO,. In particular, a peak near 26 =~ 25.3° corresponds to
the (101) crystallographic plane, indicating the initial formation of crystalline nuclei, i.e., growth centers [19]. At the
same time, the presence of a broad amorphous background suggests a two-phase composition-comprising both amorphous
and crystalline components.

To quantitatively evaluate the phase composition, Rietveld refinement [20] was performed using the reference anatase
structure from the ICSD database (entry No. 83795). The analysis revealed that the crystalline phase content in the sample
deposited at 225°C was approximately 25-30%, with the remaining fraction being amorphous. The emergence of crystalline
growth centers at this temperature may be attributed to substrate surface characteristics, including morphology, surface
energy, and the presence of structural defects that promote localized adsorption and structural ordering. However,
crystallization does not extend throughout the entire film, and the majority of the volume remains amorphous.

In contrast, XRD analysis of the samples synthesized at 250 °C and 275 °C revealed sharp and intense diffraction peaks
corresponding to the anatase phase of TiO,. Reflections from the (101), (004), (200), (105), and (211) planes were identified
at 20 angles of approximately 25.3°, 37.8°, 48.0°, and 54.0°, respectively [20]. The presence of narrow and intense peaks
indicates a high degree of long-range crystalline order. The absence of a broad amorphous background further confirms the
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fully crystallized anatase structure in these films, with no detectable amorphous component. Comparison of the obtained
diffraction patterns with the reference anatase phase revealed complete agreement in both peak positions and relative
intensities, indicating a polycrystalline anatase structure. The crystallites are randomly oriented, and the diffraction intensity
is evenly distributed across all crystallographic directions. Based on the results of XRD and AFM analyses, a schematic
representation of the TiO, film growth process via ALD at different substrate temperatures is provided in Figure 3(b).
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Figure 3. XRD patterns of TiO: films (a) and schematic illustration of the temperature-dependent growth mechanism (b)

At 200°C, the film is amorphous, exhibiting a smooth surface with no signs of crystallization. The layer demonstrates
high conformality. At 225°C, localized crystallization centers begin to emerge, accompanied by the initial formation of
anatase domains. The conformality of the film is partially disrupted. At 250°C, the crystallization process intensifies,
resulting in the development of a continuous polycrystalline anatase structure throughout the film. The crystallites are
randomly oriented, and the structure appears stabilized. At 275°C, a coarse-grained structure composed of large crystallites
is formed. Enhanced surface diffusion results in agglomeration, and the film grows with a loss of uniformity. The average
crystallite size was calculated using the Scherrer equation [21]:

D= K2
"~ Bcosb

Where D is the average crystallite size, K is the Scherrer constant, A is the wavelength of Cu Ka radiation (0.15406 nm), 3
is the full width at half maximum (FWHM) of the diffraction peak, and 0 is the Bragg angle. For the calculations, five
diffraction peaks corresponding to different crystallographic planes were selected, and the FWHM values () were measured
for each of them. According to the results, the crystallite sizes ranged from 32.2 nm to 71.3 nm, indicating an average
crystallite size of approximately 40-70 nm in the investigated TiO, samples.

CONCLUSIONS

Structural and morphological characterization of TiO> thin films synthesized by thermal ALD using TTIP and H,O
as precursors has demonstrated a strong dependence on substrate temperature. At 200°C, the films exhibit an amorphous
structure with conformal surface morphology, as confirmed by the absence of diffraction peaks and a low surface roughness.
The onset of crystallization is observed at 225°C, with the emergence of weak diffraction features and microstructural
formations, indicating the formation of anatase-phase nuclei. At elevated deposition temperatures of 250-275°C, the TiO-
films exhibit complete crystallization into the anatase polymorphic phase, as confirmed by the appearance of sharp and
intense diffraction peaks corresponding to the (101), (004), (200), and other characteristic crystallographic planes. The
crystallite size increases significantly with temperature, reaching ~70 nm, and the films exhibit a coarse-grained
polycrystalline structure. AFM analysis reveals a progressive increase in surface roughness, consistent with crystallite growth
and agglomeration driven by enhanced surface diffusion. These results confirm that substrate temperature is a critical
parameter governing the nucleation, growth mode, and final structural configuration of ALD-deposited TiO, films. Control
over this parameter enables precise tuning of crystallinity and surface topology, which is essential for optimizing film
performance in applications such as photocatalysis, sensors, and nanostructured functional coatings.
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BIIVIMB TEMIIEPATYPU HNIJAKJIAJAKU HA MOP®OJIOI'TIO TA KPUCTAJIIYHICTD TOHKHUX IIVIIBOK TiOz,
BUPOLIIEHUX METOJOM ALD 3 BUKOPUCTAHHSM TTIP TA H20
Temyp K. Typaanies, Xomxiaxman X. 3oxinos, Illlyxpar Y. Ickanaapos, Ycmonkon @. bepaies
Incmumym ionHo-nnazmosux ma nazepHux mexnono2ii im. Apigposa Axademii nayx Ysoexucmarny
100125, eyn. [lypmon iiyni, 33, Tawxenm, Y3bexucman

