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By using generalized fractional derivative, the parametric generalized fractional Nikiforov-Uvarov (NU) method is introduced. The
second-order parametric generalized differential equation is exactly solved in the fractional form. The obtained results are applied on
the extended Cornell potential, the pesudoharmonic potential, the Mie potential, the Kratzer-Fues potential, the harmonic oscillator
potential, the Morse potential, the Woods-Saxon potential, the Hulthen potential, the deformed Rosen-Morse potential and the
Poschl-Teller potential which play an important role in the fields of molecular and hadronic physics. The special of classical cases
are obtained from the fractional cases at ¢ = f# =1 which are agreements with recent works.
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1. INTRODUCTION

Many researchers have been interested in the fractional calculus (FC) during the past three decades in the previous
and current centuries [1-2]. The importance of FC has significantly increased in a variety of scientific and technical
fields and explain the advantages of the (FC) over the other numerical methods because we can get exact solution but
numerical method can get approximate solution also, there are a lot of problems in solving partial equations. In fact,
there are many papers using symmetry methods to solve differential equations including fractional differential equations
such as in Ref. [3]. They study modified Gardner-type equation and its time fractional form. They derived these two
equations from Fermi-Pasta-Ulam model, and found that these two equations are related with nonlinear Schrodinger
equation. They not only derive these two equations, but also use perturbation analysis to find the connection between
them and the Schrodinger equation. Non- integer order differentiation and integration form the basis of FC. Numerous
definitions of the fractional differential equations have been put out in the literature. The definitions of Jumarie [4],
Riemann-Liouville [5], and Caputo [6] have gotten a lot of attention and are the most suitable for physical conditions.
Al-Raeei and El-Daher [7], used a numerical technique to rely on the definition of Riemann-Liouville fractional
derivative. Khalil et al. [8] represented a new definition of a fractional derivative, referred to as a conformable fractional
derivative (CFD) which follows to basic classical principles. Abdeljawad [9] extended the definition and established the
fundamental notions of the CFD. A new concept for the fractional derivative known as the generalized fractional
derivative (GFD) was recently proposed by Abu-Shady and Kaabar [10]. Because it offers more features than the
previous definitions [4-6,10], where the CFD may be produced as a special case from the GFD, the GFD definition is
regarded as a comprehensive type for the fractional derivative.

Solving Schrddinger equation (SE) with the intention of examining a physical system is a fundamental challenge
in quantum mechanics and particle physics [11-17]. In Ref. [18]. the conformable fractional of the Nikiforov-Uvarov
(CF-NU) method is used to analytically solve the radial Schrodinger equation and the dependent temperature potential
is used to obtain the energy eigenvalues, corresponding wave functions, and heavy quarkonium masses like
charmonium and bottomonium in a hot QCD medium in the 3D and higher dimensions. In Ref. [19], the trigonometric
Rosen-Morse potential is employed to examine the effect of the fraction-order parameter. The N-radial fractional
Schrédinger equation has analytical solutions established using the extended Nikiforov-Uvarov method. The energy
eigenvalues in the fractional forms and the masses of mesons such as charmonium and bottomonium were also
obtained.

Using the generalized fractional NU method, the fractional N-dimensional radial Schrodinger equation (SE) with
the Deng-Fan potential is evaluated in Ref. [20] in which the analytical formulas are generated for the energy
eigenvalues and corresponding eigenfunctions at three-dimensional space and higher dimensions to study the energy
spectra of various molecules. The analytical-exact iteration method with a conformable fractional derivative is used in
Ref. [21] in which the radial Schrodinger equation can be solved analytically with the trigonometric Rosen-Morse
potential. In Ref. [22], the fractional nonrelativistic potential model is used to explore the dissociation of heavy
quarkonium in a hot magnetized medium in which the energy eigenvalues and the radial wave functions are obtained.
The generalized fractional analytical iteration method is used as in Ref. [23] to solve the hyper-central Schrodinger
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equation and studied its applications on the theory baryons with single, double, and triple in the ground state. In
addition, the SE can be exactly solved, the system can be fully described as in [24, 25, 26] using the Nikiforov Uvarov
method. This method is very good because we get on a good result compared by another methods as in Refs. [22, 23].

The aim of the present work is to generalize the second-order parametric differential equation in the fractional
form by using generalized fractional derivative. The special cases are obtained at « = #=1. Many applications are
introduced such as the extended Cornell potential, the Pesudoharmonic potential, the Mie potential, the Kratzer-Fues
potential, the harmonic oscillator potential, the Morse potential, the Woods-Saxon potential, the Hulthen potential, the
Deformed Rosen-Morse potential and Péschl-Teller potential. This work is not considered in the recent works.

This paper is arranged as follows. In Sec. 2, the generalized fractional derivative is briefly introduced. In Sec. 3,
the generalized fractional Nikiforov-Uvarov (NU) method is explained. In Sec. 4, Some Applications are obtained. In
Sec. 5, the conclusion is written.

2. THE GENERALIZED FRACTIONAL DERIVATIVE
A new formula for a fractional derivative called the generalized fractional derivative (GFD) is proposed. The
generalized fractional Derivative has been suggested to provide more advantages than other classical Caputo and
Riemann-Liouville fractional derivative definitions such that the derivative of two functions, the derivative of the
quotient of two function, Rolles theorem and the mean value theorem which have been satisfied in the GFD and which
gives a new direction for simply solving fractional differential equations see Ref. [10]. For a function Z : (0,00) — R, the
generalized fractional derivative of order 0 < o < 1 of Z(t) at > 0 is defined as

Z(t+r(;#£t1_“)—z(t)

DPZ(t) = lim ““8) :B>—1,B€R* (1)
E—
The properties of the generalized fractional derivative are,
L DO Zy ()] = ky £ Zyy(0), 2
L DU[D*Z(O)] = ky™ [(1- ) £172 % Zyy () + 272 % 2, " (1)), (3)
__ I8l .
where, k; = TR with0<oa<1,0< <1

III. D% DP t™=D*Ft™ for function derivative of Z(t) =t™ ,m € R*
IV. DSFP(XY) = XDFP(Y) +YDCFP(X) where X, Y be a — differentiable function

v DGFD( i) _ YDGFD(X)—X DGFD(y)
: Y Y2
VI.  D%I,Z(t) =Z(t) for = 0 and Z is any continuous function in the domain.

where X, Y be o- differentiable function

2.1. The Generalized Fractional Nikiforov-Uvarov (NU) Method.
By using generalized fractional derivative, the parametric generalized fractional Nikiforov-Uvarov (NU) method is
introduced. The second-order parametric generalized differential equation is exactly solved in the fractional form as in
Ref. [27]

o

2 () =0, @

DD UY(s)] + 25 DUP(s) +

where O , o(s) and T(s) are polynomials of 2a —th, 2a —th and a —th degree.
where,

a _= a _3 2 _
n(s) = 220070 4 J(D TN 5 (s) + K o(s). (5)
and
A=K+ D%n(s), (6)

A is constant and 7 (s) is @ —th degree polynomial. The values of K in the square-root of Eq. (5) is possible to
determine whether the expression under the square root is square of expression. Replacing K into Eq. (5), we define

o(s) = 7(s) + 2 m(s), O]
the derivative of T should be negative [28], since p(s) > 0 and o(s) > 0 then this is solution. If A in Eq. (6) is
A= 2y=-nD%7 -2 e[ Do (s)]. (8)

The hypergeometric type equation has a particular solution with degree a. Eq. (4) has a solution which is the product of
two independent parts
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e W(s) = () ¥ (s), ©
Ya(8) =25 (D) ()" pa(s), (10)

D*[a(s) p()] = 7(s) o (s), (11

19 (12)

2.2. Second Order Parametric Generalized Differential Equation
The following equation is a general form of the Schrodinger equation which can be obtained by transforming into a
second-order parametric generalized differential equation.

D DUP(s)] + <o Do(s) +— T sy =, (13)
7(s) = a; — a, s%, (14)
o(s)=s%(1 — ag s%), (15)
F(s) ==& 52+ &, 5% — &, (16)
Substituting these into Eq. (5), we obtain
T=a,tas s* +./(as - Kas) s2¢ + (a; + K) s* +ag, (17)
where,
ay = (ko -a) (18)
a5 = (@z 2 a kyt) (19)
ag=as? +§ (20)
a;=2a,a5-& (21)
g =a, *+ & (22)
In Eq. (17), the function under square root must be the square of a polynomial according to the NU method, so that
K=-(a; + 2 asag) + 2 \/aga,, (23)
where,
g =z a; + az? ag +ag (24)
In case K is negative in the form
K=-(a; + 2 asag) -2 \Jaga, (25)

So that m becomes

= ayt s s - [(Jagtas Jag) s g (26)

From Egs. (7), (17) and (26), we get

T:al+2a4—(a2—2a5)s“—[(\/a_9+a3 \/a_g)sa-\/a_g] 27
From Egs. (2) and (27), we get,
DYt =k [-a (az -2 as) -2 a (Jagtaz Jag) 1= ki [- 2 a® az- 2 a (Jagtas \[ag)]< 0 (28)

From Egs. (6, 8), we get the equation of the energy spectrum
nky aa,-@2n+1)k; aas+@ntl)ky a (Jagtas Jag) +n@-1)k,* a? as +a; +2 az ag +2 \Jagag = 0(29)
If a=1=p then k; = 1, we get the classical equation of the energy eigenvalue as Ref. [25]
na, — (2n+1) as + (2n+1) (agtas \Jag) +n (n-1) az +a; +2 az ag +2 Jagags =0. (30)

from Eq. (11), we get
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a10-@ @11 _ @10 1
p(s) =g ki (1 — a3 Sa)akl a3z akq k1 (31)
From Eq. (10), we get
(alo—a a11  _ @10 L)
Yo =P K1 oekies ek k(1= 2azs%) (32)
where,
Ao=0a; t2a,+2 . Jag (33)
0.’11 = az -2 as +2 (,I 0.’9+a3 ~/ as) (34)
From Eq. (9), the generalized solution of the wave function becomes,
a1 —@13 _ @12 (am—a' 11 _ @10 L)
w(s) =gk (1 — as S“)zzkl az akp Pn k1 ’‘aki az akq ki (1 -2 as Sﬂ-’) (35)
where,
P, %) are Jacobi polynomials.
@1z = Ay T/ g (36)

Qi3 = ds — (\/a_9+a3 \/a_s) 37

Some problems, in case a; = 0.

(alo—a @11 _ @10 L) 10— ar
lim P, ki @k @k k(1 — @y s9) =Ly k(o2 s%) (38)

az—0 aky

—@13 @12 @13 s
O};To(l — a3 Sa)(lkl a3z aky = eakl (39)
Eq. (35), becomes
212 213 s a10-a a1

Y(s)=sk e’ Ly M (s ), (40)

Where, L,, being the Laguerre polynomials.
The second solution of Eq. (23) in the following case

K=-(a; +2azag) +2 . agay 41)

then, the wave function is,

aip” —a13" a1p” (0‘10*—!1 11" a10” L)x
1!)(5) =g k1 (1 — as S“)akl az akq Pn k1 ’aky az aky kq (1 -2 as 506) (42)

The generalized solution of the energy eigenvalue is,

nk; a a,2n k; a astQn+)k, a(\Jag — czg,\/cr_g)+n(n—1)k1 202azta, 2 azag =2 agae + k@ as =0  (43)
where,

(Xlo* = 6!1 + 20{4 -2 as,
a11*=a2—2a5+2(\/a_9—a3\/a_8)0612*= a4_\/a_8' (44)
3" = as — (\/a_‘)_aS \/a_s)-

3. SOME APPLICATIONS
Case (1): Extended Cornell potential
We note that Cornell potential has two features the Coulomb potential and the confinement potential. The
Coulomb potential describes the interaction at the short distance and confinement part describes the interaction at the
long distances, and the harmonic potential to support the confinement force and it is mainly used to describe bound
states of hadrons as in Ref. [29].

Vir)=ar?+br— g, (45)

The radial Schrodinger equation where, the interaction potential is the extended Cornell potential defined as in
Ref. [29] and s = e~*"that we get,
d’R |1 dR 1

o
dr?2 s dr s2(1-s)?

{(=§15°+ &5 —&IR(s) = 0 (46)
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where,
ZuE 4ME 2UE
é—l = hzaz tll EZ hzlz t2t $3 W t39 (47)
with,
12ua 6ub
b= Za Y ]
8ua 6ub 2uc
t; = A4K2 + BhZ  AhZ’ (48)
2ua 2ub 2puc
ts = 2apz t gz~ g HIH D,
and we get the generalized fractional radial part of the Schrodinger equation is
§15294855%¢
Da[ DaR(S)] “(1 5O DaR(S) WR(S) 0, (49)
By using the following parameters, we get
1
a, = la, =la; =1 a, = > (kia—1),
1 1 , 2uE
as = — (1—2k1a) Qg =2 (1-2k ) _ﬁ-’- ty,
4uE
a; = —(kla -1DA-2kia) +—= iz ty,
1 , 2uE 1, .,
ag = Z(kla—l) T + t3,a9 = Zkl a® +t; —ty +t3,
1 , 2uE
Ay = k1a+2 Z(kla—l) _W-I- t3, (50)
1, 1 , 2uE
a11=2k1a+2( Zkl a +t1_t2+t3+ Z(kla_l) _h212+t3)'
1 1 , 2uE
a12=§(k1a—1)+ Z(kla—l) _W-I- t3,
1 1, 1 , 2uE
a3 25(1_2](1“)_ ( Zkl a +t1_t2+t3 + Z(kia_l) _fl2/12+t3)'
We get, the generalized fractional of the energy eigenvalue is
2. 2
122 ) T t1—t3—((n+%)k1 a+ |3y a? +t1—t2+t3>
E ="tz +3(ka—1)%-—- (1)

1 1 2
2((n+5)k1 a+ ,Zkl a? +t1—t2+t3>

Where, t= tl - tz + t3,
The generalized fractional of the wave function is,

LE 2 2 iE
%(kl a-1) + —(kla 12 - 27¢2+t3 ((1 2ky @)= <J ki?a ”’f\/ z(k1 a-1) hz,12+t3)) —(k1a 1)+ —(k1a 12 - 2/12+t3

Y(s)=As ky (1s%) ki a ki a
—-a+kqia+2 (kla 1)2 - 212+t3 2kq a+2(\) —kq a2+t+J4(k1a— )2 - 212+t3) kia+2 (kla 1)2 - 212+t3 1
P, o Fra k@ B x (1-25%) (52)

where A is a normalization constant.

If a = B =1 then k; =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [29]. as
follows

2

2
1 1
2z g tl—t3—<(n+5)+ Z+t1—t2+t3)
[ t3_ —_—
2 2
K # 2<(n+%)+ E +t1—t2+t3>

[(2uE L [C2rE B
1/)(5) —As h2/12+t3 (1_5)2+ 4+tpn(2 h212+t3'2 4_+t) (1_25) (54)

E =

(53)
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Case (2): Pesudoharmonic Potential
Pesudoharmonic Potential is mainly used to describe bound states of spectroscopy of die-atomic molecules and
may be used for energy spectra of linear and non-linear systems, see Refs. [30,31] for details.

V) =Vo (- =7, (55)

where, V; is dissociation energy between two atoms in a solid, 7y is the equilibrium intermolecular separation and r is
the internuclear separation.

After transformation s = A%r?, where (4 =1 (eV)), we get the generalized fractional radial part of the
Schrodinger equation is

_y2c2a a_
D[ DR(s)] +22 DeR(s) +———* £ R(s)=o0. (56)
where, the following dimensionless parameters
2 _ You )
V= oAtz '
u
€= 3 Enit2V0) (57)
U L(L + 1)h?
b=: (Voro? + T),
by using the following parameters,
fl - yzﬂfZ = 5'53 = .8'
3 1
al = E,az = 0,(13 = 0,“4 = E (kla - 3/2),
1
as = 0,ag = y4a, = —g,ag = p (kra —3/2)%+ B,
1 ; (58)
0(9=)/2,0(10=k1a+2 Z(kla_3/2)2+ ﬁ,au:Z)/,
1 1
@z = 5 (kya — 3/2) + \/Z (kya —=3/2)2+ B,a;3 = —v,
We get, the generalized fractional of the energy eigenvalue is,
£=(2n+1)yk1a+2\/% (kya —3/2)2+ B, (59)
And, the generalized fractional of the wave function is,
1(1 3y, |1 3)2 -
Y(s) = Sﬁ(f(kla_i)"' E(kla_i) +B> ekl_]zlxsa
a2 — (60)
Ln%(kl a+2 %(kl a —%) + ﬁ>—tx ( 2 Y Sa),
kia )

If @ = B =1 then k; =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25].

£=((2n+1)+2 /1—16 + B)v, (61)
pisy sl 58] oyey (N62) 5 62)

Case (3): Mie Potential
The Mie potential possess the general features of the true interaction energy and it is special kind of exactly
solvable power-law and inverse power-law potentials other than the Coulombic and harmonic oscillator as in
Refs. [32-33]

r

v =V, G(9) -9 (©3)
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where, V; is dissociation energy, a is the positive constant which is strongly repulsive at shorter distances and r is the
internuclear separation
After transforming s = r A, (A = 1eV), we get the generalized fractional radial part of the Schrodinger equation is

2.20_p o0_
D[ DYR(s)] + = DUR(s) +——£—" R(s) = 0. (64)
where, the following dimensionless parameters:
2pu
e = h2A2 Enp
_ _2n v
B =327 Vot (65)
C2p 1, LI+ DA
‘}/—F<EV0(I +—2M .

By using the following parameters,
§ = =88 = —Bé =y,
1
a; = 2,“2 = 0,(13 == 0,0!4 == E (kla - 2),

1
as = 0,ag = —€%,a;, = B,ag = 2 (kya —=2)*+y

1
ag = —€%, a0 = kja + ZJZ (kya —3/2)%2+ vy, (66)
1 1
a11=2 _82,a12=§(k1a_2)+ Z(kla_2)2+ Y,
a13 = - _82 .
The generalized fractional of the energy eigenvalue is given,
—e2 =42 ((2n + Dkya +2 \/i (kya —2)2+ )72, (67)

The generalized fractional of the wave function is,

1 (1 1 i 1 ,1
—=(kya-2)+ |5 (k a—2)2+y) “i€ —(k a+2 |5(k a—2)2+y>—a i
Y(s)=A sk (2 1 Na vl ekia’ Lnk1 1 PR (Esa)’ (68)

kia

If « = § =1 then k; =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25].

e2=—-p?(2n +1+ 1+ 4y)? (69)
-1 1 .
P(s) =Asz V1T e-ies VIH4Y (9 ¢, (70)

Case (4): Kratzer-Fues Potential
The Kratzer-Fues potential has a long-range attraction and a repulsive part and it is approaches infinity as the
inter-nuclear distance approaches zero and it is used to describe molecular structure between two atoms as in Ref. [34]

V() = D, (—2)? (71)

T

After transforming s = r A, A = 1eV the generalized fractional radial part of the Schrodinger equation is
22a_ a_
D[ DUR(s)] + % DUR(s) +”SZ# R(s) =0, (72)

where, the following dimensionless parameters

2 _ Zﬂ(En— De)
ARz
_ —4uD.r,
= —aw (73)
I(I + 1)h?
2u )
h? ’

2u(D, 1% +
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By using the following parameters,

61 = _82'62 = _ﬁ!f3 =%
1
a, = 2,a, = 0,03 = 0,4 = 7 (kya — 2),

1
as = 0,ag = —€%,a;, = B,ag = Z(kla -2+ y

1
ag = —e4,ay9 = kya + ZJZ (kya —2)2+ vy,

1 1
a1 = 2y —€%,a,, = E(kla - 2)+\]Z(k1a -2)2+y,

- _ _52,

the generalized fractional solution of eigenvalue is given,

—e2=82((2n + Dk;a+2 \/i (kya —2)2+ y)72,

The generalized fractional of the wave function is,

(1 o+ —2)2 —ie
w(s) _ Ask1<2 (k1 a-2)+ |z (k1 a—2) +y) ekllocsa

1 1 ,
—kia+2 /—(kla—2)2+y)—a 2i¢
L kl( * —59),

(74)

(75)

(76)

If @ = f =1 then k; =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25]

—e2=B2(2n +1+ 1+ 4y)™?
P(s)=A 5_71+%\/1+ 4y e—igsLn,/1+ 4y 2ies),
Case (5): Harmonic Oscillator Potential
Harmonic Oscillator Potential function is as in Ref. [35]
V(r) =%mw2r2,

where, w is the angular frequency of the oscillator.
The generalized fractional radial part of the Schrodinger equation is

1 —s2@4 B2 s%—1(1+1)

D[ DP(s)] + - Y R(s) LD y(s) =0,
where,

2_2E
hw

By using the following parameters,
1 1, 1

§ = Z:fz = Zﬁ 63 = Zl(l"'l),
1 1 1
a = .0 = 0,a; = 0,y = 3 (kja — E)'

1 -1 2 1 1 2 1
a5=0,a6= Z,a7=Tﬂ,a8=Z(k1a—§) +Zl(l+1),

1
ag = 7,@0 = kia + J(epa —1/2)2+ L1+ 1),a;, = 1,

2’

1 1 1 1 2
a;; = E(kla - E) + 2 (k1 _E) i+ Da, =

the generalized fractional eigenvalue is given,

E=how[Rn+Dka+J(ka—-1/2)2+ L(+1)]

)

(78)

(79)

(80)

81

(82)

(83)
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The generalized fractional wave function is

2
%((klom (kra=3) +z(z+1)> oL sa L(k1a+1/2\/(kla—1/2)2+l(l+1))—%(_1 5%)

Y(s) =s ek X Lk (84)

ki

If @ = B =1 then k, =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [35]

E=ho[@n+1)+ E+l(l+1)] (85)
b (s) - S( 1+ /%+ 1 (1+1))e_S Ln<1/2 /%+ 1 (z+1)>(s). 86)

Case (6): Morse Potential
The Morse potential has contributed a significant role in describing the interaction of atoms in diatomic and
polyatomic molecules as in Refs. [36, 37]

V() =Dy (1— e 87)2 (87)

where D, is dissociation energy and § is the range of the potential. After transforming the generalized fractional radial
part of the Schrédinger equation is

1 - Ps%%+Q s*-R
D[ DY(s)] + — DUP(s) +————= (s) = 0. (88)
where,
_—2uE __2uDy o _ ¥ _2Y  _ &ty
&n’ = nz V= hzo’P_ﬁ’Q_ﬁ’R_ n62 ’ (89)

By using the following parameters,
$1 = P& =08 =R
1
a, = 1,0(2 = 0,0.’3 = 0,(14 = E (kla_ 1),

[EEN

as = 0,ag = P,a; = —Q,ag = Z(kla -1+ R

(90)
1
Ay = Pa;g = kya + 2 ” (kya —1)2+ R,ay; = 2P,
1 1
a12=§(k1a_1)+ Z(kla_1)2+ R,a13=_\/ﬁ;
the generalized fractional of the energy eigenvalue is given,
h252 2uD
E=Dy-"-[-(kna =D+ (@n +Dkya-2 3537 1)
The generalized fractional of the wave function is
%(kla—1)+ %(kla—1)2+R (__\/p) « kia+2 %(kla—1)2+R—a 2P
P (5)=Ny s a elte) L, “ (o) ©2)
1
where, N, is a normalization constant,
If @ = B =1 then k, =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [36].
n%s2 24D,
E = Do~ [(@2n+1)-2 [35°] (93)
¥ (s) = NpsVR e-VP)s [ 2VF (2P ) (94)

Case (7): Woods-Saxon Potential
It is used to describe heavy-ion reactions which the interaction of a neutron with a heavy nucleus as in Refs. [26, 38-39]

V) =—m (93)

1+e a
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where Vj is the potential depth, R, is width of the potential, r — Ry = r and % =22
After transforming the generalized fractional radial part of the Schrédinger equation is

ar na 1-¢s% 4 -€q?s?%+(2eq-B @) s+ f-¢ -
DE[DY(S)] + g Dup(s) + - EE TR DTS 5y — . (96)
where,
_ —mkE _ mWp
€= gm0 B =g 7
By using the following parameters,
El = ng'fz = 28q—ﬁq,f3 = S_B'
1
a = 1,0.’2 = qa3 = qa, = E (kla - 1)!
1 1
as = Eq(l—Zkla),aG =3 q? (1 =2k, a)? + €42,
1
ar; = EQ(l_Zlﬁa)(kla’ - 1) —2eq-Bq
1 1
ag = 7 (k@ - D2 +e-Bag = Zqzklzaz,
1
a = kya + ZJZ(kla — 12 + -8, (93)

1
a1 = 3kiaq + ZqJZ(kla - 1% + -5,

1 1
ay, = E(kla -1+ \jz(kla - 12+ e-p,

1 1 1
a3 = EQ(l_Zkﬂx)‘ (E kiaq + Q\/Z(’ﬁa - D2 + e—p).

The generalized fractional of the energy eigenvalue is given,

_ 1 2. B B? (n+1)k; a\?
€= 4(k1a D +2+(2(n+1)k1a)2 +( 2 ) ’ ©9)

The generalized fractional of the wave function is,

1(1 1
— 5k -1+ |F(kga—-1)%+ s—B)
Y(s) =N, s <2 * 1-
<—(%q (1-2kq a)- <%k1 aq+q [flga-12+ S—B)) Tra-v+ [kia-12+ a—/})
qs%) X

k1aq kia
—a+ki a+2 %(kla—1)2+£—/5’3k1aq+2q %(kla—1)2+s—/5’ kia+2 %(k1u—1)z+£—/5’ 1
k1 ! kiaq kia kq «
P, X (1—2qs% (100)

If « = =1 then k, =1, and q = 1, so that we get the energy eigenvalue and the corresponding wave function as in Ref.
[26]

_B B2 (n+1))2
T2 +(2(n+1))2 +( 2 ) ’ (101)

¥ (s) =N, sVeF (1 —s) p,@EFD (1 = 25) (102)

Case (8): Hulthen Potential
The Hulthen Potential is a short-range potential and it is obtained in the form as in Ref. [40]

V(@) =—2——, (103)

eP -1

where, P, p are the strength and the range parameter of the potential function.
After transforming the generalized fractional radial part of the Schrodinger equation is
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ar na a 4 —(A4B)s%%4(2 A+B—C) s*-A _
D[ D*“P(s)] + ‘7‘(1 Sa)D Y(s) e 59?2 P(s) =0. (104)
where,
—2UE 2UEDP
A== ¥ p= e C= 1+ ). (105)

By using the following parameters,
51 = A+BIEZ = (2A+B_C),§—3 = A,

1
a, = lLa, = laz; = la, = 3 (ki — 1),

N~

1
(1—2k1a),a6=z(1—2k1a)2 +A+B,

1
a; == (kya — 1)1 —-2kja)—2A—-B+Cag = Z(kla -1+ 4

1 1
ag = Zklzaz +Ca0 = kja + ZJZ (kia —1)2+ A4,

(106)
1, 1
a11=2k1a+2(zk1 a2+C+ Z(kla_l)z'i'A),
1 1
a12=5(k1a—1)+ Z(kla—1)2+A,
1 1, 1
a13=5(1—2k1a’)—(2k1 a2+C+ Z(kia_l)z'i‘A).
The generalized fractional of the energy eigenvalue is given
2
2 ZEDP 141y —(kl at ki % a? +al (l+1))—n Ky a<(n;1)k1 at+ ki a? +41 (z+1)> —(ky a-1)%)

n= { 7 (107)

8 up?

nky a+3 (ky a+ / k12 a? +41(1+1))

The generalized fractional of the wave function is

(L= —([rka2q2 1 12 )1 1

1-2ky a k1“a?2+C+ |7 (kpa-1)2+4)) 1 _ 1 —1)2
< (-1 + i( R 12 ) (2( 1@) (J4 1 J4(1 ) ) Skia-D+ |z(k1a-1)2+A4
llJ(S) N (1 S )

k1a k1 a
<k1“+2,z(k1“—1)2+A) u2k1a+Z(J kq a2+C+J (k1a-1)2+A) kja+2 —(kla -0D2+4
P, 1 Fia fia (1 - 259 (108)

If =B =1 then k; = 1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [26]

—nz PERE-arn-ta+ /TG - n((n+1)+1/1+4l(l+1))]2}

E 109

el [+t @y TratarD)] (109)
(- Lectva))-va

W(s) =N, sVA (1 —s) (Z-frrenm) p2VA2(0) (1 25) (110)

Case (9): Deformed Rosen-Morse Potential
Deformed Rosen-Morse potential is used to describe bound state of die-atomic molecules and it is given in the
following form as in Ref. [41]

*
eZ(ZT

Vi) = 1+q e—Za == V2q (1+q e—za*r)z (11
After transforming—s = e 2%"" the generalized fractional radial part of the Schrodinger equation is
ar na 1-qs% a —£q? s2%+(2 £ q+P q-y) s*—(B+€) _
DAL DUP(s)] + arro s Dyp(s) +- I P(s)=0. (112)

where,
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_ —uE _ MkWigq _ uVaq
&€= 2a*2h?’ ‘8 T 2ar2p2’ U T 2qr2p2’ (113)

By using the following parameters,
G =€q°.5 = Qeq+Pa—y).5 = (B+o), )

1
a; = 1!“2 = q,a3 = (q,04 = E(kla - 1)’
2

as == (1-2k;a),a¢ = %(1—2]{10{)2 + €42,

N

q
a; = E(kla -1DA-2kia)—2eq—Lq+vy

1
ag = Z(kla—1)2+,8+e,

2

1
a9=qzk12a2+yq,a10=k1a+2\/z(k1a—1)2+ﬁ+s, (144)

1
a1 = 2kiqa +2(\/ k q?a? +yq +q\]z(k1a—1)2+ﬁ+e),

1 1
aq; =E(k1a— 1) +\/Z(k1a -2+ B+e¢

1 1
s = 3 (1-2k @) —(JZ kg2 a2 +yq+qu (a =17+ f+e)
we get, the generalized fractional of the energy eigenvalue is,

2
_ 2
SZTl(kla _1)2_§+ B 2+1—16<(2n+1)k1a’+ k12a2 +47'V> (115)
((2n+1)k1a+ k12 a2 +47y>

The generalized fractional of the wave function is,

Ll a1+ [Lky a-1) 2+ pre —<%(1—2 k1 a)—(J%h 2q2 a2 +yq+qJ%(k1a—1)2+ B+s)) lka-1+q /%(kla_l)zwﬂ

Y(s)=s k1 (1-gs% kiaq ki@
kia+2 %(kla—1)2+ﬂ+s—a2k1q“+2(J%k12az+7£1+q\/%(k1d—1)2+ﬁ+€) kia+2 %(kla—1)2+B+a 1
Pn( 2} g kyaq kya kr) (1-2¢qs% (116)

If « = B =1 then k, =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [25]

2
s:—E+ﬁ—2 ((2n+1)+ ’1 + = ) (117)
2 16
((2 n+1)+ /1+ qy>

b () = VT (1 = q sy U ) p GVFRLED (g (118)

Case (10): Poschl-Teller Potential
Pdschl-Teller Potential used to describe bound state of die-atomic molecules and it is given in the following form
as in Refs. [42-43]

—2a*r
V(r) = — 4V ——— (119)
(1+q e—2a'T)

After transforming —s = e~2%'", the generalized fractional radial part of the Schrodinger equation is

-£2q?s2%+(2 €2 q—p?) s%—¢2

D[ DUY(s)] + s D(s) +—— 2 (s) = 0. (120)

where,
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g2=—KE p2_Zih (121)

T 2a%2p2’ a*2h2
By using the following parameters,
& =¢e2q%& = 2e2q—P0 & = €2,
1
a; = La, = q,03 = q,04 = E(kla — 1))

. = 7 2 2 42

as = 5(1_2]{1“),(16— Z(l—Zkla) + €“q°,
a =g(ka—1)(1—2k(x)—2€2 + 2 :lk —1)2 4 ¢2
7 5 U 1 q+p°ag 4'( L a ) g2,

2

q 2 2 2 1
ag = —k “a* +B°q a0 = kia + 2 |- (kya —1)2+ €2,
4 4 S (122)

1 1
a;, =2qka +2(\]Zk12q2a2 +pB2q +qu(k1a —1)2+¢?)

1 1
(yp; = E(kla -1 + \]Z (kya —1)2 + €2,

1 1
13 =%(1—2k1a) _(\/Zlﬁzqzaz +.82(I+CI\/Z (kya —1)2 +¢£2),

the generalized fractional of the energy eigenvalue is given,

£=_Tl(k1a—1)2—i<(2n+1)k1a+ /k12a2+4qi2>. (123)

The generalized fractional of the wave function is given,

1, 2 1
%(kla—1)+ %(k1a—1)2+£2 _<%(1_2k1a)_(\/2k1 q? a? +ﬁ2q+q\lz(k1a—1)2+52)> %(kla_l)Jr %(kla_l)zﬂgz

l,b(S)=S k1 (1—q3“) kiaq ki a
kia+2 %(k1a—1)2+52—a2k1qa+2<\/%k12d2+qu+q\/%(k1d—1)2+€2> kia+2 [F(kia-12+e2
Pn( k1 ' kyaq kia kp) (1-2¢gs% (124)

If « = B =1 then k, =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [25].

£ = —%((2n+1)+ /1 +%>, (125)

2 2
W () =s¢ (1—gq S)§(1+ 1+%) Pn(Zs, 1+4%
4. CONCLUSION
By using generalized fractional derivative, we obtained the solution the parametric second-order differential
equation by using the NU method which is more effective than the power series method, numerical methods, or
approximation methods because we get on good results by using this method as in Refs. [22,23]. The parametric
second-order differential equation is the general case and we get the special case when ¢ = § = 1 as in Ref. [25]. We
get a solution of the Schrddinger equation by using the parametric generalized fractional Nikiforov-Uvarov (NU)
method and we get the energy eigenvalues and the corresponding wave function for some known potentials such that
the Cornell potential, the pesudoharmonic potential, the Mie Potential, the Kratzer-Fues potential, the harmonic
oscillator potential, the Morse potential, the Woods-Saxon potential, the Hulthen Potential, the deformed Rosen-Morse
Potential and the Poschl-Teller Potential. At @ = § = 1, we get the special classical solutions of Refs. [25,26,29,35,36].
These applications play an important role in the fields of molecular and hadronic physics.

)(1-2q5s) (126)
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M. A6y-Illagi?, X.M. ®arx-Amniax®
“Kaghedpa mamemamuxu ma Komn 1omepHux HayK, paxyromem npupoorHuyux Hayx, Yuisepcumem Menygia, €cunem
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Lead halide perovskites have attracted considerable attention as one of the most promising materials for optoelectronic applications.
The structural, electronic, and optical properties of the cubic perovskite CsPbF; were studied using density functional theory in
conjunction with plane waves, norm-conserving pseudopotentials, and Perdew-Berg-Erzenhof flavor of generalized gradient
approximation. The obtained structural parameters are a good agreement with the experimentally measured and other’s theoretically
predicted values. The obtained electronic band structure revealed that cubic CsPbF; has a direct fundamental band gap of 2.99 eV at
point R. The calculated energy band gaps at the high symmetry points agree with the other available theoretical results. The GW method
is adapted to correct the underestimated fundamental energy gap value to 4.05 eV. The contribution of the different bands was analyzed
from the total and partial density of states. The electron densities show that Cs and F have strong ionic bonds, whereas Pb and F have
strong covalent bonds. The optical properties of CsPbF3 were calculated using the density functional perturbation theory and Kramers-
Kronig relations. The wide and direct bandgap nature and the calculated optical properties imply that cubic CsPbF3 can be used in
optical and optoelectronic devices for high frequencies visible and low frequencies ultraviolet electromagnetic radiation.

Keywords: CsPbF3; Perovskite; Structural properties; Bandgap, Optoelectronic properties; First-principles method

PACS: 71.15._m; 71.15.Mb; 71.20.—b; 71.20.Nr

1. INTRODUCTION

Based on first principles approaches, several computational techniques have been developed to investigate the
properties of materials. Using these first principles techniques, it is possible to predict many of the physical and chemical
characteristics of the condensed matter with acceptable accuracy.

Perovskites have become extremely important from both a technological and science due to their commonly
observed characteristics, such as high thermoelectric power, spin-dependent transport, superconductivity, ferroelectricity,
charge ordering, colossal magneto-resistance, and the interplay of magnetic, structural and optical properties [1], [2].
These materials are often employed as substrates, sensors, and catalytic electrodes in fuel cells, and they also represent
interesting optoelectronics material choices [3]-[6]. Inorganic halide-based cubic perovskite structures have also been
researched and shown to have excellent absorption and low reflection coefficients as used in solar cells and optoelectronic
devices [7]. Besides that, the progression of the perovskite solar cells' efficiency rose by more than 6% in the range of 10
years, as a result of their lowering costs and friendly environment [8], [9].

Perovskite fluorides are widely used as antireflective and protective coatings due to their distinctive optoelectronic
characteristics. They are recognized for having fast ion conduction. In CsPbF3, rapid fluoride ion conduction has been
recognized [10], [11]. The single crystal of CsPbF3 is a useful perovskite for studies of ionic diffusion due to its chemical
bonding, relatively simple crystal structure, and excellent fluorine diffusivity throughout a wide temperature range [10].
CsPbF; has a cubic perovskite (Pm3m), according to a preliminary analysis of the diffraction pattern at room
temperature [12]. CsPbF;, which has a direct bandgap and is good in optical characteristics, may be employed successfully
in photonic and optoelectronic devices despite being a possible compound for high-frequency optical systems.

There have been some theoretical studies written on CsPbF3, which, reported by many researchers, who has been
computed the Cubic Perovskite structural, and optoelectronic properties, which used the DFT method to analyze the
Kohn-Sham equations, together with the full-potential linearized augmented plane-wave (FPLAP-W) approximation
within the Wu-Cohen generalized gradient approximation (GGA)[3]. [13] another researcher applied projector augmented
wave (PAW) Potentials under the PBEsol functional to study the structural properties of CsPbFs.

Other studies have been published, by utilizing the DFT and the PAW method with (PBE-GGA) Perdew-Burke-
Ernzerhof generalized gradient approximation, which calculated bandgap in cubic phase with Pm3m space group and
rhombohedral phase with R3¢ space group of CsPbF3; and polarizability, Rashba parameters for optoelectronic
applications [14].

Also, first principle calculations have been used to calculate the structural and optoelectronic properties of
CsPbFs-yly (y =0, 1, 2), and the exchange and correlation were handled by both the GGA and HSEO06 functionals [15].

Also, the structural and optoelectronic properties of Cs-based fluoroperovskites CsMF; (M = Ge, Sn or Pb) were
studied and used (DFT) method with (GGA-PBE)[16].

7 Cite as: Z.Y. Mohammed, S.A. Sami, J.M. Salih, East Eur. J. Phys. 3, 263 (2023), https://doi.org/10.26565/2312-4334-2023-3-23
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The aim of this study is the investigation of the structural, electronic, and optical properties of cubic perovskite
CsPbF; theoretically in the context of (DFT) by using ab initio calculations, by ABINIT code. Accordingly, all
calculations were conducted using the plane waves with the norm-conserving pseudopotentials (PW-PP) schemes.
Specifically, we compute a Kohn Sham gap in the frame of a known (PBE-GGA). Furthermore, Green’s function and
screened Coulomb-interaction (GW) approximations have been used to update band gap values (Eg). The current study
will present a better aid in understanding the possible applications of the chosen candidate, CsPbFs.