VY 11bOMY JJOCHIJDKEHHI JOCIIDKY€EThCS BIUIUB TEMIIEPATYPH MiAKIAIKA Ha MOP(OJIOTivHI Ta CTPYKTYPHI XapaKTepPHUCTHKH TOHKHX IUTIBOK
TiO2, cuHTe30BaHNX METOAOM TepMidHOro ALD 3 BUKOpHCTaHHSAM TETPai3ONPOIOKCHIY THTaHy Ta BOAM K IpeKypcopis. Temmeparypa
migkTagku 3MiHroBanacs Bifg 200 mo 275°C 3 xpokom 25°C. Mopgooriro moBepxHi JOCITIHKYBaIN 32 AOTIOMOTOI0 aTOMHO-CHIIOBOL
MIKpOCKOIIi{, a KPUCTaJIIYHy CTPYKTYpy aHAJII3yBalId 3a JOTOMOIOI0 PEHTIeHIBCHKOI AU(PAKIi Ta pamMaHiBCbKOi crekTpockorii. Byio
BUSIBIICHO, 1110 IUTiBKH, HaHeceHi npu 200°C, manu aMophHy CTPYKTYpy Ta IJ1aAKy, KOHOPMHY ITOBEPXHIO 3 MiHIMAJILHOIO HIOPCTKICTIO.
[MinBuenns Temneparypu a0 225°C mpu3Beso 0 YTBOPEHHS MIKPOCTPYKTYp Ta MOSIBU IIOYAaTKOBHX O3HAK KPHCTAII3aLli, L0
CYIPOBODKYBAIIOCS 30UIBIIEHHAM HIOPCTKOCTI moBepxHi. [Ipu 250-275°C yTBOpmacst 4iTKo BHpaKeHa MOJIIKPUCTANIIYHA CTPYKTYypa
aHartasy, IO XapaKTepHU3YEThCs PO3BUTKOM 3€pEH Ta arjoMepalrlielo HaHOCTPYKTYp, MPO IIO CBIAYMTH MiJBHINEHA IHTEHCHUBHICTH
JupaKLifHUX MIKIB Ta BHILI MapaMeTpH IIOPCTKOCTI MOBEPXHi. 3TiTHO 3 PeHTTeHIBChKUM JTU(paKLiiiHIM aHAI30M, CepeHiil po3Mip
KPHCTAJITIB KONMUBABCs Bif 32 10 71 HM, 3aJIe)KHO BiJ TeMIepaTypu CHHTE3y. Pe3ynbraTi MoKa3yroTh, 10 TeMIIepaTypa OCaIKEHHs Ma€e
KOMIUTEKCHUH BIUTUB sIK Ha (pa30BUi CKJIaf, Tak i Ha Mop¢oJIorito moBepxHi mwIiBok TiO2, 10 He0O0XiTHO BpaXxOBYBaTH AJIS iX 3aCTOCYBaHHS
y GOYHKITIOHAJIBHIX HAHOCTPYKTYpPax, (POTOKATATITUIHHX CHCTEMaX, CEHCOPaX Ta MIKPOEIEKTPOHHUX IIPUCTPOSIX.

Kuarouosi ciioBa: TiO»; ALD,; anamas; kpucmaniunicms; mopgonozis, memnepamypa niokniaoxu; XRD; pamanisceka cnekmpocKkonis
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Ni-ferrite-TiO2 nanocomposites with varying TiO2 content (0%, 25%, 50% and 75%) were synthesized using the sol-gel auto-
combustion method and characterized through XRD, FE-SEM, VSM, and Raman spectroscopy. The XRD analysis confirmed the
coexistence of ferrite and TiO2 phases. FE-SEM images revealed uniform particle distribution and a reduction in particle size as TiO2
content increased. Raman spectroscopy showed strong TiOz-related vibrational modes, with the highest intensity observed in the 75%
TiOz sample, diminishing as TiO2 content decreased. Peaks observed in pure Ni-ferrite (283, 402, 469 and 689 cm™) shifted to lower
wavelengths with increasing TiO2 doping, indicating altered vibrational modes due to phase interactions. These interactions likely
contributed to changes in the magnetic propertiecs. VSM analysis revealed a decrease in saturation magnetization and magnetic
remanence with increasing TiOz content, while coercivity remained stable. The magnetic behavior was attributed to TiOz dilution and
phase interfaces, offering valuable insights for the design of magnetic materials with customized properties.

Keywords: Ferrite; Nanocomposites, Magnetic properties; Nanoparticles; Hybrid ferrite

PACS: 75.75.+a; - 81.16.-c

1. INTRODUCTION

The pursuit of advanced magnetic materials with tailored properties has become a central focus of modern
technological innovation. Magnetic nanomaterials offer promising opportunities for applications in spintronics,
magnetic storage, biomedical devices, and energy storage systems [1][2]. Among these, nickel ferrite (NiFe)
nanoparticles stand out due to their remarkable magnetic characteristics, stability, and biocompatibility [3].

Ni ferrite nanoparticles are known for their excellent magnetic properties, such as high saturation magnetization
and coercivity, making them suitable for various high-performance applications [4,5]. Moreover, the magnetic behavior
of these nanoparticles can be further optimized by altering their composition, structure, and morphology [6]. Studies on
similar ferrite-based nanocomposites, such as cobalt ferrite (CoFe) and zinc ferrite (ZnFe), have demonstrated distinct
magnetic properties. CoFe nanoparticles exhibit high magnetic anisotropy and coercivity [7], while ZnFe nanoparticles
are recognized for their magnetic stability and biocompatibility [8].

The potential of NiFe nanoparticles can be expanded through hybridization with other materials, creating
multifunctional nanocomposites with enhanced magnetic and structural properties. Titanium dioxide (TiO;) emerges as
an excellent material for this purpose due to its unique optical, electrical, and magnetic properties [9]. Integrating TiO,
with NiFe nanoparticles can yield nanocomposites with enhanced magnetic properties, improved thermal stability, and
increased surface area [10].

In this study, Ni-ferrite-TiO> nanocomposites with varying TiO2 content were synthesized using the sol-gel auto-
combustion method. This technique provides precise control over the composition, structure, and morphology of the
nanocomposites, enabling a systematic investigation of how TiO, incorporation influences their magnetic properties [11].
Our research investigates the structural, morphological, and magnetic properties of NiFe-TiO, nanocomposites to gain a
deeper understanding of the mechanisms underlying their enhanced magnetic behavior. The insights gained from this study
will aid in the development of multifunctional nanomaterials with customized magnetic properties, opening new
possibilities for applications in magnetic storage, spintronics, biomedical devices, and energy storage technologies.

2. Materials and methods
2.1 Synthesis
NiFe:04 spinel nanoferrite was synthesized using a sol-gel auto-combustion method [12,13]. Stoichiometric
amounts of analytical grade of ferric nitrate (Fe(NOs)s-9H20), nickel nitrate (Ni(NOs)2-6H20), and citric acid (CsHzO7)
were dissolved in deionized water, maintaining a 1:1 molar ratio [14]. The pH was adjusted to neutral (pH 7) by adding
ammonia while stirring. The mixture was then heated to 90°C, forming a dense gel, which was subsequently heated to
275°C, initiating a combustion reaction that produced as-burnt ferrite powder. The powder was calcined at 500°C for 3
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hours in air to remove organic residues and achieve a uniform particle size distribution [15]. To explore the impact of
TiO2 content on the nanocomposite properties, TiO> nanoparticles were introduced into the ferrite nanopowder at
various ratios (0%, 25%, 50%, and 75%). The structural, morphological, and magnetic properties of the resulting
ferrite-TiO2 nanocomposites were comprehensively characterized.