2. COMPUTATION DETAIL

In the present work, the structural, electronic, and optical characteristics of the cubic perovskite CsPbF3 have been
computed using the DFT framework. The wave functions were expanded in plane waves (PWs) as basis sets. The
interaction between the valence electrons and ions was accounted for by the optimized norm-conserving Vanderbilt
pseudopotentials [17]. The exchange-correlation term in the Kohn-Sham equations was treated by the Perdew-Berg-
Erzenhof flavor of generalized gradient approximation (PBE-GGA). All calculations were performed by the ABINIT
code [18]-20]. A cubic perovskite structure, its general formula is ABX3, has five atoms per unit cell, and belongs to the
space group Pm—3m (#221). The locations of the five atoms are considered as follows: A, B, and the three X atoms occupy
0.00.00.0,0.50.00.5,0.50.50.0,0.50.0 0.5 and 0.0 0.5 0.5, respectively (Figure 1).

Figure 1. The cubic perovskite structure ABX3 [21]

Convergence calculations have resulted in the cut-off energy of 1632.68 eV and (336) k points, which correspond
to the 14x14x14 k-point grid of Monkhorst—Pack. The structural geometry was optimized depending on the achievement
of atomic coordinates relaxation. The resulting optimized values of a and relaxed atomic coordinates were exploited to
calculate band structure. They have also been used in the calculations of the total density of states (TDOS), the partial
density of states (PTDOS), and optical properties. To correct the well-known DFT underestimation of the energy gap
value [22], the GW approximation on energies and wavefunctions was carried out.

Optical properties have been calculated using density functional perturbation theory (DFPT) [23] and Kramers-
Kronig relations[24]. The later were used to obtain the real and imaginary parts of the dielectric function. In addition,
the refractive index, extinction coefficient, reflectivity, and absorption coefficient of the cubic CsPbF; for incident
photons of energies from 0.08 eV to 40 eV have been computed. In calculating the optical properties, the interaction
between the valence electrons and ions was accounted for by the norm-conserving, separable, dual-space Gaussian-type
pseudopotentials by Goedecker, Teter, and Hutter (GTH) [25], [26].

3. RESULTS AND DISCUSSION
Structural properties
The optimization calculation produced the values of total energy, Ei, and pressure, P, for various values of a (hence,
unit cell volume). Figure (2) shows the total energy E:: plot versus lattice constant a, from which the optimized value
of a for the cubic CsPbF; was taken, see Table 1. The pressure P against the volume of the unit cell is plotted in Figure (3),
from which the unit cell volume at P =0, V,, was calculated, see Table (1).
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Figure 2. Total energy, Eot, versus lattice parameter, a, of cubic ~ Figure 3. Pressure versus the corresponding unit cell volume of
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Table 1. Optimized structural properties of cubic CsPbF3 calculated using PBE-GGA flavor

Parameter Present work Theoretical Experimental

a(A) 4.9051866 4.80652°,4.800¢, 4.777°,4.773,4.653,4.90" 4.795%¢ 4.774°, 4.7748"¢
Ewt (eV) —4569.8241 -60201.5279 ® n.a*
B, (GPa) 39.013 52%,27.19 4,39.035f n.a
By 4.811 5.11% 5.765f n.a

Vo (A% 118.022986 109.041°,116.02f 108.864 b-¢
Bond length (A)

Cs-F 3.469 3.98° n.a
Pb-F 2.453 2.33% n.a

* Here and below the notation, “n.a.” stands for “not available”.
aRef. [29], P Ref [3], © Ref. [14], ¢ Ref. [30], ¢ Ref. [10], f Ref. [15], € Ref. [12].F Ref.[16]

The change of pressure P with the unit cell volume V of the cubic CsPbF; was fitted to the second-order Birch-
Murnaghan equation of state [27]:

Pon =2 - () [+ i o ()7 -1 M

where B, and B,’ are the zero-pressure value of bulk modulus and its pressure derivative, respectively.

From the fitting, the values of B, and B,’ were obtained and they are given in Table (1). The length of the bonds
Cs-F and Pb-F were also calculated and are given also in Table (1). The results of the bond length calculation show that
the bond Cs-F is longer than the bond Pb-F. Referring to the electronegativity of atoms [28], this agrees with the fact
that the electronegativity difference between atoms Cs and F is larger than that between Pb and F. Thus, all optimized
structural properties, calculated with GGA-PBE flavor, were obtained and are listed in Table (1).

The calculated structural properties agree well with those from experiments as well as other theoretical investigations
that have been done utilizing various DFT implementations, see Table (1).

Electronic properties

The electronic properties of the cubic CsPbF; were investigated through the computation of the band structure,
TDOS, and PDOS. The energy of the bands was computed at the high symmetry k-points from point R to I" along the
symmetry lines R-I'-X-M- I'. The computed band structure is plotted in Figure (4). The figure reveals that both the
minimum of the bottom conduction band (BCB), band 23, and the maximum of the top valence band (TVB), band 22, are
located at the symmetry point R. That is, the cubic CsPbF; has a direct fundamental energy band gap at the symmetry
point R, E,;& R, The energy gaps at k points R, T', X and M were calculated and are given in Table (2) along with other
available theoretical results.
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Figure 4. Band structure of cubic CsPbF3

Table 2. Computed energy gaps in (¢V) at some high symmetry points in the PBE-GGA approach. Results of other theoretical works
are also given.

CsPbF3 EgR-R EglT EgXX EgM—M
Present work 2.99336 7.77865 5.18326 4.71271
2.55%4,2.62°2.642 9, b b

7 oge n.a. 59 5.7
aRef. [29], ®Ref. [3], © Ref. [14], ¢ Ref. [15], *Ref[16].

Theoretical works

The present work reveals that the PBE-GGA value of the fundamental energy gap, E;8F, is 2.99336 eV, see
Table (2). It is also clear from Table (2) that the present calculated energy band gaps of the cubic CsPbF; using the PBE-
GGA method are consistent with other available theoretical studies. The calculated E;R R value using PBE-GGA suffers
from the well-known problem of the DFT’s underestimation of the energy gap. To correct this underestimated value of
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Ef R, the GW method on energies and wavefunctions was used. The obtained corrected value of E;fR was 4.052 eV,
which agrees well with other available theoretical results, see Table (3). Unfortunately, no experimental value is available
on the fundamental band gap of the cubic CsPbF3.

Table 3. Fundamental band gap E;* R computed using PBE-GGA and GW along with results of other works

EfR (eV)
CsPbF3 Actual value
PBE-GGA value GW Other methods
Present work 2.99336 4.052 -
Theoretical 2.98f 2.55%4 2.62° 26424 n.a 3.82,3.920 2.42°2.6424, 3.7079,
Experimental n.a n.a

aRef. [3],° Ref. [30],°Ref. [14]9Ref. [15],° Ref. [29],/Ref. [16].

The electronic properties can be further elaborated in terms of the density of states. That is, understanding the
electronic band structure becomes more comprehensive when enlightened by DOS. For this purpose, the TDOS and PDOS
for the cubic CsPbF; were calculated and are presented in Figure (5) and Figure (6), respectively. The PDOS is essential
to know the contributions of different atomic states to the bands.
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Figure 5. Total density of state (TDOS) of cubic CsPbF;
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The band structure of the cubic CsPbF; from —10 eV to 20 eV (looking at TDOS, Fig. (5) is divided into three dense
VB regions and three dense CB regions. The three VB regions are in the energy ranges —8.5 eV to —6.0 eV, 4.7 eV
to -2.8 eV, and —2.8 eV to 0 eV. The three CB regions boundaries are 3 eV, 9 eV, 14 eV, and 20 eV. It is interesting to
investigate the amount of contribution of the atomic orbitals of the three atoms to each of these six regions. However,
because of their role in the optical response, only the upper region of VB and the lower region of CB will be investigated.
To realize the amount of the contribution of each of the atoms Cs, Pb, and F to the upper region, ~ (-2.8 to 0) eV, of VB,
the full PDOS of the three atoms corresponding to the VB have been plotted alongside, see Fig. (7).

It is clear from Fig. (7) that the bands in this range, ~ (2.8 to 0) eV, arise mainly from the F-p orbital. The Pb-s
orbital contribution is small, namely, one-third of F-p, the contribution of Pb-p is very small, and Pb-d and F-s
contributions are almost insignificant. It is clear from Fig. (6) that the lower region of the CB, (14 to 200) eV, arises
mainly from Cs-d, Pb-p, and F-p orbitals, which nearly contribute equally, while the contribution of F-s is less, namely,
about one fifth. The contribution of F-d is small, that of Cs-s, Pb-d, and Pd-f are very small and Cs-p, Cs-f, and F-s
contribute almost insignificantly.

Figures (5) — (7) reveal that the top most four states in VB, above —4.7 eV, arise mainly from F-p orbital and much
less from Pb-s. The bottom most nine states of CB, below 9 eV, arise mainly from the orbitals Cs-d, Pb-p, and F-p, which
equally contribute. It is also clear that the lower edge of the fundamental band gap is determined by the F-p orbital,
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Fig. (7), while the upper edge of the fundamental band gap arises from the Pb-p orbital, Fig. (6b). This implies that the
fundamental band gap arises from the higher occupied orbital of the F atom and the higher occupied orbital of Pb, which
are F-2p> and Pb-6p?, respectively. Accordingly, one realizes that the fundamental band gap can be tuned by changing
the atoms F and/or Pb, provided the new structure be stable.

In summary, see Fig. 6, the formation of VB is mostly due to the contribution of the s state of Pb and p states of Cs
and F, while CB is mostly due to the contributions of the f state of Cs and p states of Pb and F. The calculated DOS is in
good agreement with the previous theoretical results [3], [15].
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Figure 7. Partial density of states (PDOS) of VB for the atoms (a) Cs, (b) Pb, and (c) F.

Optical properties
To predict a material's possibilities for use in photovoltaic devices, the investigation of its optical properties is
crucial. The most important frequency-dependent optical properties are the refractive index n(w), extinction coefficient
k(m), reflectivity R(w), and absorption coefficient a.(w). These characteristics can be calculated using [31]:

/2
/ 2 2 1
n(w) — I:Slgw) + gl(‘”) 2+82(w) (2)

41/2
2 2 1
k(w) = [el(w) _ Ja(@?te @)

. . | 3
2
R(@) = |5 O
and
a(w) = )
respectively, where g1(®) and &,(®) are the real and imaginary components of the dielectric function &:
£(w) = & (w) +ig(w) Q)

The real component ¢; of the dielectric function indicates the retaining ability of the material while the imaginary

component &, determines its absorptive ability. As much as solar cells are concerned, €; determines the ability of the cell
to store energy, and &, determines its absorption limitations and, thus, capability to gain energy [32].
It is clear from Egs. (2)—(5) that if the real and imaginary components of the dielectric function are known, it is possible
to compute those optical properties. Using DFPT [18] and Kramers-Kronig relations [33], the real and imaginary
components of the dielectric function were computed for incident photon energies from 0.08 eV to 40 eV. Then, the
frequency-dependent optical properties were calculated using Egs. (2)—(5). The computed real and imaginary components
of the dielectric function, n, k, R, and a spectra are shown in Figure (8).

Figure (8a) reveals that the value of the zero-frequency limit £,(0), known also as the static dielectric constant, for
cubic CsPbF; is 3.14. The knowledge of the value of the static dielectric constant is important in optoelectronic and
photovoltaic technology. The higher the €(0) value, the greater the potentiality of the material for designing
optoelectronic devices [34]. The figure shows that starting from the zero-frequency limit €1(0), &1(w) begins to rise and,
after a few peaks, reaches its maximum value of 5.42 at 4.65 eV beyond which gradually declines passing through many
peaks and becoming negative in the energy range (15.10-17.71) eV. Thus, the cubic CsPbF; has a dielectric behavior
(e1(w) > 0) in response to the most investigated photon spectra except for the energy range 15.10 — 17.71 eV for which it
has a metallic characteristic (gi1(®) < 0). The negative €i(®) in an energy range indicates the attenuation of the incident
photon in that range, thus, a metallic behavior of the material [35].
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Figure 8. Optical properties versus the energy of cubic CsPbFs: (a) Real €1 and imaginary &2 parts of the dielectric function,
(b) Refractive index n and extinction coefficient k, (¢) Reflectivity R, and (d) Absorption coefficient a.

The &»() illustrates the absorption of incoming radiation impinging at the surface, and the excellent optical materials
absorb the incoming photons, almost entirely, within the top surface. Its values are compatible with those estimated from
the electronic band structures and are closely connected to the optical band gap.

It is noticed from Figure (8a) that the threshold point in the spectrum of &;(w) is nearly at 2.9 eV. This threshold
corresponds to the transition from the VB state that arises from the orbitals F-2p and Pb-6s to the CB state that arises from
the Pb-6p orbital, see Fig. (6). The value of the threshold is solely determined by the fundamental band gap. The figure
shows that starting from the threshold, &,(w) starts increasing and, after a few peaks, reaches its maximum value of 5.07
at 4.74 eV, then, passing through many peaks, reaches another high-value peak of 4.20 at 14.86 eV beyond which it
decreases and almost vanishes beyond 24.00 eV.

Figure (8b) shows that the variation of the refractive index n(w) and extinction coefficient k(w) follow the same
pattern as &; and &, respectively. The n(w) increases from its zero-frequency limit n(0), 1.77, and reaches its maximum
value of 2.38 at 4.65 eV. The k(w) spectrum indicates that the maximum extinction coefficient is 1.37 and occurs at
14.94 eV. Beyond 24.41 eV, k(w) almost vanishes. For incident photons having energies greater than 15.67 eV, the
refractive index n(w) becomes less than one which implies that the group velocity, vg = c/n, is greater than the speed of
light c. The conversion from n > 1 to n < 1 occurs at the same energy at which &1(w) has the largest negative value, see
Fig. (8a and 8b).

Figure (8c) represents the computed frequency-dependent reflectivity R(w). The figure reveals that the zero-
frequency limit of reflectivity, R(0), is about 0.08. The figure shows that starting from the zero-frequency limit R(0),
R(w) begins to rise and, after a few peaks, reaches its maximum value of 0.50 at 16.57 eV then decreases passing through
many peaks and approaches zero beyond 30 eV, that is, cubic CsPbF3 becomes almost transparent to photons of energies
higher than 30 eV.

One can notice, in Fig. (8a — 8c), that the maximum negative value of €i(w) and transition of n(w) value to less than
one, both, occur at the same photon energy, ~16.5 eV, and coincide with the maximum value of R(w). This implies that,
at that energy, cubic CsPbF; becomes superluminal, a common behavior in perovskites [36], [37].

The computed absorption coefficient aw) is presented in Fig. (8d). a(w) spectrum predicts how many photons of
various energies are absorbed, thus, is directly connected to the fundamental energy gap. The photons with energies lower
than the fundamental energy gap are transmitted, while photons with equal and higher energies are absorbed. Figure (8d)
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shows that the absorption starts around 2.99 eV and then increases to its maximum value of 220.23x10°m™ at 16.16 eV.
Figures (8a) and (8d) reveal that absorption is higher for energies at which €;(w) is negative and maximum absorption
occurs where £;(w) has a maximum negative value. The significant values of a(w), see Fig. (8d), cover a wide range of
energy, namely, about (2.9 — 36.5) eV and, thus, for high energies visible light and low ultraviolet, the cubic CsPbF;
perovskite is a promising material for a variety of optical and optoelectronic devices.

CONCLUSIONS

The structural, electronic, and optical properties of cubic CsPbF; have been investigated by using first-principles
computations, namely, the DFT with the PBE-GGA flavor as the exchange-correlation energy. The structural properties,
band structure, and total and partial density of states were calculated. The GW approximation was implemented to correct
the underestimated energy band gap. The optical properties were also computed using Kramer—Kronig relations.

The calculated structural characteristics, such as lattice constant, bond length, bulk modulus, and its pressure derivative,
agree well with other theoretical and experimental findings. The calculated length of the bonds Cs-F and Pb-F are consistent
with the electronegativity of the three atoms. The computed band structure reveals that cubic CsPbFs has a direct fundamental
energy band gap that is located between band 22 and band 23 at the symmetry point R. The calculated energy band gaps at
the high symmetry points R, I', X and M are in good agreement with those of other theoretical studies. The calculated value
of the fundamental energy band gap, 4.025 ¢V, suggests that cubic CsPbF3 is a wide band gap semiconductor.

The real and imaginary parts of the dielectric function, refractive index, extinction coefficient, reflectivity, and
absorption coefficient were calculated for incident photon energies from 0.08 eV to 40 eV. In the spectrum of the
imaginary part of the dielectric function, different characteristics are seen, mostly as a result of the transitions from the
VB states that arise from Cs-p and F-p orbitals to unoccupied states in the CB. The spectrum of the real part of the
dielectric function revealed that cubic CsPbF3; has a metallic behavior in response to the incident photon energies from
15.10 eV to 17.71 eV.

The calculated absorption coefficient is appreciable in the high-frequency visible and low-frequency ultraviolet
regions, thus, indicating the feasibility of cubic CsPbF; to be used in optoelectronic devices for such regions of
electromagnetic radiation.
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NEPIIONPUHIIMIIA PO3PAXYHKY CTPYKTYPHUX, EJEKTPOHHUX I ONTUYHUX BJACTUBOCTEM
KYBIYHOI'O NIEPOBCKITY CsPbF;
303an F0. Moxammen, Capkayt A. Cami, Ixkanaa M. Camix
Jenapmamenm ¢pizuxu, Hayxoeuii koneooc, Yunisepcumem /Jyxok, Kypoucman, Ipax

[lepoBCKiTH rajoreHiiB CBUHIIO NPUBEPHYJIM 3HAUHY yBary sIK OJIMH 13 HAHOLIBII MEPCIIEKTUBHUX MaTepiaiiB Ul ONTOSIEKTPOHHUX
3actocyBaHb. CTPpyKTYpHI, eIeKTPOHHI Ta ONTHYHI BIACTHBOCTI KyOiuHOTr0 nepoBckiTy CsPbF3 Oynu BUBUeHI 3 BAKOPHCTaHHIM Teopil
(yHKIIOHANY TYCTHHH B TO€AHAHHI 3 TUIOCKMMH XBWISIMH, IICEBJONOTEHIIANAMH, IO 30epiraloTb HOPMY, 1 y3aralbHEHUM
rpagieHTHUM HabmwkeHHsM [lepapio-bepr-Epnenroda. OTpumani CTpyKTYpHI TapaMeTpu J0Ope Y3roIKYIOThCS 3 EKCIIEPUMEHTATEHO
BUMIPSIHUMH Ta HIIAMH TEOPETHIHO IIPOTHO30BAaHUMU 3Ha4eHHsIMH. OTpUMaHa eJIeKTPOHHA CTPYKTYpa 30H MOKa3asa, o KyOoiuHnit
CsPbF3; Mae npsimy QyHIaMeHTanbHY 3a00poHeHy 30HY B Toulli R 2,99 eB. Po3paxoBaHi eHepreTHuHi 3a00pOHEHI 30HH B TOYKAX
BHCOKOI CHMETpii Y3ro/[KYIOThCS 3 IHIIMMH JOCTYITHHMH TEOPETHUHHMMH pe3dyiabraTamu. Meronq GW amantoBaHO uisi KOPEKIHT
3aHM)KEHOTO 3HAUYEHHA (PyHIaMEHTAIBHOT eHepreTndHoi minHu 10 4,05 eB. BHecoK pi3HUX cMyT aHajIi3yBaBcs 3 IIOBHOT Ta YaCTKOBOT
IIiIBHOCTI cTaHiB. EnexTponHa rycruna nokasye, mo Cs i F mators MirHi ioHHI 3B’s13kH, Toai sk Pb i F MaioTs MinHI KoBaneHTHi
3B’s13ku. Ontuuni BaactuBocTi CsPbF3 po3paxoBaHo 3 BUKOpUCTaHHSIM Teopii 30ypeHb (YHKIIOHAIY TYCTHHH Ta CIIBBiJHOIIECHb
Kpamepca-Kpownira. [Iupoka ta mpsima 3a00poHeHa 30HA Ta PO3paxoBaHi ONTHYHI BIACTHBOCTI 03HAYaloTh, 1m0 KyOiunuii CsPbF;
MOXXHa BUKOPHCTOBYBAaTH B ONTHYHHX Ta ONTOECJICKTPOHHHUX IPUCTPOSAX Ui BUCOKOYACTOTHOIO BHAMMOIO Ta HM3bKOYACTOTHOTO
yIbTPadioIeTOBOTO €IEKTPOMATHITHOTO BHITPOMIHIOBaHHS.

KumwouoBi cioBa: CsPbFs; neposckim; cmpyKmypui 61acmugocmi; 3a00pOHEHA 30HA; ONMOENEKMPOHHI 6IACMUBOCMI; MEmoo
nepUOnPUHYUNIE
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The study successfully synthesized Ag NPs, ZnO NPs, and Ag/ZnO nanocomposites using an easy, cost effect and sustainable green
synthetic approach. The purpose of synthesizing Ag/ZnO nanocomposites using two different plant extracts was to study their photo-
degradation activity on Methylene Blue (MB) dye. (XRD) diffraction analysis confirmed the presence of Ag crystalline size and the
wurtzite hexagonal structure of ZnO. (FE-SEM) results indicated spherical, nanorods and there is Clustering of NPs with an irregular
shape. The resulting metal/semiconductor oxide nanocomposites possessed unique photo degradation characteristics that were absent
in the individual Ag NPs and ZnO NPs.

Keywords: Nanoparticles; Nanocomposite; Wastewater treatment; Catalyst

PACS: 61.82.Fk, 81.07.Bc, 81.07.De, 81.16.Be, 81.16.Hc

1. INTRODUCTION

In recent decades, the disposal of harmful and toxic contaminants, such as organic dyes and heavy metal ions, has led
to water pollution, which has become a significant environmental issue. Industrial effluent streams are the primary sources
through which heavy metals and dyes enter the ecological system, posing substantial risks to human health [1]. Dyes have
diverse applications across various fields in industries such as textiles, cosmetics, printing, and pharmaceuticals.
Furthermore, these dyes are known to be environmentally stable and resistant to biodegradation unless a catalyst is
present [2]. Effluents containing dyes are typically treated using chemical, physicochemical, or biological methods [3].
However, the utilization of these methods may prove to be both expensive and time-intensive. As a result, it is crucial to
explore highly efficient and environmentally friendly approaches to degrade these pollutants in the environment.

Among the different methods proposed for wastewater treatment [4-6], the photocatalytic process utilizing nano-sized
materials has emerged as a reliable and environmentally safe technique. This process offers complete mineralization of dyes
on the surface of these materials and is known for its high sensitivity, reasonable costs, and effectiveness [7-16].

Photo catalysis process is a technique that uses ultraviolet or visible light to break down organic dirt on surfaces [17-20].
A typical photo-catalysis process has a high photocatalytic activity under ultraviolet or visible light for the degradation of
Methylene blue. A semiconductor photo catalyst absorbs photons to generate charge separation and activate the oxidation
process. Light capturing, electron-hole pair formation and separation, and catalytic reaction have all been recognized as key
processes in photo catalysis in latest years [21]. While numerous nanomaterials are used for wastewater treatment, many of
them exhibit limitations such as low catalytic activity, limited adsorption capacity, constraints on photocatalytic efficiency,
light absorption, and expensive production costs. [22, 23]

Researchers have dedicated significant attention to studying metal nanoparticles (MNPs) during the past few
decades [24-27]. Noble metal NPs have garnered greater interest compared to other metal nanoparticles because of their small
size and high surface-to-volume ratio [28], the utilization of MNPs as heterogeneous catalysts offers notable advantages. [26,
29-33]. However, one challenge that arises is the tendency of MNPs to aggregate. To address this issue and minimize the
aggregation of nanoparticles (NPs), we require a support ideal material. Various inorganic compounds, including TiOz, ZnO,
Fe203, Ta203, CuO, NiO, Cr203, RuOs, etc.), transition metal oxides with wide band gaps and stability can play an important
role on the photocatalytic to remove organic [34]. Between of the different heterogeneous photo catalysts, zinc oxide, silver and
gold NPs appeared as a more attractive alternative for controlling the pollution-related environmental issues [35-38].

The combination of metal nanoparticles (NPs) with metal oxide semiconductor nanocomposites has garnered
significant attention from researchers worldwide. This is primarily due to their remarkable optical, electrical, and chemical
properties, as well as their promising potential in various applications [39-41].

Nanoparticles (NPs) are commonly produced through various methods, including solvothermal processes, chemical
reduction methods, and sol-gel techniques [42—47]. However, these methods are often highly cost and require the utilization
of harmful chemicals. These chemicals are pose potential risks to the environment and biological systems [42-47].

Recently, there has been a development of biosynthetic approaches for the synthesis of MNPs. These methods make
use of solvents that are comparatively less toxic, such as water, biological extracts, biological systems, and microwave
technology [48-51].

Utilizing plant extracts for various applications offers several advantages, including their widespread availability,
ease of handling, and possessing a diverse range of metabolites, although plant extracts contain a variety of secondary
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metabolites with notable reducing potential, they can be effectively utilized as both reducing and stabilizing agents in the
production of environmentally friendly nanoparticles (NPs) [52]. These characteristics make plant extracts a favorable
option when compared to other biosynthetic approaches [53].

The aim of the present work is synthesis Ag- ZnO Nanocomposite by eco-green approach in ambient conditions
using the extract of plant which work as both reducing and stabilizing agents and study their Photo catalysis activity.

2. EXPERIMENTAL
2.1 Materials
Silver nitrate (AgNOs), zinc nitrate hexahydrate (Zn(NOs)2-6H20), sodium hydroxide (NaOH), and methylene blue
were obtained from Carlo Erba and Himedia chemical companies in highly pure form and used without further
purification. The aloe vera plant and Hibiscus sabdariffa leaves were acquired from nearby markets. All glassware used
in the experiment underwent thorough cleaning, including washing twice with distilled water (DW) and ethanol, followed
by drying in the oven prior to use.

2.2 Preparation of Ag NPs, ZnO NPs and Ag-ZnO nanocomposite via Aloe vera plant extract

Initially, we produced the aloe vera extract by washing and cutting the leaves, extracting the gel, and blending it with a
mixer. We took 100 grams of the gel and mixed it with 300 milliliters of distilled water, before placing it on a magnetic stirrer
for 30 minutes. Subsequently, once it had cooled down we centrifuged the solution at 4000 rotations per minute for
approximately 10 minutes. Then to get the Ag NPs, we prepared 0.1M of AgNOs solution, the solution was stirred for 30 min
at 60 C° on the magnetic stirrer and then we added 50 ml of the aloe vera extract to 100 ml of AgNOs. On the other hand, we
prepared other solution from mixing 20 ml of aloe vera gel which was diluted with 150 ml of deionized water. After filtered
and purified, 2 g of zinc nitrate hexahydrate (Zn(NO3), - 6H,O) was dissolved in 150 ml of the plant extract with stirring using
the magnetic stirrer for 1 h at an 80 °C. Leave the zinc solution overnight. Separately, 4 g of Sodium hydroxide (NaOH) is
dissolved in 35 ml of deionized water. Then 12 ml of NaOH solution was added to the precursor solution with the extract.
Following the formation of a white precipitate, the Ag/ZnO nanocomposite is produced by gradually adding 100 milliliters of
Ag nanoparticles to 100 milliliters of ZnO nanoparticles at 60 degrees Celsius, while continuously stirring to ensure thorough
mixing. Final indicate was Ag/ZnO nanocomposite. Then all solutions were deposit on slides for further work.

2.3 Preparation of Ag NPs, ZnO NPs and Ag-ZnO nanocomposite via Hibiscus sabdariffa plant extract

Similar method was adapted to prepare Ag/ZnO nano-campsite via Hibiscus sabdariffa. First, we take the Hibiscus
flowers then washed thoroughly with DW. Then they were sun dried and grinded into small pieces we mixed 2 gr with 100
ml of DW then placed on a magnetic stirrer at 60 C° for 30 min. The red extract was filtered twice with cotton wool balls.
After the completion of the extraction process, we take 50 ml of aqueous extract and repeat the same operation to prepare
the Ag NPs. Then to prepare ZnO NPs, 4g of zinc nitrate hexahydrate (Zn(NO3)2 6H>0) was dissolved in 150 ml of the plant
extract with stirring using the magnetic stirrer for 1 h at an 80 °C. Leave the solution overnight. Separately, 4 g of Sodium
hydroxide (NaOH) is dissolved in 35 ml of deionized water. Then 20 ml of NaOH solution was added to the precursor
solution with the extract. After the formation of a white precipitate, the Ag/ZnO nanocomposite is also produced by gradually
adding 100 milliliters of Ag nanoparticles to 100 milliliters of ZnO nanoparticles at 60 degrees Celsius, while continuously
stirring to ensure thorough mixing. Then we deposit all the solutions on slides for further experiments.

2.4 Photocatalytic activity

The procedure was conducted in according to previous work [54, 55]. The efficiency of the synthesized photocatalyst
samples were assessed by monitoring the degradation of MB dye as a model pollutant. To control the photo-catalytic
degradation process, the optical absorption peak of MB dye at 664.5 nm was determined. We prepared solution of MB
dye by dissolving 10 mg in 1000 ml of distilled water and stirring it on a magnetic stirrer for two hours. The solution was
left overnight to ensure complete dissolution of the MB dye before using it. Approximately 30 mg of nanomaterial
(Samples) was adding, 50 ml of MB (10 mg/ml), the solution was stirred in a dark room for one hour to ensure adsorption
equilibrium between Methylene Blue (MB) and the catalyst surfaces. Subsequently, the solution was exposed to UV light
from a 6W lamp with a wavelength of 254 nm serving as the irradiation source. At equal intervals of time (15 minutes),
samples were collected, filtered, and monitored for MB degradation using UV-visible spectroscopy (Shimadzu
1900i-Japan). Using the following eqution [56] to calculate the degradation efficiency.

Efficiency = =2 x 100% = #2222 x 100% (1)
0 0

Co, C, Ay, and A refer to the concentration and absorbance of methylene blue (MB) before and after exposure to UV light,
respectively.

3. RESULTS AND DISCUSSION

3.1 X-ray diffraction (XRD) analysis
First, analysis of Ag NPs via A. vera leaves and H. sabdariffa flower extracts. (Figure 1.a) shows XRD pattern and the
crystalline size of the synthesized Ag NPs with diffraction peaks at 20 = 35.2°, 43°, 67°, and 74.8° for the Aloe vera, and
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diffraction peaks with 20 = 35°, 46.4°, 65°, and 72.2° for Hibiscus sabdariffa respectively. Which both can be corresponded
tothe (1 11),(200),(220)and (3 1 1) Braggs planes. Also, the X-ray diffraction powder pattern in the two extract also
had small peaks. This could be formed because of the organic ingredients of the leaves and flower extracts and because of
the small residual amounts of AgNOs that it is did not diminished. It is notable that the peak was associated with the (111)
plane is the highest and most intense of the peaks. The Ag NPs produced in the present process are naturally crystalline with
an FCC structure and the determined patterns of XRD matched closely with the standard (JCPDS: 01-1164) [57].

On the other hand, the diffraction pattern of the ZnO NPs samples that prepared via Aloe vera and Hibiscus
sabdariffa plants extract fig (Figure 1.b) shows diffraction peaks at 20 = 31.96°, 34.6°, and 36.52°, corresponding to
Braggs planes of (100), (002), and (101), respectively, while the other peaks at 20 =47.68°, 56.8°, 63.16°, 66.36°, 68.16°,
and 69.4°, corresponding to lattice planes of (102), (110), (103), (200), (112), and (201), respectively. It has been that all
the major peaks characteristic of hexagonal wurtzite structure of ZnO and determined patterns of XRD matched closely
with the standard (JCPDS: 36-1451) [58].
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Figure 1. XRD of (a) Ag NPs, (b) of ZnO NPs via Aloe vera and Hibiscus sabdariffa.

3.2 Field emission scanning electron microscopy (FE-SEM)
The FE-SEM images in Figure (2) illustrate the morphology of Ag NPs, ZnO NPs and Ag/ZnO NCPs synthesized
via a green method using plant extracts like Aloe vera and Hibiscus sabdariffa respectively.

-

(S

Figure 2. FE- SEM of Ag NPs formed via (a) aloe vera, (b) hibiscus sabdariffa, FE- SEM of ZnO NPs formed via (c) aloe
vera, (d) hibiscus sabdariffa, FE- SEM of Ag/ZnO nanocomposite formed via (e) aloe vera, (f) hibiscus sabdariffa.

These images exhibit a spherical shape of Ag NPs, with particle sizes ranging from (16.99 -26.39) nm and
(13.11 - 29.50) nm using Aloe vera and Hibiscus sabdariffa respectively as shown in Fig. 2 (a & b), while Fig. 2 (¢ & d)
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demonstrate the formation of agglomerate ZnO NPs with hexagonal nanorod shape, with particle sizes ranging from
(23.04 — 32.58) nm and (37.99 - 79.59) nm, the metallic silver nanospheres are evenly dispersed on the surface of ZnO
NPs, loose agglomerations of NPs have grown larger and formed clusters, resulting in the formation of nanorod-like
Ag/ZnO NCPs with particle sizes ranging from (22.39 - 40.05) nm and (59.73 -87.05) nm as in Fig. 2 (e & f). It is evident
that the agglomerations of Ag/ZnO NCPs were significantly larger in size compared to pure Ag NPs and ZnO NPs.

In this process, silver nanoparticles form an outer layer coating on the surface of ZnO particles. In one possible
method, that the silver nanoparticles introduced to a solution containing ZnO particles and allowed to bond with the ZnO
surface due to attractive electrostatic forces or chemical interactions. The silver nanoparticles can then continue to
accumulate on the surface of the ZnO particles, forming a layer. This can be facilitated by agitation or heating of the
solution. Our results agree with the results of other work [59-61].

3.3 Dye degradation activity

The photocatalytic effectiveness of Ag nanoparticles, ZnO nanoparticles, and Ag/ZnO nanocomposite powder, the
degradation rate of Methylene Blue dye in a solution was measured under UV light. Samples of the degraded dye solutions
were collected at different time intervals, and their absorbance was determined using a UV-Visible Spectrophotometer to
quantify the dye degradation rate using the equation (1) above. Figure 3 showed UV-visible absorption spectra of the 6
samples, where Fig. 3 (a & b) represent the Ag NPs efficiency from Aloe vera, Hibiscus sabdariffa respectively.
Fig. 3 (c & d) represented the ZnO NPs efficiency from Aloe vera, Hibiscus sabdariffa respectively. And Fig. 3 (e & f)
represented the Ag/ZnO nanocomposite efficiency from Aloe vera, Hibiscus sabdariffa respectively.
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Figure 3. UV-Vis absorption spectra of Ag NPs via (a) aloe vera, (b) hibiscus sabdariffa, UV-Vis absorption spectra of ZnO NPs
via (c) aloe vera, (d) hibiscus sabdariffa, UV-Vis absorption spectra of Ag/ZnO NCs via (e) aloe vera, (f) hibiscus sabdariffa of
photo degradation samples against MB.

The above results indicate that the Ag/ZnO nano composite had the highest photo degradation activity as shown in
Figure 4, with a degradation rate of 97% for Aloe vera and 87% for Hibiscus sabdariffa.
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Figure 4. The efficiency of Ag NPs, ZnO NPs and Ag/ZnO NCs against MB dye.

The ZnO NPs also showed a high level of photo degradation activity, with degradation rates of 95% and 75% for
Aloe vera and Hibiscus sabdariffa, respectively, while the Ag NPs had lower levels of activity, with degradation rates of
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86% and 21% for Aloe vera and Hibiscus sabdariffa, respectively. These results suggest that the Ag/ZnO nano composite
could be a promising material for photocatalytic applications.

To determine the rate of photocatalytic reactions, the pseudo-first order rate constant (k min™') can be calculated by
estimating the slope of the lines in Figure (5).

5 - ® Ag NPs- Aloe vera ® Ag NPs - Hibiscus S
® ZnO NPs- Aloe vera ® ZnO NPs - Hibiscus S
@® Ag/ZnO NCs- Aloe vera ® Ag/ZnO NCs - Hibiscus S
Linear (Ag NPs- Aloe vera) Linear (Ag NPs - Hibiscus S)

4 4 Linear (ZnO NPs- Aloe vera)
e | inear (Ag /ZnO NCs- Aloe vera)

Linear (ZnO NPs - Hibiscus S)
e |inear (Ag/ZnO NCs - Hibiscus S)

Ln (A/A)

0 10 20 30 40 50 60 70 80 92
Irradiation time (min)

Figure 5. First-order kinetics of MB dye degradation against Ag NPs, ZnO NPs, Ag/ZnO NCs using different plant extracts with

irradiation time.

These lines are plotted between In (A0/A) and irradiation time, and the results indicate an increase in the value of k
for samples prepared from Aloe vera extract. Table (1) presents the efficiency values and k for each sample. Figure (6)
demonstrates a possible mechanism of the Ag/ZnO NCs photocatalyst.

hv

MB molecules
OH

Figure 6. A possible mechanism of Ag/ZnO NCs photocatalyst.

When exposed to UV light, electrons in the Ag/ZnO NCs can absorb photon energy and move to the conduction band
(CB), generating an equal number of holes in the valence band (VB). Since the conduction band CB energy level of ZnO
is higher than the Fermi level of Ag-ZnO, the electrons can transfer from ZnO to Ag. Consequently, the photogenerated
electrons can be trapped by Ag, preventing their recombination with holes. This leads to an accumulation of more
electrons and holes at the Ag/ZnO interface, ultimately enhancing the photocatalytic activity of the Ag/ZnO NCs.

The conduction band (CB) electrons may subsequently generate superoxide anion radicals (O2—), while the valence
band (VB) holes may react with H20 to create hydroxyl radicals (*OH). These hydroxyl radicals can facilitate the
degradation of MB. The reactions can be summarized as follows [62 - 64].

Zn0 + Photon energy — e~ (CB) + h*(VB) 2
Ag*t + e (CB) - Ag 3)

ec) + Oz(adsorveay = 03 4)

hivsy + Hy0(agsorveay > OH- +H* (5
hiys) + OH™ - OH (6)

05~ + MB dye — degradation products 7

OH - 4+ MBdye — degradation products ®)
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Table 1. The efficiency values and pseudo-first-order rate constant (k) for each sample.