2.2 Material characterization

The crystalline structure of the ferrite nanocomposites was examined using X-ray diffraction (XRD) analysis
performed on a PANalytical X'pert Pro instrument (Netherlands) with a Cu Ka radiation source (A = 1.54048 A) [16].
The surface morphology of the nanoparticles was investigated using field emission-scanning electron microscopy (FE-
SEM) with a MIRA3-XMU model (TESCAN, Czech Republic) [17]. Raman spectra using XploRa-HOBIBA with
a 785 nm laser were employed to identify the spinel ferrite phase [18]. The magnetic properties of the ferrite
nanocomposites were characterized at room temperature using a vibrating sample magnetometer (VSM) from LBKFB
Meghnatis Daghigh Kavir Company, with an applied magnetic field ranging from -10 to +10 kOe [19].

3. RESULTS AND DISCUSSION

The XRD patterns of the NiFe204/TiO2 nanocomposites with varying TiO2 content (0%, 25%, 50%, and 75%) are
presented in Figure 1. The FullProf-fitted spectra reveal well-defined peaks at (220), (311), (222), (400), (422), and
(440), which are characteristic of the spinel ferrite phase [20]. These peaks confirm the presence of the NiFe:Oa spinel
structure and indicate that the samples are free from detectable impurities [21]. In addition to the ferrite phase, the TiO2
phase was identified through spectral fitting techniques [22]. The XRD patterns correspond well with known reference
patterns for the cubic spinel phase of NiFe.O4 (JCPDS card no. 00-054-0964) and the tetragonal anatase phase of TiO-
(JCPDS card no. 00-021-1272) [23]. The accurate matching of these patterns with standard reference cards validates the
successful incorporation of TiO: into the NiFe.Os matrix and confirms the preservation of the distinct crystal structures
of both components within the nanocomposites. This indicates that TiO: is present in its anatase form and does not
interfere with the spinel structure of the ferrite, thus allowing for the exploration of combined properties of these
materials.
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Figure 1. XRD patterns of 0%, 25%, 50%, and 75% NiFe.O4/TiO2 nanocomposites

The structural parameters of the NiFe:O+/TiO2 nano composites, determined through FullProf fitting, are
summarized in Table 1. The crystallite size (Dxrp) and particle size (Dre-sem) values show a slight variation with
increasing TiO2 content. Specifically, a minimum crystallite size of 41.72 nm is observed for the 25% TiO- sample.
This reduction in crystallite size can be attributed to the grain refinement effect induced by the incorporation of TiO..
The presence of TiO:. may disrupt the growth of NiFe:O4 grains, leading to smaller crystallite sizes [24]. The lattice
parameter (a) values range from 5.347 A to 7.213 A, reflecting a subtle expansion of the crystal lattice with increasing
TiO: content. This lattice expansion is likely due to the substitution of larger Ti*" ions for the smaller Fe*" ions in the
NiFe2Os lattice. As Ti*" ions are larger than Fe** ions, their incorporation into the NiFe:Os lattice increases the lattice
dimensions, which is consistent with the observed increase in the lattice parameter [25].

Table 1. Structural Parameters from XRD & SEM analysis- crystallite size (Dx), particle size (Ds), lattice parameter (a), density
(px), microstrain(e) and dislocation density (8)

TiO: Dxrp  Dsem

% (nm) (nm) (g) Px ex1073 ox1013

0 44.85 17.9 8350 535 1.5 0.599
25 41.72 19.9 8335 721 1.91 0.824
50 45.01 22.1 8333 721 1.80 0.720

75 49.08 219 8335 7.21 1.61 0.591
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The density (px) of the nanocomposites is found to be lowest for the 0% TiO- sample and remains relatively constant
for the composites with higher TiO: content. This suggests that the addition of TiO: does not significantly alter the overall
density of the nanocomposites. The lack of significant change in density might indicate that the TiO: particles are well-
dispersed within the NiFe.O4+ matrix, without causing substantial changes in the overall packing density of the material
[25]. Additionally, the microstrain (ex107%) values decrease with increasing TiO: content, indicating a relaxation of the
crystal structure. Microstrain is a measure of local lattice distortions and defects. The decrease in microstrain with higher
TiO: content suggests that the incorporation of TiO: reduces lattice distortions and helps to relieve internal stresses within
the NiFe:0s lattice. This reduction in microstrain is likely due to the reduced lattice mismatch between the NiFe.O4 and
TiO: phases, leading to a more coherent and less strained crystal structure [26].

The surface morphology of the NiFe:04/TiO: nano composites was examined using field emission scanning
electron microscopy (FESEM), with the resulting images presented in Figure 2a-d. The FESEM images provide detailed
insights into the particle size, shape, and distribution of the nanocomposites. These images reveal that the nanoparticles
exhibit a relatively uniform distribution across the sample, with variations in particle size that are dependent on the TiO-
content. The observations from the FESEM analysis are crucial for understanding the impact of TiO: incorporation on
the surface characteristics of the NiFe:O4 matrix, which can influence the material's overall performance in various
applications [27].
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Figure 2. FE-SEM images of 0%, 25%, 50%, and 75% NiFe.04/TiO> nanocomposites

The FE-SEM microstructural analysis (Figure 3a-d) revealed a nearly homogeneous particle size distribution
across the surface, with particles predominantly exhibiting semi-spherical shapes. This analysis highlights the
significant effect of TiO- doping on particle size, demonstrating that higher TiO- content (75%) results in noticeable
particle enlargement. The microstructural examination provides detailed insights into the average size and grain growth
characteristics, which are essential for understanding the material’s physical, electrical, and magnetic properties.
Particle agglomeration is evident, with smaller particles coalescing to achieve a lower free energy state, a trend that is
more pronounced with increased TiO: doping. Additionally, there is a noticeable tendency for aggregation among
numerous ferrite nanoparticles. The observed porous structures may result from substantial gas release during the
combustion process, while the formation of agglomerated regions is likely due to the inherent interactions among
magnetic nanoparticles [28].

The average crystallite size (Dxrp) and particle size (Drg-sem) show a significant dependence on TiO: content, as
summarized in Table 1. The images also indicate that the particle sizes of the two phases vary with the relative content
of each component. As TiO: content increases, the size of the nanocomposite particles also increases. Uniform
structures are observed in the intermediate compositions, suggesting coherent grain growth within the constituent
phases of the composites.
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Figure 3. FE-SEM images of 0%, 25%, 50%, and 75% NiFe.04/TiO> nanocomposites

Figure 4 presents the Raman spectra of NiFe.04/TiO2 nanocomposites with varying TiO2 content (0%, 25%, 50%,
and 75%). The Raman spectroscopy results reveal a prominent vibrational mode associated with the TiO: phase, as
evidenced by the high-intensity peaks observed in the 75% TiO: sample [29]. As the TiO: content decreases, the
intensity of these TiO:-related peaks diminishes, highlighting the influence of TiO: concentration on the Raman signal.
In contrast, the pure Ni-ferrite sample exhibits characteristic peaks at 283, 402, 469, and 689 cm™'. These peaks shift
towards lower wavelengths with increasing TiO: doping percentages, suggesting changes in the vibrational modes of
the Ni-ferrite phase due to interactions with the TiO.. The observed shift in peak positions and variations in peak
intensities indicate a strong interaction between the Ni-ferrite and TiO: phases. This interaction likely influences the

material's vibrational properties and is correlated with changes in the magnetic properties of the nanocomposites as TiO-
content varies [30].
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Figure 4. Raman spectra of 0%, 25%, 50%, and 75% NiFe204/TiO2 nanocomposites

Figure 5 displays the room temperature hysteresis loops derived from Vibrating Sample Magnetometry (VSM)
measurements. The magnetic properties, saturation magnetization (Ms), coercivity (Hc), and remanence magnetization
(MR), are summarized in Table 2.

Figure 6 presents the variation curves for Ms and Mg with different TiO- concentrations. The results reveal a
decline in Ms and magnetic moment (p) as TiO: content increases, indicating a systematic reduction in the magnetic
properties of the NiFe.04/TiO> nanocomposites. This reduction is attributed to the dilution effect caused by the
incorporation of TiO, which progressively diminishes the magnetic properties of the NiFe.Oa4 phase [31,32]. Since TiO2
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is non-magnetic, its presence reduces the concentration of the magnetic NiFe.Oa phase, leading to an overall decrease in
the magnetic moment of the nanocomposites. Notably, Hc remains relatively stable across different TiO:
concentrations, suggesting that the incorporation of TiO: does not significantly affect the magnetic anisotropy of the
nanocomposites [33,34]. The consistent coercivity indicates that TiO» does not substantially alter the magnetic domain
structure or the magnetization reversal process in the NiFe.O4 phase.
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Figure 5. RT Magnetic curves of 0%, 25%, 50%, and 75% NiFe.O4/TiO: nanocomposites

Table 2. RT Magnetic parameters

TiO2 Ms Mg Hc nB Kx10?
%  (emu/g) (emu/g) (Oe) (uB)  (emu.Oe/g)
0 33.73 14.29 204.1 1.416 7.17
25 26.28 10.86 204.7 1.479 5.60
50 22.24 9.19 205.9 1.251 4.77
75 19.75 8.3 206.9 1.111 4.26

The observed decrease in saturation magnetization and magnetic moment with increasing TiO- content may also
be related to changes in particle size and surface effects, as indicated by the FESEM analysis [35]. Variations in particle
size and potential surface phenomena, such as increased porosity or agglomeration, could further impact the magnetic
properties of the nanocomposites. These factors must be considered when interpreting the changes in magnetic behavior
with varying TiO: concentrations.
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4. CONCLUSIONS

This study provides significant insights into NiFe204/Ti02 nanocomposites, focusing particularly on their magnetic
properties alongside structural and morphological aspects. X-ray diffraction (XRD) confirmed the successful synthesis
of these nanocomposites, revealing the presence of both NiFe:Os and TiO: phases. Field emission scanning electron
microscopy (FESEM) demonstrated a uniform distribution of TiO: within the NiFe.Os matrix, with particle size
decreasing as TiO: content increased, suggesting that TiO: acts as a grain refiner. Raman spectroscopy further revealed
strong interactions between NiFe:04 and TiO:, leading to changes in vibrational modes that influence the material's
magnetic behavior.
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The magnetic studies, conducted via Vibrating Sample Magnetometry (VSM), are particularly noteworthy. The
results showed a significant decrease in saturation magnetization and magnetic moment as TiO2 content increased,
highlighting a pronounced dilution effect on the magnetic properties of the NiFe.O. phase. This reduction is a direct
consequence of the non-magnetic TiO: phase diluting the magnetic contribution of NiFe.O4. Despite this decrease, the
coercivity remained stable across different TiO- concentrations, indicating that TiO: incorporation does not significantly
affect the magnetic anisotropy or the magnetization reversal process. This stability in coercivity suggests that the
fundamental magnetic characteristics of the NiFe.Oa phase are preserved, even as its magnetic moment is diluted.

Looking ahead, future research should prioritize optimizing synthesis parameters to further refine these magnetic
properties, exploring different TiO. doping levels and alternative materials. Additionally, practical applications in
spintronics, magnetic sensors, and catalysis could benefit from these findings, making it crucial to evaluate how these
nanocomposites perform in specific technological contexts. Comparative studies with other materials will also be
valuable to highlight the relative advantages of NiFe.0./TiO. nanocomposites. Overall, this work advances our
understanding of TiO: doping effects on NiFe.O4 nanocomposites, emphasizing their potential for applications requiring
tailored magnetic properties.
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MMPOEKTYBAHHSI TA PO3POBKA HAHOKOMIIO3HUTIB ®EPUT-TiO: 3 HACTPOIOBAHUMUM MATHITHUMUA
BJIACTHUBOCTSIMHA
Xanaa 1. Axmen!, A.K. Cixxo?, Ani M. Moxamman', Tepo C. Axmen Aab-/:kad!, Baaen X. Axmen’, FO. Masypenko?
!Vuieepcumem I'apmiana, Koneoxc oceimu, Kageopa pizuxu, Kypoucman, Kanap-46021, Ipax
’Kageopa ¢izuxu, Koneoac mucmeyme ma nayx imeni Mepi Mamxa, Mananmaeaodi, Yuisepcumem Kannyp-6706435, Indis
3Kagedpa meouunoi ingpopmamuxu, leano-Ppanxiscoruii Hayionarouutl MeOuuHutl ynisepcumen,
eyn. Lanuyvka, 2, 76018, Isano-Ppankiecvk, Yrpaina