Prepared samples Degradation efficiency K (min™)
Ag NPs via A. vera 86 0.020507143
Ag NPs via H. sabdariffa 21 0.00220619
ZnO NPs via A. vera 95 0.033383333
ZnO NPs via H. sabdariffa 75 0.01387381
Ag/ZnO NCPs via A. vera 97 0.032133333
Ag/ZnO NCPs via H. sabdariffa 87 0.020735714

4. CONCLUSION

In summary, Ag/ZnO NPs, Ag NPs, ZnO NPs were successfully prepared via nontoxic, fast, low cost, eco-friendly
and simple green method using two kind of plant extracts that is having comparable functional groups that could
potentially aid in the production of NCPs and ultimately be transformed into valuable nanomaterial. XRD and FE-SEM
analyses were utilized to check structural properties. Ag/ZnO NCs showed powerful photocatalytic activity compared
with Pure Ag NPs and Pure ZnO NPs, against MB which totally decolorized as a wastewater pollutant. The novelty of
the investigated results of Ag/ZnO NCs which utilizes leave and fruit extract as a cost effect and eco-friendly additive
that have a significant effect in the enhancement of wastewater treatment.
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EKOJIOTTYHO YMCTHI 3EJEHUANA CUHTE3, TA ®OTOKATAJIIBATOPHA AKTUBHICTh HAHOKOMIIO3UTY Ag-ZnO
Hypysutax Moxammen Hemma, 3eiinaé Ca6ix Cagex
Daxynomem ¢hizuxu, Haykosuii konedac, bazoadcvruii ynisepcumem, baeoao, Ipax

JlocTiPkeHHS YCTIIITHO CHHTE3yBaIo HAHOYaCTHHKY Ag, HaHO9acTHHKY ZnO Ta HaHOKOMIT03UTH Ag/ZnO, BUKOPHCTOBYIOUH IIPOCTHH,
SKOHOMIYHUH Ta CTiKHii €KOJIOTIYHHI CHHTETHYHUI Hinxin. Mera cHHTEe3y HAaHOKOMIO3UTIB Ag/ZnO 3 BUKOPUCTAHHSAM JIBOX PI3HHX
POCIIMHHHMX E€KCTpPaKTiB IoJjisiraja y JOCTipKeHHI X ¢oronerpananiiiHoi akTHBHOCTI Ha OapBHUKY MeTHiIeHOBoro cuuHeoro (MB).
(XRD) nnudpaxuiiianii aHami3 miaTBEpANB HASBHICTb PO3MIpYy KpUCTaNiB Ag 1 rekcaroHainbHOI cTpyKTypu Biopuuty ZnO. Pesynbratu
(FE-SEM) noka3zanu chepudHicTh, HAHOCTPYIKHI Ta HasiBHICTD Kinactepusauii HY HenpaBuibHOT popmur. OTpuMaHi HAHOKOMITO3UTH
METaJI/HAIIBIIPOBIJHUK OKCHA BOJIOAUIM YHIKaJIbHUMHU XapaKTepHCTHKaMH (QoTonerpajgauii, ski OyiaM BIiACYTHI B OKpeMHX
HAaHOYACTHHKaX Ag i HaHo9acTHHKaxX ZnO.

Ki11040Bi ci10Ba: HaHOUACMUHKU, HAHOKOMRO3UM, OYUWEHHS CIIYHUX 800; KAMANI3AMOp
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The effect of reaction gas (nitrogen) pressure on the structural-phase state and properties of vacuum-arc nitride coatings of (TiZrSiY)N
system has been studied. On the surface of the coatings, a significant amount of the droplet fraction and solidified macroparticles of the
sputtered cathode is observed, which is typical for vacuum-arc condensates obtained from unseparated plasma flows. In all samples,
titanium nitride with a cubic fcc lattice is identified. In the coatingobtained at nitrogen pressures 0.08 Pa and 0.2 Pa, the a-Ti phase was
determined, and the measured lattice parameter of this phase suggests that it is a solid solution of nitrogen in titanium. The texture
coefficient of the multicomponent coating obtained at the highest nitrogen pressure of 0.55 Pa has the highest value of 5.95 compared to
others. The Vickers hardness of multicomponent coatings increases depending on the partial pressure of nitrogen from 25.0 GPa to
36.0 GPa. According to the complex of tribo-mechanical parameters (hardness, elastic modulus, elastic strain to failure, friction
coefficient etc.), suggested multicomponent (TiZrSiY)N coatings can be very attractive for tribological applications.

Keywords: Vacuum-arc coatings; Multicomponent nitride coatings; Nitrogen partial pressure; Texture; Vickers hardness; Adhesive
strength

PACS: 61.46.-w; 62.20.Qp; 62-25.-g; 81.15.Cd

INTRODUCTION

The formation of functional coatings on the surface of various materials is an effective method for improving their
performance under various thermobaric impacts. The high mechanical properties of the coating, combined with the
thermal stability of the protective layer, can provide the necessary long-term performance of various machine parts,
cutting tools, friction pairs, and other elements of different devices. However, practical experiments have shown that
with an increase in specific loads, worsening in some cases of lubrication conditions for parts, tightening of
requirements for the reliability and durability of various parts and products, coatings based on simple refractory
compounds cease to meet the put forward requirements.

An effective approach that allows, on the one hand, to significantly change the physical and mechanical properties
of the coatings, and, on the other hand, to improve the performance characteristics of structural materials on which such
coatings are deposited, is the use of coatings based on multicomponent systems. Such coatings can be obtained by
alloying well-known coatings based on nitrides and carbides of the refractory metals with the specific elements that
provide increased surface hardness, low coefficient of friction, good adhesion to the substrate, oxidation resistance, and
wear resistance [1-5]. The deposition method of such systems is based on the fact that a multicomponent system can be
obtained in the state of a solid single-phase substitution solution, which by its nature is both stronger and more
thermodynamically stable compared to a multi-phase solution.

The physical and mechanical characteristics of nitride coatings based on multicomponent systems mainly depend on
the amount of nitride-forming elements in the system, as well as on the method and technological parameters of deposition.

A positive increase in properties can be achieved by selecting such a number of components and such a ratio of
their concentrations in the material, at which an increased value of the mixing entropy is realized in the calculated
composition (therefore, according to the Gibbs equation, a reduced free energy of the system). At the same time, such a
value of entropy exists not only in the molten state, but also after solidification. The decrease in free energy causes an
increased resistance of the solid solution during subsequent heat treatment [6]. The improved mechanical characteristics
at high temperatures are realized due to a strong distortion of the crystal lattice (usually bcc) due to differences in the
values of the atomic radii of the substitution elements. In this case, the higher the mixing entropy, the more pronounced
the indicated characteristics of the multicomponent material. The use of multicomponent materials as evaporated
systems for coating deposition slows down diffusion processes, decomposes the solid solution with the formation of
chemical compounds, and, consequently, reduces the entropy of mixing.

7 Cite as: V.M. Beresnev, S.V. Lytovchenko, M.O. Azarenkov, O.V. Maksakova, D.V. Horokh, B.O. Mazilin, East Eur. J. Phys. 3, 279 (2023),
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Among the proven physical technologies for obtaining such coatings, the ion-plasma technologies (magnetron
sputtering as well as vacuum-arc deposition) are the most widely used. The specific characteristics of these technologies
significantly affect the structural-phase state of the formed coatings, which, in turn, determines the achieved physical
and mechanical characteristics [7-11].

The crucial physical and technological parameters of deposition that affect the microstructure and physical and
mechanical properties of coatings are the magnitude of the negative bias potential applied to the substrate, the partial
pressure of the reaction gas in the chamber, as well as the amount, concentration, and type of alloying elements. It is
known that the addition of silicon to two- or three-element coatings based on titanium nitride, aluminum nitride, and
zirconium nitride increases the thermal stability of the nanostructural state by thermodynamically controlled segregation
of secondary phases that are insoluble in the volume of crystalline grains [12]. The high hardness of such coatings is
due to the fact that at grain sizes between 5 to 8 pum, the generation and propagation of dislocations are not possible, the
crack propagation and grain boundary sliding are suppressed, and the yield stress has a value close to the theoretical
shear resistance.

It is known, the addition of yttrium to the coating promotes an increase in the resistance to oxidation due to the
formation of the YOy phase at the grain boundaries [13, 14]. In addition, this element leads to grain crushing and
destruction of the columnar microstructure of condensates, which is important for improving friction wear resistance
when operating in an oxidizing environment. In this regard, the use of yttrium as an alloying element to improve the
thermal and mechanical properties of nitride multicomponent systems is of scientific and practical interest.

In order to develop modern ideas about the physical processes of the formation of multicomponent nitride coatings
of (TiZrSiY)N-type under highly nonequilibrium conditions of the vacuum-arc deposition, in this paper, we consider
the effect of the nitrogen partial pressure on the structural-phase state (surface morphology, elemental and phase
composition), as well as the tribo-mechanical characteristics of the formed coatings.

EXPERIMENT DESCRIPTION

The all-metal target material was obtained by vacuum-arc melting in a cooled copper mold. The ingot was
produced by pre-mixing the required amount of alloy components, followed by fusion in a high-purity inert gas
atmosphere. To achieve the most uniform distribution of the metal components, the vacuum-arc melting of the target
material was carried out five times, and after each melting, the ingot was turned over in the mold. Then, the target
cathode was made from the obtained ingot. Before coatings deposition for several minutes in an argon atmosphere, a
surface layer was preliminarily sputtered from the cathode to remove oxide films formed during the manufacture of the
cathode.

Experimental coatings were formed by vacuum arc deposition [15] by evaporation the all-metal target with the
following composition of elements (in at %): 72.5 Ti + 20.0 Zr + 5.0 Si + 2.5 Y. The substrates of 18 mm in width,
18 mm in length, and 2.5 mm in thickness were made of steel 12X18H9T (world analogues: USA 321, Japan SUS321,
SUS321TK, United Kingdom 321S51). Technological parameters of coating deposition are submitted in Table 1.

Table 1. Physical and technological parameters adjusted during deposition of multicomponent (TiZrSiY)N coatings

Series No Ig, A I, A Uy, V Pn, Pa h
1 0.08
2 100 0.5 -200 0.2 1
3 0.55

Note: 14 — arc current, Ir— focus coil current, Uy — negative bias potential, Pn— nitrogen pressure, h — deposition time.

Microscopic examination of the surface and cross-section of the coatings was carried out using a scanning electron
microscope Nova NanoSEM 450. The thickness of the coatings was measured based on the cross-section images.

The elemental composition of the coatings was determined from the spectra of characteristic X-ray radiation
generated by an electron beam in a scanning microscope. The spectra were obtained using an EDAX PEGASUS
energy-dispersive X-ray spectrometer installed in a Nova NanoSEM 450 microscope.

The surface topography of the coatings was analyzed using an atomic force microscope produced by NT-MDT
company.

The phase composition and sub-structural studies were carried out on an X-ray diffractometer DRON-3M in
filtered Cu-Ka radiation (A = 1.54060 A°, 45 kV and 40 mA) using a graphite monochromator in the secondary beam.
Diffraction spectra were taken in the scheme of 6-20 scanning with Bregg-Brentano focusing.

The Vickers hardness and the elastic modulus of the coatings were measured on a Shimadzu HMV-G21S
instrument. The load was 245.2 mN, the holding time was 10 seconds, the distance between the measurement points
was 40 microns. The number of measurements was 10 for each sample, and the average values were calculated in the
final.

The adhesive/cohesive strength of the coatings was determined by nanoscale scratching using a Revetest scratch
tester (CSM Instruments) in progressive load testing mode. During the tests, changes in the friction coefficient and
acoustic emission were recorded, as well as the main critical loads were identified. The following classification of the
critical load was chosen: Lcl is the formation of the first chevron crack at the bottom and diagonal cracks at the edges



281
A Comparative Study of Microstructure and Properties of Multicomponent Coatings... EEJP. 3 (2023)

of the scratch; Lc2 is the formation of a group of chevron cracks at the bottom of the scratch; L¢3 is the local failure of
the coating after the formation of a group of chevron cracks at the bottom of the scratch; Lc4 is the cohesive-adhesive
destruction of the coating; Lc5 is the plastic wear of the coating to the base [16]. The critical load Lc5 corresponding to
the load when the destruction of the coating occurred, was taken as the criterion for the adhesive strength index.

RESULTS AND DISCUSSIONS

The surface morphology and cross-section of one of the experimental coatings are shown in Figures la and 1b.
A significant amount of the craters, droplet fraction and solidified macroparticles of the sputtered cathode was fixed on
the surface, which is typical for the vacuum-arc deposited materials obtained from unseparated plasma flows [15]. The
increase in the size of particles of the droplet fraction, as well as their tendency to agglomerate, is apparently associated
with the erosion of zirconium. The data of different authors on the erosion coefficient of Zr are somewhat different
while indicating that the erosion index for Zr is significantly exceed the erosion coefficients of Ti, Mo, and W [17]. The
droplets exist in two main forms: a flat shape when their surface is parallel to the coating and a spherical shape, which is
bulging with respect to the coating. The different shapes of droplets are probably formed from materials of different
phases. Spherical droplets show the correct geometric shape. Around them, there are regular circles on the surface of the
coating. The flat shape droplets have a microstructure of the surface, similar to the microstructure of the coating.
According to the visual analysis of the boundary between the flat droplet and the coating, it seems that there is a strong
mechanical connection between them. Similar shapes of the droplets on Zr-Si-N coatings deposited by the arc
evaporation at different substrate bias voltages were observed in [18]. During tribological investigations using
microtribometers, these droplets directly influence the results as they are deformed, pulled out from the coating surface,
and participate in the friction process as so-called a third body.

The cross-sectional image shown in Figure 1b was used to measure the coating thickness. The thickness was found
to be 7.37 microns. It is also obvious, that the interface between the steel substrate and the coatings is rather clear, the
coating repeats the shape of the substrate very fine. There are no voids or cracks, thus, the adhesion of the coating to the
based material (substrate) is supposed to be high. The small inclusions of metal drops are visible within the cross-
section image, but they did not cause any structural destruction. In this case, we can summaries that the deposition of
the experimental coatings went well and the structural integrity is verified.

200um ! Electron Imane 1

a b

Figure 1. SEM images of the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Pa (series no. 3):
surface (a) and cross-section (b)

The chemical composition of the experimental coatings obtained via EDX is summarized in Table 2. From the obtained
results, one can see the tendency in the concentration change of the structural elements: Zr, Si, and Y concentrations are
lowering with the N pressure increasing. This goes due to the re-sputtering during the deposition process.

Figure 2 shows AFM surface images of the multicomponent (TiZrSiY)N coatings obtained at different nitrogen
pressures. These figures confirm the rather complex surface topography of both experimental coatings. A comparison of
the surface topography shows that the coating obtained at a lower nitrogen pressure, 0.08 Pa, is characterized by a large
amount of a droplet component with a higher peak height and a large height spread.

Table 2. Elemental composition of the multicomponent (TiZrSiY)N coatings by EDX

Element
Series No N | Ti | Zr | Si Y
Composition, at. %
1 37.2 46.3 13.4 2.2 0.9
2 43.2 41.9 12.5 1.7 0.7
3 44.2 44.8 9.5 0.9 0.6




282
EEJP. 3 (2023) Vyacheslav M. Beresnev, et al.

Figure 2. 3D AFM surface images of multicomponent (TiZrSiY)N coatings obtained at nitrogen pressure:
0.08 Pa (series no. 1) (a) and 0,55 Pa (series no. 3) (b)

In the coating obtained at the higher nitrogen pressure of 0.55 Pa, better topography uniformity is observed; the
height of the peaks is smaller and the scatter of their heights is also smaller. The change in the surface topography is
associated with the processes of the energy impact of particles on the surface. The sufficiently high energy of particles
incident on the surface, due to a significant bias potential (-200 V), increases the temperature of the substrate. Due to
such heating, diffusion, and recrystallization processes are intensified, which, in turn, leads to the evolution of the phase
composition of the near-to-surface layers of the coating and the formation of areas with a reduced stress level [19]. The
alternation of dark and light protrusions, cones, and pores of nanosized regions is clearly visible, which indicates a
change in the height of individual sections of the surface relief.

At the same time, the high energy of metal particles bombarding the coating at low nitrogen pressure and applying
a sufficiently high negative bias potential (-200 V) to the substrate, as well as the large difference in the size of the
atoms of the multicomponent system (Table 3), leads to the coating deformation as micro- and at macrolevels and
stimulates the formation of rough surface topography for the coating series no. 1.

Table 3. Atomic radius of elements of a multicomponent TiZrSiY coating [19]

Element Ti Zr Si Y
Radius, nm 0.140 0.155 0.110 0.180

Increasing the nitrogen pressure in the deposition chamber leads to a decrease in the average energy of the
evaporated particles (losses during collisions in the interelectrode gap affect) and deformation of the coating, as well as
to increase the saturation of the coating with nitrogen atoms. The latter form chemical bonds with the metal base and
occupy octahedral interstices characteristic of a NaCl-type crystal lattice, thus preventing shear displacement of the
planes with the formation of stacking faults. The mentioned structural changes can led to an increase in the mechanical
properties of the coating, especially hardness, which is expected to see for the samples obtained at the maximum
nitrogen pressure of 0.55 Pa.

Figure 3 shows the diffraction patterns of multicomponent (TiZrSiY)N coatings deposited at different partial
pressures. A cubic TiN phase (ICCD: 04-001-2272) with a crystal lattice of NaCl-B1 type is formed in all experimental
coatings. For all diffraction spectra, the (111) diffraction line has the highest intensity. There are also a number of low-
intensity diffraction reflections corresponding to a mixture of (200) + (220) + (311) + (222) oriented grains.

In the coating deposited at nitrogen pressures of 0.08 Pa (see Figure 3a), the presence of cubic TiN and the a-Ti
phase was identified. The lattice parameter of TiN nitride is a = 0.4262 nm. Calculation of substructural characteristics
showed that the crystallite size of titanium nitride is 19.5 nm at the level of microdeformations & = 4.66-1073. The a-Ti
lattice in the coating has the following lattice parameters: a = 0.2968 nm, and ¢ = 0.4757 nm, which exceeds the values
known from the scientific sources (a =0.29505 nm, and ¢ = 0.4697 nm) [20]. Therefore, the a-Ti phase is probably a
solid solution of nitrogen in titanium.

The coating obtained at nitrogen pressure of 0.2 Pa (see Figure 3b) contain the same phases: cubic titanium nitride
TiN and o-Ti. The lattice parameter of TiN nitride is a = 0.4268 nm, while the crystallite size is larger and equal to
26.5 nm at the lower level of microstrains € = 4.27-1073. The lattice parameters of the a-Ti phase is the same as for the
coatings obtained at nitrogen pressure of 0.08 Pa.

In the coatings obtained at nitrogen pressure of 0.55 Pa (see Figure 3¢), one phase was identified as cubic titanium
nitride, TiN, with a lattice parameter a=0.4291 nm and the largest crystallite size of 34.9 nm at the lowest
microdeformation level € = 3.79-1073.
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It is known that the value of the texture coefficient Tceii is proportional to the number of crystallites (grains) that
are oriented in a certain crystallographic direction. In cases of Tciy > 1, a large number of crystallites are oriented to a
certain crystal plane. When Tcmky) < 1, the opposite variant is observed — a significant disorientation of crystallites. The
calculated texture coefficient of the coating obtained at nitrogen pressure of 0.55 Pa is 5.95. This coating is
characterized by the highest level of texturing compared to the coatings obtained at a lower nitrogen pressure
(Tcauay = 3.50 for the coating obtained at nitrogen pressure of 0.08 Pa, and Ty =4.99 for the coating obtained at
nitrogen pressure of 0.2 Pa).
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One of the most important mechanical characteristics of multicomponent coatings are hardness (H) and elastic
modulus (E). The results of measuring the abovementioned parameters as well as calculated values of the elastic strain
to failure (H/E) and the resistance to plastic deformation (H*/E?) are shown in Table 4.

Table 4. Mechanical characteristics of multicomponent (TiZrSiY)N coatings

Series Vickers Elastic
No. hardness H, modulus E, H/E H3/E?
GPa GPa
1 25 284 0.088 0.19
2 31 327 0.09 0.27
3 36 347 0.1 0.38

The improvement in all mechanical properties with an increase in nitrogen pressure is obvious. Moreover, the
coating series no. 3 has the smoothest surface. This means that the coating structure is denser, and, therefore, the
hardness is higher.

Generally, such high mechanical properties of the experimental coatings are probably due to the complex
influence of several effects, in particular, (1) the nanosize of grains, (2) the formation of a close-packed crystallite
texture with the [111] axis, (3) the surface roughness, and (4) a certain level of internal stresses.

For the operational characteristics of coatings, an important criterion is their adhesive strength. In this work, the
scratch testing method was used to determine the adhesive strength parameters of the coatings (see Figures 4 and 5).
Based on the tests results, the coefficient of friction at different stages of wear, the amplitude of acoustic emission, as
well as the critical loads were determined.



284

EEJP. 3 (2023) Vyacheslav M. Beresnev, et al.
Ae, KT
1,007 100
0,90 90
0,80 “ 20
0,70 ’ 70
0,60 ‘ r ‘ ‘ 60
0,50 | | 50
0,40 ‘ 40
0,30 w AA} w‘lf ‘ i ‘ '
0,20 L\f v ‘ M ﬂlhl ‘ | ~ { | 1‘ J 20
sl MDY
0,00 T T T T T T T T T T T T T 0%
080N 781 1472 2183 2854 3545 4296 4927 5648 6308 70,00
lwulmm I u,ljo I 1‘|n{1 I 1,‘50 z‘lno I z,lso I 3‘|u{1 3.‘50 I 4‘:10 I 4,|5{J I 5‘||Jﬂ

Figure 4. The graph of wear parameters obtained for the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Pa
(series no. 3): the coefficient of friction KT (red line, left scale), the amplitude of acoustic emission AE (blue line, right scale), the
normal load to the indentor (brown bottom scale), the length of the scratch (black bottom scale)

A significant scatter in the values of the friction coefficient is due to the presence of a droplet fraction on the
surface of the particles, which have micron sizes and create a large roughness. The composition of these particles differs
greatly from the composition of the main coating layer; therefore, the interaction with the moving indenter also changes,
which confirms the change of the course of the friction coefficient curve.

An analysis of the change in the level of the acoustic emission signal shows that the process of accumulation
of cracks when approaching the load Lc4 leads to a sharp increase in acoustic emission (approximately 5-7 times), the
level of which continues to slightly increase with further loading.

Microscopic images of the scratch at different critical loads for multicomponent (TiZrSiY)N coating obtained
at nitrogen pressure of 0.55 Pa is presented in Figure 5.

Lc2 Lc3

Lcl=7.61 N
Lc2=16.08 N
Lc3=24.02 N
Lc4=42.61 N
Lc5=65.12 N

Lc4 Lcs

Figure 5. Microscopic images of the scratch at different critical loads for multicomponent (TiZrSiY)N coating obtained at nitrogen
pressure of 0.55 Pa (series no. 3)

Table 5 shows the results of adhesion tests of all multicomponent coatings. It is obvious that the coating obtained
at the highest nitrogen pressure of 0.55 Pa is characterized by higher critical loads (Lcl-L¢5) compared to other
coatings.
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Table 5. Critical load values (N) for multicomponent (TiZrSiY)N coatings

Series No. Lcl Lc2 Lc3 Lc4 Lc5
1 4.1 12.8 19.9 29.8 42.3
2 6.9 14.8 21.1 38.4 56.2
3 7.6 16.1 24.2 42.6 65.1

When scratching, the coatings are abraded, but do not exfoliate, i.e., they are destroyed by the cohesive
mechanism associated with plastic deformation and the formation of fatigue cracks in the coating material. The
difference in the level of adhesive strength of the coatings is due, on the one hand, to mechanical interaction due to the
roughness of the contacting surfaces, and on the other hand, to chemical-interatomic interaction at the interface of the
contacting bodies. In this case, the process of accumulation of cracks and local flaking (at Lc4) occurs in the coating in
a rather narrow area of loads, and a large area corresponds to the abrasion of the coating to the substrate (at Lc4 - Lc5).

CONCLUSIONS

Multicomponent (TiZrSiY)N coatings formed using vacuum-arc technique at different nitrogen pressures were
investigated. The analysis of the results of the phase composition and surface morphology suggests as follows:

1. During the formation of coatings under conditions of low nitrogen pressure, cubic titanium nitride TiN with the
{111} texture and titanium (in the form of a solid solution) were identified.

2. Increasing the nitrogen pressure leads to an increase in the lattice parameter of TiN. In this case, an increase in
the crystallite size of titanium nitride and a decrease in the level of microdeformations are observed. The {111} texture
in titanium nitride also becomes stronger with increasing nitrogen pressure.

3. With the increase in the partial pressure of nitrogen in the coating, the texture coefficient increases to 5.795,
which is associated with the formation of a more perfect substructure and the formation of a larger amount of
crystallites with minimal defects.

4. The microhardness of multicomponent (TiZrSiY)N coatings increases with increasing nitrogen pressure during
deposition from 25.0 GPa (at the nitrogen pressure of 0.08 Pa) to 36.0 GPa (at the nitrogen pressure of 0.55 Pa).

5. Studies of the process of destruction of coatings indicate that, depending on the structural-phase state of the
coatings, their adhesive strength changes. Adhesive destruction of a multicomponent coating obtained at the highest
nitrogen pressure of 0.55 Pa occurs at a load of 65.12 N.

6. According to the complex of parameters, H, E, H/E, HY/E?, friction coefficient and critical loads, the presented
multicomponent (TiZrSiY)N coatings can be very attractive for tribological application.
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BATATOKOMIIOHEHTHI NOKPUTTS HA OCHOBI CUCTEMMU (TiZrSiY)N,
OTPUMAHI METOJJOM BAKYYMHO-IYI'OBOI'O OCAI’KEHHSI
B’siueciiae M. Bepecuer?, Cepriii B. JIutoBuenko?, Mukosa O. AzapeHkos 9,
Oubra B. MakcaxoBa®, Jlenuc B. I'opox?, Borgan O. Mas3inin®
“Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapa3zina, matioan Ceo600u 4, 61022, m. Xapxkis, Yxpaina
*Hayionanvnuii naykosuii yenmp «Xapxiecvkut pisuxo-mexuiunuii incmumymy, eyn. Axademiuna, 1, 61108, m. Xapxis, Yipaina

BuBueHO BIUIMB THCKY peakIifHOTrO rasy (a30Ty) Ha CTPYKTYpHO-()a30BMH CTaH Ta BIACTHBOCTI BaKyyMHO-IYTOBHX HITPHIHUX
nokputtTiB cuctemu (TiZrSiY)N. Ha noBepxHi MOKPHUTTIB CIIOCTEpiraeThesl 3Ha4uHa KiJIbKICTh KPAIUIMHHOI (pakiuii Ta 3aTBEepIiINX
MaKpOYaCTHHOK pO3MOPOLICHOr0 Karoja, L0 € XapakTepHHM JUIS BaKyyMHO-IYTOBUX KOHJICHCATiB, SIKi OCa/UKYIOTh 3
HecelapoBaHKX IUIA3MOBHX ITOTOKIB. B ycix 3pa3kax y mokputTi 3adikcoBaHo HiTpu TUTaHy 3 KyOiunumu ['T[K-rparamu. ¥ 3paskax
HOKPHTTIB, OCa/pKEHUX HpH THckax a3orTy Pn 0,08 ITa i 0,2 ITa, takox ineHrudikoBana ¢dasza o-Ti, npu 1bOMy BHMipIOBaHHI
napaMeTp TpaTiB wi€l a3y JO3BOJISE HPHITYCTUTH, MO Us (asa € TBEpAUM pPO3YMHOM a30Ty B TuraHi. KoediuieHT TekcTypu
0araTOKOMIOHEHTHOTO TOKPUTTSA, CPOPMOBAHOrO Mpu mHoTeHmianmi 3MmimeHHs -200 B i Py = 0,55 Ila mae Bucoke 3Ha4YeHHS
Tewkny =5,95 B mopiBHSAHHI 3 iHmIMMH 3pa3kaMu. MIKpPOTBEpAiCTh OaraTOKOMIIOHEHTHHX IIOKPHTTIB 3pOCTa€ 3aleXHO BiJ
MapIianbHOTO THCKY a30Ty Bix 25,0 mo 36 I'Tla. HaiiBuiy aaresiiiHy MIiIHICTh TaK0X Ma€ MOKPUTTS, CHOPMOBaHE NIPpU HAHOLIBIIOMY
BUKOPUCTaHOMY THCKY a30Ty Px = 0,55 Ila.

KurouoBi ciioBa: 6axyymno-0yzo6i nokpummsi; 6a2amoKoMnOHeHmHi HimpuoHi NOKpUMms, NaApyianbHutl MucK azomy,; mekcmypd,
MIKpomeepoicmy, adee3itina MiyHicmy
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This paper presents the results of studies of the effect of isothermal annealing at temperatures T = 673+1473 K in the time interval
5+60 minutes on the electrical properties of silicon, simultaneously alloyed with nickel and copper. Samples of n-Si<Ni,Cu> were
obtained on the basis of the starting material - single-crystal silicon, grown by the Czochralski method with the initial resistivity
p = 0.3 Ohm-cm. Diffusion was carried out at a temperature of 1523 K for 2 hours. After that, the samples were cooled at a rate of
0.1 K/s. The morphological parameters of impurity nickel and copper atom clusters formed in the bulk of silicon were measured by
electron probe microanalysis on a modern Superprobe JXA-8800R setup. As it turned out, in the volume of n-Si<Ni,Cu> samples,
clusters of impurity atoms with different geometric shapes are formed, the sizes of which reach up to 500 nm. The electrical
properties of the samples were studied by the Hall effect method using an Ecopia HMS-7000 instrument. It was revealed that under
the influence of thermal annealing (TA) at T>1273 K, impurity clusters decompose, which leads to an increase in the resistivity of
n-Si<Ni,Cu> samples. After exposure to TA at T=1273 K for 15 minutes, the density of impurity nanoaccumulations of acicular and
lenticular shapes sharply decreases in the sample volume. Under the influence of TA at T = 1473 K for 10 minutes in the volume of
the sample, the decay of impurity nanoclusters with a spherical shape is observed. Also presented are the results of changes in the
density of impurity clusters, as well as structural analyzes of the samples before and after exposure to thermal annealing.

Keywords: Silicon; Nickel;, Copper,; Impurity; Thermal annealing; Nanoclusters, Decay

PACS: 85.30.-z, 61.72.-y

INTRODUCTION

Currently, in the production of electronic devices, the base material is silicon, on the basis of which more than
90% of all semiconductor devices are produced. Therefore, the quality of this material significantly affects the
development of modern semiconductor micro- and nanoelectronics. The manufacture of multifunctional integrated
circuits is mainly carried out on single-crystal semiconductor wafers. Electrical, photoelectric, optical and other
properties of semiconductor materials and structures based on them are determined by the presence of impurities and
structural defects in crystals [1-4]. It should be noted that impurity defects can appear not only at the stage of obtaining
materials, but also in the technological processes of manufacturing semiconductor devices [5-7].

Impurity defects formed during high-temperature diffusion doping of silicon single crystals with transition metal
elements significantly affect their electrical, photoelectric, and optical properties [8-11]. Usually, when a silicon single
crystal is doped with transition metal atoms, its thermal and radiation stability increases. In this direction, special
attention is drawn to the behavior of impurity micro- and nanoinclusions under the influence of external influences. The
state and behavior of impurity atoms of transition metals during heat treatment (HT) is of great interest from the point
of view of controlling the electrophysical properties of silicon single crystals [12-15]. In this regard, this work is
devoted to the study of the effect of HT on the resistivity of silicon doped with nickel and copper, as well as the kinetics
of the decay of impurity nanoclusters under the influence of HT.

RESULTS AND DISCUSSION

Samples of n-Si<Ni,Cu> obtained on the basis of the starting material - single-crystal silicon, with resistivity
p =0.3 Ohm-cm, grown by the Czochralski method with crystallographic orientation (111), which are indicated in
manufacturer's passport. The samples had the shape of a parallelepiped with the corresponding dimensions of
2x5x10 mm. Layers of impurity atoms were deposited on these samples, with nickel atoms 400 nm thick on one side of
the sample and copper atoms 450 nm thick on the opposite side by vacuum deposition from a molybdenum boat heated
to temperatures Tni ~ 1750 K and T¢, ~ 1400 K. Simultaneous diffusion of nickel and copper into silicon was carried
out in vacuum (107 Pa) at a temperature of 1523 K for 2 hours, after which the samples were cooled at a rate of 0.1 K/s.
The results of our previous studies have shown that, at given diffusion parameters, nickel and copper impurity atoms
diffuse into the entire volume of the sample. The resulting samples were subjected to isothermal annealing in vacuum
(10* Pa) at temperatures T=673+1473 K in the time interval 5+60 minutes, followed by rapid cooling. After each stage
of annealing, the electrical properties of the samples were studied. Structural studies were carried out by electron probe
microanalysis on a modern Superprobe JXA-8800R setup. The electrical parameters of the samples were measured by
the Hall effect method on an Ecopia HMS-7000 instrument. When measuring electrophysical parameters by the Hall
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effect method, the surface of the samples had dimensions of 1.8x5x5 mm. From each of the four corners on the sample
surface, ohmic contacts were made using Au and In(50%)Sn(50%).

The resistance values of n-Si<Ni,Cu> samples after diffusion annealing are p= 10* Ohm-cm. Such growth values of p
compared to the original samples are due to the fact that the ejection atoms of impurities, both nickel and copper in silicon,
have an acceptor character. The results of studying the dependence of p/py on the annealing time in the sample show that at an
annealing temperature of 673 K observations do not include significant changes in the value of p (curve 1, Fig. 1). In the
subsequent value of thermal annealing (TA) at and 873 K for 30 minutes, there is a gradual increase in the value of p by
approximately 50% (curve 2, Fig.1). With a further increase in time, the curve of this dependence slightly decreases and the
value of p of the samples is 1.3-10* Ohm-cm. Under the influence of TA at T =1073 K for 15+20 minutes, a significant
increase in the resistivity of the samples is observed, which increases almost 3 times (curve 3, Fig. 1). A further increase in the
annealing time to 60 minutes does not lead to significant changes in the curve of this dependence.

The dependence of p/po on the annealing time in n-Si<Ni,Cu> samples under the influence of TA at T=1273 K is
even more noticeable increase (curve 4, Fig.1). At this annealing temperature, in the initial 15 minutes, a sharp increase
in the value of p/po of the samples is observed, which reaches almost 7 times. With a further increase in time, it passes
through a maximum, after which, over the next 25 minutes, there is a significant decrease in the value of p/po and it is
approximately 50%. Further, in the time interval of 40+-60 minutes, a moderate decrease in the curve of this dependence
is observed and the final value of time, the value of p/py decreases by approximately 40%.

The most significant increase in the dependence curve of p/py on annealing time in n-Si<Ni,Cu> samples is
observed under the action of TA at T = 1473 K (curve 5, Fig.1). During the initial 10 minutes, the value of p/po of the
samples increases by almost 2 orders of magnitude. And over the next 10 minutes, it decreases to approximately its
original value. With a further increase in the annealing time to 60 minutes, it continues to moderately decrease and in
the final time value it decreases, relative to the initial value, by almost 50%.

Therefore, under the influence of TA in the temperature range T=673+1073 K, the dependences of p/po values on
time in n-Si<Ni,Cu> samples show the following trend: in the initial stages, with an increase in the TA temperature, the
maximum of the curves of these dependences occurs ecarlier and the growth rate of the curves increases significantly.
With a subsequent increase in the annealing time, the values of p/po of the samples decrease, and the higher the value of
the TA temperature, the more significantly it decreases.

The reason for such an increase in the curves of the dependences of the value of p/po on the annealing time with an
increase in the annealing temperature from 673 K to 1473 K annealing is associated with an increase in the
concentration of electroactive impurity atoms of nickel and copper, which in turn depends on the decay of impurity
clusters in the bulk of the samples. We have not measured the concentrations of nickel and copper impurity atoms in the
volume of impurity clusters, and we will pay attention to this in our further studies.

In order to elucidate the cause of the origin of this phenomenon, we carried out complex structural analyzes of
samples before and after exposure to TA. The results of analyzes in the n-Si<Ni,Cu> samples before TA exposure
showed that nanoaccumulations of impurity Ni and Cu atoms with different geometric shapes are formed in their bulk
(Fig. 2). Such impurity nanoaccumulations have needle-like, lenticular, spherical, and various polyhedral shapes.
It should be noted that when measuring the morphological parameters of n-Si<Ni,Cu> samples using the Superprobe
JXA-8800R electron probe analyzer, the probe excitation depth was 15-20 pm. The obtained results showed that
impurity accumulations are unevenly distributed over the surface of the samples, their sizes reach from several
nanometers to 500 nanometers, and their average density reaches ~10° cm™. We have not considered the problem of
determining the ratio of quantitative indicators of nickel and copper impurity atoms in the volume of impurity clusters
due to the limited capabilities of the measuring devices used by us, and in our further studies we intend to determine
changes in these indicators before and after exposure to thermal annealing by comparison.
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Figure 1. Dependence of the value of p/po on the annealing time Figure 2. Micrographs of impurity nanoaccumulations in
in n-Si<Ni,Cu> samples at TA: n-Si<Ni,Cu> samples before heat TA
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The results of the structural analysis of the Si<Ni,Cu> samples subjected to thermal annealing in the temperature
range T=673+1073 K showed that the impurity nanoaccumulations formed in their volume after exposure to TA remain
in this temperature range. This shows that impurity nanoaccumulations of Ni and Cu atoms formed in the bulk of
single-crystal silicon are resistant to TA at temperatures T<1073 K.

The obtained results of similar studies with n-Si<Ni,Cu> samples after exposure to TA at T=1273 K for
15 minutes showed that the density of impurity nanoaccumulations with needle-shaped and lenticular shapes in the
sample volume decreases sharply (Fig.3). The micrographs obtained with a microprobe analyzer clearly show that,
under the influence of TA, nanoaccumulations with similar shapes decay. With an increase in the value of TA up to
T =1473 K for 10 minutes, the decay of impurity nanoaccumulations with spherical shapes is observed in the sample
volume (Fig.4). Impurity atoms split off from nanoclusters pass into nodes and interstices of the silicon crystal lattice.
Such a course of the decay process of impurity nanoaccumulations shows that the sequence of decay of
nanoaccumulations mainly depends on their geometric shape. Consequently, it turns out that impurity
nanoaccumulations with a spherical shape are more resistant to external influences.

Figure 3. Micrographs of impurity nanoaccumulations in Figure 4. Micrographs of impurity nanoaccumulations in
n-Si<Ni,Cu> samples after TA at T=1273 K n-Si<Ni,Cu> samples after TA at T=1473 K

CONCLUSION

Thus, on the basis of the experimental results obtained, two stages can be distinguished in the kinetics of changes
in the electrical properties of silicon with impurity nanoaccumulations under the influence of TA in the temperature
range T=673+1073 K. At the first stage of TA, the concentration of vacancies in the crystal structure of silicon increases
and due to this impurity atoms located in the interstices, in an electrically neutral state, begin to move to the nodes of
the crystal lattice. As a result, the value of the resistivity of the samples in the initial period of TA increases and reaches
its maximum value. At the second stage, so if with a further increase in the TA time, due to a decrease in the excess
concentration of vacancies in the crystal lattice, the transition of impurity atoms to lattice sites slows down. And this
leads to a decrease in the resistivity of the samples.