Hanoxommosutn Ni-depur-TiOz2 3 pizaum BMictoM TiO2 (0%, 25%, 50% Tta 75%) Oymu cHHTE30BaHi 3a JOIMOMOTOI0 METORY 30Jb-
rejb aBTOTOPIHHS Ta OXapaKTEPU30BaHi 3a JOIoMoror penrreHiBebkoi audpakuii (XRD), FE-SEM, VSM Ta pamaniBcbKol
criektpockomnii. PentreniBcpkuii audpakiioHansHuil anaii3 miaTeepaus criBicHyBanHs Ga3 peputy Ta TiO2. 306paxenns FE-SEM
MMOKa3ajy PIBHOMIpHUN pO3MOALT YAaCTWHOK Ta 3MEHIIEHHS pPO3Mipy YacTHHOK 3i 30imbmmeHHsM BwmicTy TiO2. PamaniBchka
CHEKTPOCKOIIiS TPOJIEMOHCTPYBAJIa CHIbHI KOJUBAIbHI MoH, NoB's13aHi 3 TiO2, mpuaoMy HallBHIA iIHTEHCHBHICTB CIIOCTEpIraiacs y
3pa3ky 3 75% TiOz, 3meHmytoun ii 3i 3MeHmenHsM Bmicty TiOq. ITiku, mo cnocrepiranucs B uncromy Ni-pepuri (283, 402, 469 ta
689 cm ), 3MilyBaJIKCS 10 HIDKYHMX JOBKHH XBHJIb 31 301bLIeHHAM JeryBanHs TiOa, 10 BKa3ye Ha 3MiHEHi KOJIHMBaJIbHI MO Yepe3
¢da3oBi B3aemonii. Lli B3aemopii, HMOBipHO, CHpHAIM 3MiHAM MAarHITHHX BIACTHBOCTEH. AHami3 VSM BHSBUB 3MEHIICHHS
HaMarHiYeHOCTI HACHYCHHS Ta 3aJMIIKOBOI MarHiTHOI Hampyru 3i 30utemenHHsM BMicTy TiO2, Tomi SIK KOEpPLUTHBHA CHIIA
3anumanacs cTabinbHOI0. MarHiTHa moBeiHka OyJa MoB's3aHa 3 po3BefieHHAM TiO2 Ta MexkaMu po3ity (a3, o Ja€ MiHHI 3HAHHS
IUIsL pO3pOOKH MarHiTHUX MaTepialiB 3 iHANBIIyaIbHUMH BIACTUBOCTSIMU.

KurouoBi ciioBa: pepum,; nanoxomnosumu,; mMacHimui 61acmuocmi; HAHOYACMUHKY, 2i6puoHuil hepum
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The study presents the results of an investigation into the temperature dependence of the current—voltage characteristics of
CdS/Si/CdTe heterostructures fabricated by thermal evaporation. The study establishes that, as the temperature increases, an
exponential rise in current is observed, attributed to the thermally activated nature of conductivity and the reduction of the potential
barrier at the interfacial boundaries. In the low-temperature region, the structure exhibits diode-like behavior, whereas at higher
applied voltages (20—40 V), an injection transport mechanism becomes dominant. The activation energy of 0.61 eV confirms that the
thermal release of carriers from localized states governs charge transport. The results indicate the stability of the barrier height and
conduction mechanism over the studied temperature range, highlighting the need to account for thermal effects in the design of
photoelectric and optoelectronic devices based on CdS/Si/CdTe structures.

Keywords: Temperature; Heterosystem, Layer; Carrier; Mobility; Mechanism; Current; Voltage,; Structure
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INTRODUCTION

In recent years, there has been growing interest in the development and investigation of thin-film heterostructures
based on group I1I-VI compounds, which are distinguished by their high photoelectric efficiency and thermal stability
under operating conditions [1-3]. Among these materials, cadmium-containing compounds such as CdS and CdTe have
attracted particular attention due to their direct bandgap nature, strong optical activity, and the technological simplicity
of their deposition processes. These properties make them widely applicable in solar cells, photodetectors, and various
optoelectronic devices [4—7]. The incorporation of a silicon layer into CdS/CdTe-based heterostructures enables more
effective lattice parameter matching between the constituent layers, reduces defect density at the interfaces, and
improves charge-carrier transport conditions, thereby enhancing the overall functional performance of the structure
[8-10]. Such a heterostructure is considered a promising platform for developing photoconverters with a broad spectral
sensitivity range. In this system, the CdS layer-a wide-bandgap semiconductor (Eg~2.4 eV)-acts as a transparent
window; silicon (Eg~1.12 eV) serves as a buffer and transport layer; while CdTe-a narrow-bandgap semiconductor
(Eg = 1.5 eV)-provides efficient light absorption and charge-carrier generation [11,12]. The operational parameters of
such structures are largely determined by temperature conditions, which influence the recombination rate, the potential
barrier height of the p—n junction, and the carrier mobility.

The influence of temperature on the operating parameters of a photodiode is primarily determined by two
fundamental diode characteristics-the ideality factor and the reverse saturation current density [13,14]. Direct-bandgap
semiconductor materials such as CdS and CdTe have demonstrated high efficiency in the fabrication of thin-film
photodiode structures [15,16].

To achieve the highest efficiency of photodiodes based on A”B® compounds, the solid solution should possess a
continuously graded composition across a thickness of d << 1 pum, ranging from CdS to CdTe [17]. The use of high-
temperature processing during the formation of CdS/CdTe-based heterostructures incorporating a silicon layer leads to
an increased concentration of uncontrolled impurities throughout the entire structure, including within the compound
layers [18]. In CdS/CdTe heterostructures, a junction with pronounced rectifying behavior and high photosensitivity is
typically formed [19, 20]. In addition to parameters such as layer thickness, doping level, bandgap width, charge-carrier
mobility, and density of states, temperature effects exert a significant influence on the photoelectric characteristics and
operational stability of photodiodes. Therefore, the investigation of the temperature dependence of current—voltage
characteristics in CdS/Si/CdTe heterostructures represents a relevant and timely task aimed at optimizing their
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photoelectric properties and enhancing stability under various operating conditions. In the present study, the influence
of temperature on the key operating parameters of CdS/Si/CdTe photodiode heterosystems was analyzed within the
temperature range of 293-333 K. The results obtained provide insights into the temperature stability of these structures
and contribute to the optimization of the performance characteristics of single- and multi-junction photodiodes, taking
thermal effects into account.