Under the influence of TA at 1273 K for 15 minutes, as well as at 1473 K for 10 minutes, impurity
nanoaccumulations decay, as a result of which the released impurity atoms pass into free lattice sites, so if in an
electroactive state, which leads to a sharp increase in the specific sample resistance. With a further increase in the
annealing time to 60 minutes due to a decrease in the concentration of excess vacancies, this transition is weakened, and
the formation of various silicide complexes such as NisSiy, Cu,Siy, or NiyCu,Si, in the electrically neutral state
gradually becomes predominant, which leads to a significant decrease in the resistivity of the samples.
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BIIVIMB TEPMIYHOTI'O BIAITIAJTY HA EJIEKTPO®I3ZUYHI BJJACTUBOCTI 3PA3KIB n-Si<Ni, Cu>
Hosim:xon A. Typrynos, Eabmypon X. Bepkinos, Paiimamn M. TypmanoBa

Inemumym @izuxu nanienpogionuxie ma mikpoenexmpouixu Hayionanvrnoeo ynieepcumemy Yzoexucmany, Tawkenm, Y3b6exucman
V nawiii poOoTi npeacTaBiIeHi pe3ysbTaTh JOCHIIPKEHb BILTHBY 130TepMIidHOrO Binary npu temieparypax T = 673+1473 K no B inTepBani
yacy 5+60 XBIIMH Ha eJIEKTPUYHI BIACTUBOCTI KPEMHIIO, OJJHOYACHO JISTOBAHOTO HikeseM i Miytio. 3pasku n-Si<Ni,Cu> Oynu oTpuMaHi Ha
OCHOBI BHXIIHOTO MaTepiay - MOHOKPHUCTAIIIYHOTO KPEMHII0, BUPOIIEHOTO 32 MeTo0M YOXpajbCKOro 3 MOYaTKOBHUM MTHTOMHM OIIOPOM
p=0,3 Om-cm audysiro npoBoawu npu temreparypi 1523 K o npotsrom 2 roaus. ITicias mporo 3pa3ki OXOIODKYBAIH 31 MBUIKICTIO
0,1 K/s. MopormorivHi mapameTps KIacTepiB aTOMIB IOMIIIOK HIKEIIO 1 Mifi, 0 YTBOPUIIHCS B 00'€Mi KPEMHII0, Oy BUMIPSIHI METOIOM
CNIEKTPOHHO-30HA0BOT0 MIKpOAHAN3y Ha cydacHiil yctaHoBli Superprobe JXA-8800R. sk BusBmiiocs, B 00'emi 3paskiB n-Si<Ni,Cu>
YTBOPIOIOTECSL KJACTEPU aTOMIB JOMIIIKH Pi3HOI reoMeTprdHOi (OpMH, po3MipH SKuX AocsratoTe 10 500 aM. EnexTpudHi BIacTHBOCTI
3pasKiB BUBYAIM MeTonoM edexry Xommra 3a poromororo npuiaxy Ecopia HMS-7000. BusineHo, 1o i BIUIMBOM TE€PMIYHOTO BiATIAILY
(TA) mpn T>1273 nmo BinOyBaeTbCs PO3KIANAHHS KIACTEPIB JOMIIIOK, IO HMPHU3BOAMTH IO 30UIBIICHHS MHTOMOIO OHOPY 3pa3KiB
n-Si<Ni, Cu>. [Ticnst BrmBy TA npu T = 1273 1o npotsirom 15 XBIWIMH IMIIBHICTS HAHOAKYMYJIILIH JOMILIOK TOTYACTOl 1 JIIH30MOAiOHOT
(dopMm B 00cs3i 3pas3ka pisko 3meHinyeTbes. [1in BrmBoM TA mpu T = 1473 mo mpotsrom 10 XBUIHMH B 00CS31 3paska CIIOCTEPIraeThes
Ppo3maj IOMIIIKOBUX HAaHOKIJIACTepiB cdeprunoi ¢popmu. Takoxk mpezcTaBieHi pe3ysibTaTi 3MiHH IUTBHOCTI KJIAcTepiB JOMIIIOK, @ TAKOX
CTPYKTYpHI aHaJIi31 3pa3KiB JI0 1 MiCIs BIUIUBY TEPMIYHOTO Bimay.

KirouoBi cinoBa: kpemniil; Hikenb, Miob, OoMiwKa, mepmivHull 8ionai, HAHOKAACMepU; PO3Nao



291
East EUROPEAN JOURNAL OF PHYSICs. 3. 291-295 (2023)
DOI:10.26565/2312-4334-2023-3-27 ISSN 2312-4334

PROPERTIES OF “HIGHER MANGANESE SILICIDE-SILICON” HETEROSTRUCTURE

Kobiljon K.-ugli Kurbonaliev®*, ©Nurulla F. Zikrillaev®, ®Akhmadjon Z. Khusanov®
“Kokand State Pedagogical Institute named after Mukimiy, Kokand, Uzbekistan
bTashkent State Technical University, Tashkent, Uzbekistan
“Kokand State Pedagogical Institute named after Mukimiy, Kokand, Uzbekistan

*Corresponding Author e-mail: qurbonaliyevq@gmail.com
Received April 27, 2023; revised June 6, 2023; accepted June 12, 2023

Based on the diffusion technology, many scientists and specialists have conducted research on obtaining materials that are fundamentally
different in electrical and photo-thermal parameters from the original material by introducing various input atoms into semiconductor
materials and creating deep energy levels in their band gap. The electrical, photoelectric, optical, and magnetic properties of these
semiconductor materials have been extensively studied with metal group elements, isovalent elements and rare earth elements added to
silicon through the process of growth, ion implantation, or diffusion from the gaseous state. The technology of introducing impurity
atoms into silicon by the diffusion method is distinguished from other methods in its simplicity, energy efficiency, and low cost. Up-to-
date the technology of changing the resistivity and conductivity of the initial sample by diffusion of manganese atoms into single-crystal
silicon is studied insufficiently.In the article, it was determined that when manganese atoms diffuse into silicon, a high-manganese
silicide is formed on its surface and in the near-surface layer. Based on the analysis of the experimental results, the thermal EMF
(electromotive force) in Mn,Si; — Si < Mn > — Mn,Si, structures in a certain temperature range and under illumination (with
monochromatic or integrated light) is explained by the fact that it based on the Pelte effect, observed in semiconductors.The volt-ampere
characteristics (VAC) of the obtained structures were measured at various temperatures, in the dark and in the light. Formation of a
boundary layer with high resistivity at the boundary of the higher manganese-silicon transition, the transition from higher manganese
silicide to the base of the structure due to the effect of ionization of pores during illumination of structures and external influence. The
applied field was clarified based on VAC results. The manganese high silicide layer formed on the silicon surface has the properties of a
semiconductor, and the formation of a heterojunction upon transition to silicon is shown on the basis of the sphere diagram.

Keywords: Higher; Manganese; Silicide; Forbidden gap, Properties; Structure

PACS: 85.30.—z, 79.20.Rf, 71.18.+y, 68.43.Jk, 68.47.Fg

INTRODUCTION

Nowadays, the requirements for thermal batteries created on the basis of higher manganese silicides (HMS) are
almost the same as the requirements for bulk thermoelements, which implies that their operational performances must
be tuned to be perfect [1]-[5]. While heat transfer in bulk thermoelectric materials is carried out on the basis of metal
electrodes embedded into the semiconductor, in thin-layer thermoelectric materials and thermal batteries, heat transfer
is carried out on the basis of a substrate on which the layer is grown [6],[7]. Since thermal batteries created on the basis
of higher manganese silicides (HMS) are ususlally grown on the surface of silicon in the form of a thin layer, thus heat
exchange occurs fast. Revealing practical application areas of thermal batteries, photodetectors and photodiodes
assembled on the basis of the “HMS — silicon” structure is one of the most urgent problems of current scientific
research [8]-[10].

Differences in two phases adjacent to “higher manganese silicide — silicon” transition boundary are not only due to
the fact that their electrophysical parameters do differ, but also by varying value of the forbidden gap of materials in
these phases [11], [12].

Study and analysis of experimental data on “higher manganese silicide — silicon” structures have shown that
higher manganese silicide on the basis of Mn,Si, compound, manifests semiconductor properties and its forbidden gap
was determined by experimental study of temperature dependence of electric conductivity and Hall factor on
HMS-3000 Van-der-Pau equipment.

It was reveald that the value E; of the forbidden gap of higher manganese silicide was E; = 0.67 + 0.8 eV
judging by the fact that charge carriers in the sample were holes. Thus, it was shown that in the “higher manganese
silicide-silicon” boundary layer, a heterostructure was being formed.

TECHNIQUE AND EXPERIMENTAL
Boron-doped monocrystalline silicon wafer with resistivity of 10 () - cm, was used as a reference sample for forming
HMS layer on silicon substrate. The authors have utilized the diffusion technique to form HMS layer on sample’s two-
dimensional large surface. The thickness d of the HMS layer formed on the silicon surface was approximately = 5 + 7 pm.
The conductivity of the resulting HMS layer was p-type (charge carriers holes), and their concentration p = 1019 +
102% cm™3. Such a layer formed on the surface could be viewed as a heavily doped degenerate semiconductor. The

7 Cite as: K X.-ugli Kurbonaliev, N.F. Zikrillaev, A.Z. Khusanov, East Eur. J. Phys. 3, 291 (2023), https://doi.org/10.26565/2312-4334-2023-3-27
© K .K.-ugli Kurbonaliev, N.F. Zikrillaev, A.Z. Khusanov, 2023
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value of relative resistance of the base region in the resulting structure was equal to p =~ 10°Q-cm, and the
concentration of charge carriers in it was approximately close to that in intrinsic silicon.

The resulting Mn,Si, — Si < Mn > — Mn,Si, structure in written form was shortly abbreviated as p* — Si <
Mn > —p*. The electrophysical and photoelectric properties of such structures were studied in a wide temperature
range of 80 + 300 K. For experiments, a task-specific cryostat was engineered that was designed to operate in the
temperature range from 80K to room temperature and with specific glass window for exposure of a sample to integral
and monochromatic light.

As a light source, the arsenide galium (GaAs) light emitting diode was used, as well as the IKS-21-type infrared
spectrometer. While measuring the volt-ampere characteristics (VAC) of the structures at room temperature, the athors
have observed two sections on current-voltage curve. At low temperatures (T = 80K), the value of the current would
sharply (almost 6 + 8 times) decrease whereas relative resistance of the base region of the structure would starkly
increase. At forward bias mode, the value of the current in the dark would decrease down to J; = 107124 whereas after
the structures have been exposed to light, the value of photocurrent would increase to = 1073 + 10724 (Fig.1).
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Figure 1. Volt-ampere curve of pt — Si < Mn > —p™ structure at T = 300K (1) and T = 80K (2) illuminated by photons with
energy hv = E,

At a low temperatures (T=80K), the value of AUy (voltage falling on boundary transition cross section of the pre-
contact surface layer of the structure) have tended to increase due to decrease in relative resistance of the base region of
the structure in times of its exposure to light. It is well known that, resistance at boundary area could be deteremined as

follows Ry = S A%. Here S — area of the opposite contact side of the structure. Theoretical calculations have revealed

that the relative resistance of the base region of resulting structures at room temperature was equal to ps = 6 - 10*Q - cm.
The results of experiments aimed at determining the resistance of the base region of structures by two probe technique

p=Ss ]—Ul , where [ is the distance between probes) have revealed that the relative resistance of manganese high silicides

grown on silicon substrate was equal to ps = 6,2 - 10*Q - sm, which was close to the data of theoretical calculations.

To determine the concentration and mobility of charge carriers at the base region of the structure, the authors have
applied the Hall factor technique at various temperatures. Also the authors have studied the photovolt-ampere
characteristic at various values of monochromatic illumination at (hv = Ej).

Having known the value of R, (Hall factor), the concentration of holes, as well as the the mobility of charge
carriers (using the formula % = u,) were subsequently calculated. At J,, = 1mA (photocurrent), the concentration of

charge carriers (holes) was equal to p = 2,4 - 10'* cm™2 while at ], = 2,5mA4, it was respectively p = 2,5 - 10> cm™3.

In both cases, Hall mobility y,, was in the range 200 + 300 sm?/V - s. At the same parameters of illumination of M —
Si < Mn > —M structure and at external source voltage U=10 V, the current J,,, was 8 - 10754 and the concentration of
holes was p < 2.4 - 1013 cm™3.

We have observed two section in VAC curve when the distance between the electrodes was negligent (9+10mm),
and when the structures were illuminated by monochromatic light. In this case, there was virtually no difference in
parameters of the curves both in dark and exposed modes under voltage of U < 1 V. After the voltage U have passed
> 2V, the difference between VAC in dark and exposed modes rather increased, and the difference was stark almost
10* times (Fig. 2, 1 and 2 lines).

When the photocurrent value was J, = 4 - 107>mA, at HMS — silicon junction point excess heat was detected.
When the photocurrent value reaches J, = 10724 excess heating at the transition bondary of Mn,Si, — Si < Mn >
was significantly greater. When the pole of the constant current source connected to the structure was versed, heating
field has moved to the opposite right side of the Si < Mn > — Mn,Si, structure.
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Figure 2. Volt-ampere characteristics of silicide structures at T=80K:
1 — while exposed to illumination when the width of the base section of pt — Si < Mn > —p* structure is 7075 um
2-p* —Si < Mn > —p? in dark conditions,
3 -p* = Si < Mn > —M the width of the base section of the structure is 1.5 mm while forward bias voltage is applied,
4 —p* —Si < Mn > —M width of the base section of the structure is 5 mm and while forward bias voltage is applied
5—-p* —Si < Mn > —M is 5mm, and when the reverse voltage is connected, the base width of the structure

When the distribution of U(L) (voltage drop on contacts from external voltage source connected to the structure in
the base section of the structure) was studied, it was found that the majority of voltage appears to drop at the
“silicide-silicon” transition boundary. In this case, it was found that primarily voltage drops on boundary section of the
photoconductive border, where the resistance of the HMS structure is negligent (Fig. 3).

o,V
hv
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0 2 4 6 8 10
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Figure 3. p* — Si < Mn >— p* external voltage drop Figure 4. Connection of the structure to an external
distribution source at low temperatures and while illuminated by
1 - T=300K, 2-80K, when illuminated with monochromatic monochromatic light (hv = Ej).
radiation (hv = Ej). HMS - higher manganese silicides

On Fig. 4 it is shown the structure of the Mn,Si; — Si < Mn > — Mn,Si, structure, its connection to an external
power supply, the incidence of monochromatic radiation, and the measurement circuit of the generated thermal EMF
(electromotive force).

DISCUSSION OF EXPERIMENTAL RESULTS
Tradionally, in times of exposure of the base region of the structure to light the phenomena of photoconductivity
occurs due to which, non-equilibrium charge carriers such as electrons and holes are generated. Subsequently, the Fermi
level moves towards the valence and the conduction bands, each leading to the formation of quasi Fermi levels. When
the structure was illuminated with infrared light with a wavelength A = 0.9 = 1 um (the depth of absorption of falling
photons was up to ~100 pm), the thickness of the holes conductive layer with a small resistivity p = 5+ 10Q-cm
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was equal to the depth of absorption of falling photons. In silicon doped with manganese atoms, such physical
phenomena due to holes leading to massive photoconductivity were previously reported by several authors [13].

The resistivity value formed when the resulting structures are illuminated by low intensity infrared light happen to
be small p = 5+ 10 Q- cm, and the formation of a conductive layer with with hole conductivity was similar to the
formation of non-equilibrium charge carriers (holes) at the base of the structure. At specific resistance of p-type sample
(resistivity p & 5+ 10 Q - cm) the concentration of holes was estimated at ~1015cm™3.

A similar situation was observed when the silicon samples doped with manganese atoms appeared to have
completely compensated boron atoms after the samples were illuminated with photonic energy corresponding to a
wavelength of A = 1 um [14],[15]. Such a precedent was not observed in the p* — Si < Mn > —p™ structures because
the physical phenomena at the contact layers of such structures allegedly happen by injection of charge carriers in the
heterojunction layer. Based on the analysis of the obtained experimental results, it was possible to explain the physical
mechanism of contact phenomena observed in heterojunction structures.

A layer with a high resistance was formed at the transition boundary of the silicon (HMS-Si<Mn>) system doped
with HMS and manganese impurity atoms, while the external voltage source was applied, a potential barrier was created
due to electric displacement. Thus, the probability that charge carriers (holes) would heat up and migrate to the base
region of the structure will increase. This in turn led to the occurrence of a mechanism of shock ionization due to
photogeneration by boosting injection of holes heated from the HMS layer into the structure’s base region (Si<Mn>).

It was determined that the following preconditions must be met in the heterojunction of the resulting structures in
order to generate additional charge carriers:

1. Creation of conditions for the injection of holes into silicon from a layer of higher manganese silicides.

2. The thickness of higher manganese silicides-silicon transition layer shall be enough to induce injection
phenomenon of charge carriers through the base region.

In other words, it is necessary that the length of free running path of the holes be greater than the thickness of the
transition layer. In this case, the heated holes pass like they go through a tunnel crossing to the base of the structure. In
this case, holes carry a certain energy and form an additional electron — hole pair based on the heating of the base
region. This increases the value of the photocurrent several times and has led to a decrease in the resistance of the base
region. The increase in the concentration of charge carriers at the base region of the the concerned structure in the
irradiated position can be reduced by the following mechanism. That the value of photocurrent in M — Si < Mn > —M
structures appears to be several degrees higher than that in silicon samples, which are doped solely by manganese atoms
in the normal state, was explained by the shock ionization of the charge carriers.

E. When there are two types of charge carriers in

E. AN semiconductors, and if a thermal gradient is created in them, the

transfer of heat due to the concentration gradient of current carriers

is observed (Pelte effect). It was found that the thermal EMF

E.: E.: formed in the structure of manganese high silicide - silicon is

almost not observed in the structures of the metal-silicon Si<Mn>

system.

E. \ It was observed that in the resulting HMS — Si<Mn> — HMS

E. structures we have witnessed symmetrical disposition in volt-

Figure 5. Band diagram of a heterojunction formed at ampere characteristis:s in the initial state (at low Voltage and low

the boundary of higher manganese silicide-silicon curren't values) while samp?es were exposqd to light. When

Eg ~ 0,67 + 0,8 eV, Egy = 1,126V replaglng one of HMS.layers in the structure with a metal contact,

that is, in HMS - Si<Mn> - M structures, the value of the

photocurrent- J, in cases when the voltage is forward biased and inversed, proved to differ greatly from each other, and

the difference is at least ~10%. If the voltage supplied from an external source is U>15 V, this difference is relatively

lower (10 — 102 times), but an increase in temperature was observed at the HMS -silicon contact, that is, the structure
started to heat up. This, in turn, caused the current to step down under the influence of temperature [15]-[17].

Structures in the first and second regime (p* —Si < Mn >-p* and M — Si < Mn > —M, respectively) in the
illuminated state, based on the analysis of the results obtained in VAC and the distribution of applied external voltage,
manganese high silicide - silicon heterojunction diagram of the structure was proposed (Fig. 5).

CONCLUSION
Based on the scientific analysis of VAC of the resulting higher manganese silicide-silicon and metal-manganese
doped silicon structures and the proposed heterojunction diagram, we assume the following:

1. The manganese high silicide formed on the silicon surface when the manganese atoms diffuse into the silicon
(from the gas state or from the manganese metal layer on the silicon surface) has a monopolar injection contact feature
that leads to injection of holes into the silicon bulk.

2. InMn,Si; —Si<Mn>—Mn,Si; or Mn,Si; — S i < Mn > —M structures with high resistance at relatively
low temperatures (T = 80 <+ 200K) and when illuminated with photons energy hv > E,, the value of their resistance is
believed to decrease sharply and it switched to a photoconductive state.
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3. It was determined that the photosensitivity of the base region of the resulting structures increased at low
temperatures, and the resistance decreased under the influence of light, due to avalanche ionization of charge carriers
formed in higher manganese silicide, as well as the injection of certain additional energy into the transition layer.

4. It was shown that the formation of a heterojunction at the transition boundary of the higher manganese silicide-
silicon structure and its VAC change under the influence of infrared radiation.