EXPERIMENTAL PART

The investigated CdS/Si/CdTe heterosystem [21,22] was fabricated in a quasi-closed volume using the vacuum
thermal evaporation method of CdS and CdTe powders onto an n-type monocrystalline silicon substrate. The substrate
used was monocrystalline silicon of the KEF-600 grade, oriented along the (111) crystallographic direction, with a
thickness of d=130 um, a diameter of D=42 mm, and a specific resistivity of p=607.47 Q-cm. The concentration of the
majority charge carriers was Ny=7x10'> cm?, and the area of the resulting structure was 29 mm?>. The thickness of the
deposited films was d =0.55 pm and was determined using a MII-4 microinterferometer [21]. The films consist of
microcrystalline blocks with a columnar grain structure, oriented along the growth direction and azimuthally
disoriented. The grain sizes range from 50 to 100 pm, extending through the entire film thickness. This combination of
structural parameters and technological conditions ensures the formation of a high-quality heterojunction with good
crystallinity and minimal interfacial defects, which is a prerequisite for obtaining stable current-voltage characteristics
of the photodiode over a wide temperature range [17].

The temperature dependence of the investigated photodiode samples of the CdS/Si/CdTe heterosystem was
recorded in the measuring chamber of a Carl Zeiss Jena monochromator. The temperature regime in the investigated
samples was set using a heater mounted in the sample holder placed inside the measuring chamber. The set temperature
from room temperature to 60 °C was measured with a copper-constantan thermocouple and maintained with a
thermostat, as shown in Fig. 1.

The temperature in the studied sample 5 was controlled using a specially made low-inert heater — 4, mounted in
the sample holder — 3, placed inside the measuring chamber. The temperature was set from room temperature to 60°C,
with an accuracy of £1°C It was measured by thermocouple 6 (chromel-droplet) and maintained by digital thermostat 2,
taking into account the inertia of the system. Using a high-precision adjustable voltage source — 1, a fixed voltage was
set, supplied to the studied sample — 5. From the output of the studied sample 5, the current flowing through the
semiconductor structure was supplied to a digital current meter — 7, SH-300, used in the DC measurement mode.

Based on the obtained results, the dependence of current change on temperature was constructed using
OriginPro 7.0.

Adjustable constant current source Digital Current Meter
1= . | | -7

Controlled digital thermostat

2 - Measurable semiconductor structure

6

Figure 1. Block diagram for measuring the temperature dependence of the volt-ampere characteristic

RESULTS AND DISCUSSION
The current—voltage (I-V) characteristics of the structure were recorded in the forward direction over a wide range
of current and voltage values. Assuming electrically active defects, analyzing -V characteristics allows conclusions to
be drawn about the defect structure formed within the heterosystem. Fig. 2 presents the forward branch of the [-V
characteristic of the CdS/Si/CdTe heterosystem obtained at room temperature (293 K).

10”5

10°] -

N
<,
3
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Figure 2. Volt-ampere characteristic of the CdS/Si/CdTe heterosystem in the forward direction at T=293 K
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The current-voltage dependence is plotted on a semi-logarithmic scale. The analysis of the I-V characteristics
indicates that the structure exhibits pronounced rectifying behavior. At 18 V, the rectification coefficient is ~10,
confirming the diode-like behavior of the structure. Previously published research [23] presents the results of an
analysis of the I-V characteristics of the CdS/Si/CdTe heterosystem.

The temperature dependence of the CdS/Si/CdTe heterosystem is shown in Fig. 3 and was recorded in the forward
direction over wide current change ranges at fixed voltage. The study was conducted in the temperature range
T=293+333 K.
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Figure 3. Current—voltage characteristics of the CdS/Si/CdTe heterosystem in the forward direction (a) and their sublinear
regions (b) at fixed voltage values of 5V, 20 V, and 40 V

In the obtained dependence (Fig. 3), an exponential increase in current with rising temperature was observed,
indicating a thermally activated conduction mechanism. The forward branch of the I-V characteristics at low fixed
voltages (5 V) followed an exponential dependence, whereas at higher voltages (up to 40 V) a sublinear increase in
current with voltage was observed. In the low-temperature region, the current remained small due to the insufficient
concentration of thermally excited carriers, while at low voltages (~5 V) an exponential current growth typical of diode
structures with a diffusion-controlled conduction mechanism was evident. As the temperature increased, a noticeable
enhancement of conductivity occured, associated with the intensification of thermal carrier generation and a reduction
in the potential barrier at the CdS/Si and Si/CdTe heterointerfaces. At a fixed voltage of 20 V, the current increase was
moderate, indicating a diode-type transition dominated by thermally activated charge transport processes. However,
when the fixed voltage was increased to 40 V, the current rises much more rapidly, suggesting the onset of an injection-
type conduction mechanism and an additional lowering of the barrier height at the heterojunction interface upon
heating. An increase in temperature above 330 K was accompanied by a growth in leakage currents, which is likely
associated with the thermal ionization of deep impurity and defect levels localized at the CdS/Si and Si/CdTe interfaces.

The initial portion of the temperature dependence (Fig. 3) was well approximated by a known empirical law [24].
I = lyexp (eV/ckT) (1)

The values of the exponent ¢ in the exponent and the pre-exponential factor Iy, calculated from the temperature
dependence (Fig. 3) for different temperatures, are given in Table 1.

Table 1. Values of the exponent ¢ in the exponent and the pre-exponential factor Io at different temperatures

T,K C I, A

293 2.92 5.17-108
303 2.15 8.02:-10°®
323 1.78 2.53-1077
333 1.09 3.02-1077

The transitions formed between the CdS/Si and Si/CdTe layers were high-resistance [25-27] and they mainly
determined the electronic processes in the structure and the current transfer mechanism.
Dependence (1) is typical for the so-called “long” p-n diode, i.e. when d/L,>1, where d is the base length,

L,=(D,tp)'? is the diffusion length of minority carriers, D, is the diffusion coefficient, 1, is the lifetime of minority
carriers. Since the electronic processes [28, 29] associated with charge modulation during current flow through the
structure are largely determined by the transition high-resistance layers of CdS and CdTe, it is reasonable to take the
thickness of these layers, which is approximately d~0.55 pm, as the base length.

Exponential dependence of current on voltage (1) for p-i-n structures, the exponent ¢ in the exponent has the
following form:
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__ 2b+ch(d/Lp)+1
- b+1 ’ @)

where, b=/, is the ratio of electron and hole mobilities in the CdS/Si and Si/CdTe transition layers, b=9.12 [30, 31].
Knowing b, we can find d/L,=2.84, then we can find the diffusion length of minority carriers: L;=0.71 um. This
allowed us to determine the product of the mobility and the minority carrier lifetime p,t,=qL2/kT, which was obtained
at room temperature (293 K) as 1.38x1077 em*V. At T=313 K, p,1,=4.12x1077 cm*/V, which is e times greater than the
value at room temperature; the increase in uptp with temperature is explained by the recharging of deep centers.

The minority carrier lifetime (t,) was determined by the relaxation process of nonequilibrium carriers at a low
excitation level both in the mode without external voltage and at different values of the applied voltage [32, 33].
Nonequilibrium carriers were created using an electric pulse generated by a G5-63 rectangular pulse generator. The
pulses had a sharp front and tail with a duration of 500-600 ns. The rise time did not exceed 3x10? s, and the duty cycle
was at least 6x10* s. In the absence of external voltage, the change in the concentration of nonequilibrium carriers n
over time is described by an exponential dependence:

M = Angexp(—t/1), (3)

where, t is the time and 7 is the relaxation time constant. Based on dependence (5), the value of this constant was
obtained: 1=3.16x1077 s. Since in the structures under consideration the relaxation process was determined by the
modulation of currents by minority carriers, the characteristic relaxation time corresponds to the lifetime of minority
carriers, i.e. 7,=3.16x1077 s,

To avoid losses caused by the voltage drop in the bulk of the CdTe film, the Fermi level should be no further than
approximately 0.2 eV from the upper boundary of the valence band, and for CdS, no further than 0.08 eV from the
conduction band. The situation was complicated by the fact that even ultrapure CdTe and CdS samples inevitably
contain residual impurities such as Cu, Fe, Au, Ag, As, P, and others in concentrations reached 10'3-10'¢ cm™ [34-35].
In addition to uncontrolled impurities, electrically active defects arised in the material, which were formed during its
synthesis, as well as during mechanical or chemical treatment. For example, Cd vacancies are capable of forming singly
or doubly charged acceptor states, and in combination with impurities such as Cl, they form donor complexes (known
as A-centers). Te vacancies and Te atoms in interstitial sites or at Cd sites also behaved similarly to impurities of
various natures. As a result, both shallow and deep acceptor and donor levels were inevitably present in the CdTe band
gap, making this material a partially compensated semiconductor [36].

Fig. 4 shows SEM images of a thin-base CdS film grown on a silicon substrate of n-type CdS/Si/CdTe
heterosystem and mass fractions of cadmium (Cd) elements and residual impurities in percentage. It can also be seen
that the back side of the sample, consisting of silicon, is partially covered with a thin CdS film.

M Crexp 47

Cd
Si
Ca
S
Al

20 pm EHT =15.00 kv Signal A = SE1 Date :20 Sep 2020 PRFRNN

WD = 85mm Photo No, = 8771 Time :15:03:566

a b

Figure 4. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on n-type CdS of the
CdS/Si/CdTe heterosystem

It is known that, in the general case, the current—voltage characteristic (I-V characteristic) of a p—n junction under
forward bias can be expressed by the following formula [24]:

|4
I=lexp-—, 4)

determine the voltage drop across the p-n junction, which has the following expression:

= kT L
V= . lnIS, 5)
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According to the dependencies (Fig. 5) measured on experimental samples at different temperatures, it was noted that
with a change in temperature, the coefficient of non-ideality also changed. In this case, the coefficient of non-ideality
changes linearly inversely proportional to the temperature (1/T) and is expressed as follows:

n=n0+% (6)

where, ny and Ty are constants of the empirical formula describing the dependence of the non-ideality coefficient on
temperature. For the experimental samples under study at T;=310 K, the value of n¢ is 0.72.

In practical calculations, the ideality factor is determined from the slope of the linear section of the I-V characteristic
(Fig. 5) in semilogarithmic coordinates using the following expression:

= L(2 )
n=-.r (d(ln Us) (7)
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Figure 5. Arrhenius dependence of the pre-exponential factor for the CdS/Si/CdTe heterosystem

The graph shown in Fig. 5 illustrates the dependence of the logarithm of the saturation current (Inls) on the inverse
temperature (1/(nT)) for the CdS/Si/CdTe heterosystem at various fixed voltages: 5 V, 20 V, and 40 V. The linear nature of
the dependencies corresponding to voltages of 20 V and 40 V indicates a thermally activated mechanism of saturation
current conduction, which follows an exponential relationship described by expression (8) [24, 37].

AE
Iy = Igoexp (— @)» ®)

where, AE - activation energy, k is the Boltzmann constant, T is the absolute temperature, and n is the ideality factor of the
junction.

The negative slope of the temperature dependences of the logarithm of the saturation current indicates an increase in
current with rising temperature (decreasing 1/(nT)), which is characteristic of diode structures where charge transport
occurs via thermoelectronic emission across the potential barrier. The parallelism of the lines corresponding to different
applied voltage values indicates that the activation energy remains constant within the studied temperature range,
confirming the stability of the barrier height and the preservation of the charge transport mechanism [23,38]. At higher
fixed voltages, an increase in the saturation current values is observed, which is associated with a reduction in the effective
potential barrier height and an enhancement of injection processes in the heterojunction region. The linear dependence:

In(ls) = f(1/nT) )

confirms the thermally activated nature of the saturation current and allows for the evaluation of the energy parameters of
the barrier junction in the CdS/Si/CdTe structure.

From the temperature dependence (Fig. 5) of the CdS/Si/CdTe heterosystem, the activation energy of charge carriers
was estimated to be AE = 0.61 eV, while the saturation current at the junctions was I0c=6.3%x107% A. The obtained activation
energy value indicates a thermally activated conduction mechanism, in which charge transport is governed by the thermal
release of carriers from localized energy states or by their overcoming of the potential barrier at the heterojunction
interface. Based on the dependence shown in Fig. 5 and according to expression (7), the ideality factor was calculated to be
n=3.6, which indicates a combined current transport mechanism in the CdS/Si/CdTe heterosystem [39,15]. Along with the
diffusion transport of charge carriers, recombination and injection processes make a significant contribution to
conductivity, as well as the influence of localized energy states and the inhomogeneity of the potential barrier at the
interfacial boundaries [15].
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According to the literature [24], the specific resistance of the material at a given temperature is determined by the
concentration of the majority charge carriers (n) according to the expression p=1/quun. In the CdS/Si/CdTe heterosystem at
room temperature (293 K), the carrier concentration is about 10'' cm™ and increases with increasing temperature, reaching
up to 2x10' cm™ at 333 K. This indicates that the studied structure is a highly compensated material in which the
concentration of ionized defect complexes of the (V2cq DY) - type is about 10'' cm™ at room temperature.

CONCLUSIONS

The conducted studies have shown that temperature has a significant effect on the I-V characteristics of the
CdS/Si/CdTe heterosystem. With increasing temperature, an exponential rise in current was observed, which is attributed
to the thermally activated nature of conductivity and the reduction of the potential barrier at the interfacial boundaries. In
the low-temperature region, the current remained small, whereas at low voltages (~5 V) the structure exhibited diode-like
behavior characteristic of a diffusion-controlled carrier transport mechanism. When the applied voltage was increased to
40 V, an injection-type conduction mechanism stayed dominant, caused by a reduction in the barrier height upon heating,.
The observed increase in current with temperature indicates a decrease in the effective barrier height, confirming the
stability of the electronic properties of the junction within the investigated temperature range.

The study of the temperature dependence in the sublinear region revealed that the deep energy levels within the
structure are continuously distributed, with their concentration increasing toward the mid-gap region. It was established
that the pptp parameter in the heterosystem increases with temperature: at T=293 K, u,t,=1.38x107cM?/V, while at
T=313 K, ppt,=4.12x1077 cm?/V. Based on the measured specific resistivity of the heterostructure at the corresponding
temperatures, the concentration of the majority charge carriers was determined to be approximately 10''cm?, increasing
to about 2x10!! cm™ with rising temperature.

The temperature dependence of the pre-exponential factor Iy in the exponential region of the current—voltage
characteristics indicates a complex variation in the equilibrium charge carrier concentration within the CdS/Si/CdTe
heterosystem. This behavior is attributed to the influence of deep energy levels, recombination centers, and the potential
distribution features at the interfacial boundaries. It has been established that the conduction process in the CdS/Si/CdTe
heterosystem exhibits a thermoactivated character. The activation energy of 0.61 eV suggests that charge transport was
governed by the thermal release of carriers from localized states or by their surmounting of the potential barrier at the
heterojunction interface.

The obtained results confirm the stability of the barrier height and the invariance of the carrier transport
mechanism within the investigated temperature range, while also demonstrating the enhancement of injection processes
under higher applied voltages. The revealed regularities highlight the necessity of accounting for temperature effects in
the design and operation of photoelectric and optoelectronic devices based on CdS/Si/CdTe structures. The findings can
be utilized to optimize the parameters of photoconverters and optical memory devices operating over a wide
temperature range.
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IMiscuapoonuii ynisepcumem Kimvo 6 Tawxenmi, Yzbexucman
*Tawkenmcokuti ynieepcumem inghopmayitinux mexnonoziii imeni Myxammaoa anv-Xopesmi, Yzbexucman
SMisicnapoonuii ynisepcumem Typan, Hamanzan, Yz6exucmarn
*Tawxenmcokutl incmumym ingcenepie ipueayii ma mexamnizayii cinbcokoz2o ocnooapemea Hayionanvruti docrionuyvuii
yHigepcumem, Y30exucman
SHamaneancokuti Oepiicasnuti mexuiynutl ynisepcumem, Ysbexucmarn
Vuieepcumem zpomadcvioi 6esnexu Pecnybnixu Vsbexucmar
VY nocniukeHH TpeCTaBlIeH] pe3ysIbTaTH AOCIIPKEHHS TEMIIEPAaTyPHOI 3aJIe)KHOCTI BOJIBT-aMIIEPHUX XapaKTEPHCTUK FeTePOCTPYKTYD
CdS/Si/CdTe, BUTOTOBICHHX METOJOM TEPMIYHOTO BHIIAPOBYBaHHS. BcTaHOBIEHO, IO 3i 30UIBIICHHIM TEMIIEPaTypH CHOCTEPIracThes
EKCIIOHEHIIIaJIbHE 30UTBIICHHS CTPYMY, IO MOSCHIOETHCS TEPMOAKTHBOBAHOIO MPUPOJOI0 MIPOBIJHOCTI Ta 3MEHILIEHHAM OTEHIIITHOTO
Oap'epy Ha Mik(pa3HUX Mexax. B 005acTi HU3BKUX TeMIepaTyp CTPYKTypa AEMOHCTpPYE IIOAONOAIOHY ITOBEIIHKY, TOJI SIK IIPU BHIIUX
NpUKJIafeHnx Hampyrax (2040 B) nominye imkexniiiHuii MexaHi3M Tpancnopty. Enepris akrusaii 0,61 eB minTepkye, 1Mo Temmose
BUBUIGHEHHS HOCIIB 3apsify 3 JIOKQJIi30BaHUX CTaHIB Kepye TpaHCIOpToM 3apsimty. OTpuMaHi pe3yibTaTH CBiIYaTh IpO CTaOLIBHICTH
BUCOTH Oap'epy Ta MeXaHi3My IPOBIJHOCTI B JOCHII/DKyBaHOMY Jialla30Hi TeMIlepaTyp, a TaKoXX INpO HEOOXiAHICTh BpaxyBaHHS
TEIUIOBHX e(DeKTiB MK MPOEKTyBaHHI (POTOCIESKTPUYHUX Ta ONTOSICKTPOHHUX HPHUCTPOiB Ha ocHOBI cTpykTyp CdS/Si/CdTe.
KurouoBi ciioBa: memnepamypa; cemepocucmema, wap, HOCIl; pyxXaugicmy, Mexamism; CIpym; Hanpyed, Cmpykmypa