I thank Professor of the Department of “General Physics”, doctor of physical and mathematical Sciences Kamilov Tulkin for his
advice on the analysis of the obtained practical results and the creation of a physical mechanism.
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BJACTHUBOCTI TETEPOCTPYKTYPH “CHJIINNAA BUIIIOT' O MAPT'AHIIO-KPEMHIIO”
Ko6imxkon K. yrai Kypoonasies?, Hypyiia ®. 3ikpianaes®, Axmamkon 3. XycaHos®
“Koxanocokuil Oepacasnuii nedazociunutl incmumym imeni Myximia, Koxkano, Y3bexucman
bTawenmcoxuii depocaenuti mexuiunuii ynisepcumem, Tawxenm, Yzbexucman

¢Kokanocwruil 0epoicasnutl nedazo2iunuu incmumym imeni Mykimis, Koxano, ¥30exucman
Ha ocnoBi mudysiiiHoi TexHonorii 6araro BUeHUX i ()axiBIIB IPOBOJWIN JOCTIDKEHHS 3 OTPHUMaHHS MaTepiajlB, NMPUHIMIIOBO
BIZIMIHHUX 3a €JICKTPUYHHMH 1 (POTOTEpPMIYHUMH TapamMeTpaMH BiJ BHXITHOTO MaTepialy, OUIIXOM BBEICHHS B HAIiBIIPOBIJHUKOBI
Marepiainy pi3HUX BXIIHHX aTOMIB i CTBOPEHHSI IIMOOKHUX €HEPreTUYHHX PiBHIB B X 3a00pOoHEHiH 30HI. Enexrpuyni, GpoToenekTpuyHi,
ONTHYHI TAa MArHITHI BJIACTHBOCTI LMX HAMIBIPOBIIHMUKOBUX MatepianiB OyaM peTesbHO BHBYCHI 3 €JIEMEHTaMH TPYIH METaiB,
I30BJICHTHUMH CIICMEHTAMU Ta PiIKO3EMEIbHUMHU CJIEMCHTAMH, JOJaHMMH 0 KPEMHII0 B TPOIECi POCTy, 10HHOI iMIUIaHTamii abo
Judys3ii 3 razononibHoro crany. TexHomorist BBEJEHHS JOMIIIKOBUX aTOMIB Y KpeMHil qu(y3iHHIM METOIOM BiJpi3HAETHCS BiJ IHIINX
IIPOCTOTOI0, eHeProe()eKTUBHICTIO Ta AemeBu3HO0. CydacHa TEXHOJOTIS 3MIHM ITUTOMOTO OIOPY Ta €IEeKTPOIPOBIIHOCTI BUXITHOTO
3pa3ka IUBIXOM AUQy3ii aTOMIB MapraHii0 B MOHOKPHUCTAIIYHHHA KPEMHill BHBYEHAa HEIOCTaTHHO. Y CTATTI BCTAHOBJICHO, LIO INPH
Judys3il aToMiB MapraHiio B KPEMHIl yTBOPIOETHCSI BHCOKOMApPraHIeBHi Ha HOro MOBEPXHi 1 B MPUIIOBEPXHEBOMY ILAPi YTBOPIOETHCS
cuwiinua. Ha ocHOBI aHaii3y eKCIepUMEHTAIbHUX pe3ysbTaTiB BcTaHOBIeHO TepMOEPC (enmekrtpopyiuiiiHa cuia) B CTPYKTypax
Mn4Si7-Si < Mn > - Mn4Si; B 1eBHOMY iHTepBaii TeMIepaTyp 1 IpH OCBITJIICHHI (3 MOHOXpOMAaTHYHe abo0 IHTErpoBaHEe CBITJIO)
MOSICHIOETBCS THM, IO BiH 3acHOBaHWM Ha edekti IlenbTbe, sKHMiT crOCTepiraeThess B HAMIBIPOBITHWKAX. Bombr-ammepHi
xapakrepucTuku (VAC) oTpuMaHHX CTPYKTyp OyiaM BUMIpsIHI NPH PIi3HUX TEMIIEpaTypax, y TeMpsABi Ta Ha CBITIi. YTBOpEHHS
MPUKOP/IOHHOTO 1Py 3 BUCOKUM MMTOMMM OIOPOM Ha MEXI BUIIOIO NEPEX0ly MapraHelb-KpeMHill, Ilepexoy BiJl BUILOTO CHITLMIY
MapraHiio 10 OCHOBH CTPYKTYPH 3a paxyHOK e(eKTy ioHi3auii mop HpH OCBITJIEHHI CTPYKTyp i 30BHIIIHBOMY BIUIHBi. O06aacTs
3acTocyBaHHs Oyna yrouHeHa Ha ocHOBi pe3ynbraTiB VAC. Ilap BHIIOro cHitinyy Maprasijfo, yTBOPEHHIl Ha MOBEPXHI KPEMHII0, Ma€e
BJIACTHBOCTI HAIIBIIPOBITHHUKA, a YTBOPEHHS I'€TEPONEpexoy IpH Mepexoi Ha KPeMHiH IToka3aHo Ha OCHOBI cdepivHoi Aiarpamu.
KutouoBi ciioBa: suwuii; mapeaneys, cuniyuo, 3a00poOHeHd 30HA; 6AACMUBOCI; CIMPYKMYPA
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This article reports on the fabrication and characterization of MgO nanostructured films and the effect of ZnS and CdS on their
structural, optical, and electrical properties. The MgO, MgO: ZnS, and MgO: CdS thin films were deposited using a Chemical spray
pyrolysis technique onto glass substrates at 673 K. The XRD patterns revealed that the MgO thin films had a preferred (111)
orientation with a pure cubic crystalline structure, while the ZnS and CdS layers had a hexagonal structure. The FE-SEM images
showed that the MgO films had a nanostructured morphology with an average particle size of ~50 nm. The UV-Vis spectroscopy
results showed that the addition of ZnS and CdS layers to the MgO films resulted in a shift in the absorption edge towards the visible
region of the electromagnetic spectrum, indicating an improvement in their optical properties. These findings suggest that the
MgOZnS and MgOCdS films could have potential applications in optoelectronic devices.

Keywords: MgO films; Doping Effect; ZnS; CdS,; Chemical spray pyrolysis; Physical properties

PACS: 73.20.At, 78.20.-¢, 77.55.-f

INTRODUCTION

Magnesium oxide (MgO) thin films have been studied for their potential use in a variety of applications, including
as a dielectric material for microelectronic devices [1,2], To improve the performance of these devices, it is often
necessary to introduce dopants into the MgO film. Doping involves introducing impurity atoms into the lattice structure
of the MgO film to modify its electrical properties [3,4], Commonly used dopants for MgO include boron, phosphorus,
and aluminum. These dopants can be introduced into the film during growth by adding them to the source material or by
using ion implantation techniques, The effects of doping on the electrical properties of MgO thin films depend on both
the type and concentration of dopant used. Generally, boron doping results in an increase in conductivity while
phosphorus and aluminum doping results in a decrease in conductivity [5,6]. Magnesium oxide (MgO) thin films can be
used to dope ZnS and CdS semiconductor materials. This doping process involves depositing a thin layer of MgO onto
the surface of the ZnS or CdS material. The MgO acts as an acceptor dopant, meaning that it can donate electrons to the
semiconductor material, thus increasing its conductivity [7,8], This process is often used in optoelectronic devices like
solar cells. By doping ZnS and CdS with MgO, it is possible to improve their electrical properties, making them more
suitable for use in these types of devices [9,10]. Chemical spray pyrolysis is a technique used to deposit thin films of
semiconductor materials such as ZnS and CdS onto substrates. This technique involves spraying a solution of the
desired material onto the substrate, followed by heating the substrate in an oven to evaporate the solvent and decompose
the material into its constituent elements [11,12], The resulting thin film is then annealed at high temperatures to
improve its crystallinity and electrical properties. Doping CdS and ZnS with magnesium oxide (MgO) can be achieved
using chemical spray pyrolysis by adding MgO to the solution before spraying it onto the substrate, The MgO will then
be incorporated into the thin film during pyrolysis, resulting in a doped semiconductor material [13], The doping
concentration can be controlled by adjusting the concentration of MgO in the solution, as well as by varying other
parameters such as temperature and time[14,15]. The goal of this research is to study the effect of ZnS and CdS on
MgO films on the structural, optical, and electrical properties, The research will focus on understanding the influence of
doping on the XRD, Energy gap, absorption coefficient, refractive index, and electrical conductivity of the thin films.

EXPERIMENTAL PART
Spray pyrolysis was used to deposit MgO,(MgO: ZnS), and (MgO: CdS) films. Magnesium chloride
(MgCl,.6H>0), zinc nitrate (Zn(NO3).6H,0), cadmium chloride (CdCI2.6H,0), and thiourea (CH4N,S) dissolved in
distilled water with molarity (0.1M). (MgO) doped with 8% (ZnS) and (CdS). The chemical solution was sprayed onto
glass substrates at 673K using a 1.5 bar compressor. The structural characteristics were determined using X-ray
diffraction, field emission scanning electron microscopy, and An ultraviolet-visible (UV-Vis) spectrophotometer was
used to measure the optical characteristics. and Hall effect measurement was used to determine the electrical properties.

RESULTS AND DISCUSSION
Figure (1) shows the X-ray diffraction patterns of (MgO) films doped with (CdS) and (ZnS). Table (1) shows the
values of the diffraction angles, the width of the mid-peak, the crystal size, and the interlayer distances separating the

7 Cite as: N.A. Hassan, W.H. Albanda, M.H. Al-Timimi, East Eur. J. Phys. 3, 296 (2023), https://doi.org/10.26565/2312-4334-2023-3-28
© N.A. Hassan, W.H. Albanda, M.H. Al-Timimi, 2023
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crystalline levels. And Miller coefficients for (MgO) film, (Mg: 6%CdS) and (Mg: 6%ZnS) films respectively. The
results showed that the films have a polycrystalline structure and obtain magnesium oxide (MgO) with a pure cubic
crystalline structure and that the spectrum of magnesium oxide matches the standard spectrum (JCPDS 074-1225) with
a crystalline level (Fm- 3m no.225) and crystal dimensions (a =b = ¢ =4.22 °A), while the angle values were (a = =17
= 90 °) [16], and after the doping process (6%) of cadmium sulfide (CdS), another hexagonal crystalline phase
appeared. (JCPDS 077-2306)) with crystal dimensions (a=b=4.136 "A and ¢ = 6.713 “A) and angles (o = =90 ° and
v =120 °) [17], and this phase is more clear and crystallized with the doping. The figure (Fig. 1) shows that doping with
zinc sulfide (ZnS) resulted in a fall in intensity and an increase in the width of the diagnostic peaks. This is due to (Mg)
ion substitution with sulfur and zinc ions (S ions Zn'? and), ion diffusion within the crystal lattice of magnesium oxide
(Mg0O), and the appearance of new peaks after doping, indicating the formation of (ZnS) a hexagonal Crystal Structure
with (a=b = 3.82 A, ¢ = 6.25 A) and (a=B=90°, y=120°), consistent with the standard spectrum (JCPDS 003-7393)
[17,18].

MgO: ZnS
-~
8
=2
-‘Ef MgO: CdS
=
2
=
=i

MgO Pure
T T T T T 1

20 30 40 50 60 70 80
2 Theta (degree)
Figure 1. XRD MgO films doped with (CdS) and (ZnS).

Table (1): Some crystal parameters of MgO before and after doping with (6 %) from ZnS and CdS.

Samples 20 (deg) 20 (deg) FWHM  Crystallite dhkl (A) dhkl (A)
Experimental Standard (deg) Size (nm) Experimental Standard
36.85 36.86 0.94 9.30 243 2.43
MgO 42.77 42.82 0.55 16.19 2.11 2.11
62.19 62.16 1.15 8.42 1.49 1.49
78.63 78.44 0.40 26.80 1.21 1.21
36.74 36.86 0.55 15.86 2.44 2.43
MgO: ZnS 42.74 42.82 0.39 22.62 2.11 2.11
61.94 62.16 0.31 30.71 1.49 1.49
78.72 78.44 0.19 55.87 1.21 1.21
36.94 36.86 0.29 29.62 243 243
42.90 42.82 0.24 36.22 2.10 2.11
MgO: CdS 62.16 62.16 0.48 20.17 1.49 1.49
24.94 24.80 0.59 14.38 3.56 3.58
26.59 26.50 0.29 28.87 3.34 3.35
28.17 28.18 0.39 21.72 3.16 3.16

The Energy Dispersion X-ray Analysis (EDX) in Fig. 2 and Table 2 shows the presence of MgO, MgO:ZnS, and
MgO:CdS. Figure 2 describes the investigation of the morphology and surface structure of different films made of
magnesium oxide (MgO) doped with different materials, such as zinc sulfide (ZnS) or cadmium (CdS). The
investigation was carried out using a field emission scanning electron microscope (FE-SEM), The addition of zinc
sulfide (ZnS) or cadmium (CdS) to a magnesium oxide (MgO) film can significantly impact the particle size of the
resulting film. This is because the dopant material can affect the growth and formation of the film during the deposition
process, leading to changes in the size and distribution of the particles. For example, the addition of ZnS to a MgO film
can result in the formation of smaller particles with a more uniform size distribution, as the ZnS can act as a nucleation
site for MgO growth [19, 20]. On the other hand, adding CdS can lead to the formation of larger particles due to the
interaction between CdS and MgO during the deposition process, These changes in particle size can have significant
implications for the properties and performance of the film, as demonstrated in previous studies [21, 22, 23].
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Table (2): The Elements of MgO, MgO:ZnS and MgO:CdS from EDX

Element Weight % Atomic %
Mg 50.62 40.28
(0] 49.38 59.72
Total 100 100
Mg 47.07 38.59
Zn 4.51 1.38
S 0.46 0.28
(o) 47.96 59.75
Total 100 100
Mg 40.94 31.96
Cd 1.74 0.29
S 0.42 0.25
(0] 56.90 67.50
Total 100 100

Figure 2. 1- FE-SEM and EDX of MgO films, 2- MgO:ZnS films , 3- MgCdS films.

The transmittance and reflectance of MgO films doped with CdS and ZnS can vary depending on the type and
concentration of the dopant. Generally, the addition of dopants to MgO films can affect their optical properties, such as
their transmittance and reflectance, Studies have shown that the addition of ZnS to MgO films can decrease their
transmittance in the visible region, due to the larger particle size and distribution between the particles [24,25]. On the
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other hand, the addition of CdS can decrease the transmittance of MgO films, especially at shorter wavelengths, due to
the formation of larger particles [26,27]. Reflectance measurements also depend on similar factors, and studies have
shown that the addition of ZnS to MgO films can increase their reflectance in the ultraviolet region, while the addition
of CdS can decrease their reflectance [28,29].
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Fig. 3. Transmittance and Reflectance of MgO films doped with (CdS) and (ZnS).

The absorption coefficient and energy gap of MgO films doped with CdS and ZnS are important optical properties
that can be affected by the type and concentration of the dopants, as well as the thickness of the film. Studies have
shown that the addition of CdS and ZnS to MgO films can result in a decrease in the energy gap, due to the smaller
particle size and the increase in the number of defects in the film [30,31]. This decrease in the energy gap can also lead
to an increase in the absorption coefficient of the film. The relationship between the energy gap and absorption
coefficient can be described by the Tauc plot, which is a method used to determine the optical properties of materials
based on their absorption spectra [32]. The Tauc plot shows a linear relationship between the square of the absorption
coefficient and the photon energy for direct bandgap materials, while indirect bandgap materials show a nonlinear
relationship [33].
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Figure 4. The Absorption coefficient and Energy gap of MgO films doped with (CdS) and (ZnS).

The refractive index and extinction coefficient are important optical parameters that can be used to characterize
the optical properties of thin films. MgO films doped with CdS and ZnS have been shown to exhibit interesting
changes in their refractive index and extinction coefficient due to the incorporation of dopant atoms into the MgO
lattice. Studies have demonstrated that the addition of ZnS and CdS to MgO films can increase the refractive index
of the film due to the formation of smaller nanoparticles with a higher degree of order, which leads to a greater
degree of light confinement within the film [30-33]. The relationship between the refractive index and the amount of
light reflected from a surface is such that higher refractive indices correspond to more reflection. This connection is
expressed in equation (1) [34] :
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The extinction coefficient of MgO films doped with CdS and ZnS can also be affected by the type and
concentration of the dopants. The addition of ZnS and CdS to MgO films can increase the extinction coefficient due to
the presence of larger particles with a higher degree of light scattering [3,4]. To determine the extinction coefficient
(ko), equation (2) can be used [35] .

ko = 2 @)

T am

The refractive index and extinction coefficient of MgO films are shown in Figure (5).

0.18
3.04 —=— MgO Pure —a— MgO Pure
28] —e— MgOZnS ~ 0164 ——MgOZn8
= ] 4 Mg0Cds = —4— MgOCdS
£ = 0.14-
= 261 s
< 2
= 24- £ 0127
= S
.QZ) 221 o 0.104
= =
= £ 0.08-
L‘E 2.0 1 E g
&~ 1 J
1.8 el 0.06
1.6 1 0.04 1
1.4 1 0.02 -
1.0 1.5 2.0 25 3.0 35 4.0 1.0 15 2.0 2.5 3.0 35 4.0
Photon Energy (eV) Photon Energy (eV)

Figure 5. Refractive index and Extinction Coefficient of of MgO films doped with (CdS) and (ZnS)

The dielectric constant of a material is typically given by a complex quantity, with a real part (er) and an
imaginary part (ei) that relate to the material's ability to store and dissipate energy in an electric field, respectively.
Equations (3) and (4) establish a relationship between the behavior of the real dielectric constant and the refractive
index, as well as the imaginary dielectric constant and the extinction coefficient[36].
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Figure 6. The real and imaginary part of the dielectric constant of MgO films doped with (CdS) and (ZnS).

MgO films doped with CdS and ZnS have been shown to have changes in their electrical properties . After studying
Hall effect measurements of (MgO) thin films doped with ZnS and CdS at a 6% ratio, it was discovered that both types
of films had negative charge carriers, as evidenced by the negative Hall coefficient (RH). This finding is consistent with
previous research [36], The resistivity values of all films were observed to be high, with the films doped with ZnS and



301
Effect of ZnS and CdS on Some Physical Properties of MgO Films EEJP. 3 (2023)

CdS exhibiting the highest values. These high resistivity values are attributed to defects in the crystal structure of the
film, which hinder the movement of charge carriers [37].

Table 2. Electrical Properties of MgO, MgO:ZnS , MgO:CdS Films.

Samples Concentration Hall Coefficient Conductivity Resistivity Mobility

(cm)?? Rh (m?/C) (Q.cm) ! (Q.cm) (cm?/v.s)

MgO 2.584x10° 2.416x107 1.035x10° 9.662x10* 2.500x10?

MgO:ZnS 4.325x107 -2.886x10° 5.337x1077 1.874x107 1.540x10!

MgO:CdS 4.953x10° -3.781x10’ 1.309x107 7.638x10* 4.950x10?
CONCLUSION

The structural and optical properties of magnesium oxide (MgO) films can be significantly influenced by the
incorporation of zinc sulfide and cadmium sulfide, These compounds, when added to MgO films, can cause noteworthy
changes, including an increase in the refractive index, a reduction in the band gap, and an elevation in the optical
absorption coefficient, Various techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-
visible spectroscopy, and Electrical Properties have been employed in several studies to investigate these effects, The
findings conclusively demonstrate the substantial impact of zinc sulfide and cadmium sulfide additions on both the
structural and optical characteristics of MgO films, These findings hold promising potential for applications like
antireflective coatings and other optoelectronic devices.

N.A. Hassan, https://orcid.org/0009-0008-5813-6265; ©®Widad H. Albanda, https://orcid.org/0000-0002-3214-395X
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BIIVIUB ZnS TA CdS HA JEAKI ®I3UYHI BJIACTUBOCTI IINIIBOK MgO
H.A. Xaccan?, B.X. Aab6anaa®, M.X. Aub-Timimi?
“@axyrvemem pizuxu, Hayxosuii koneodic, Yuisepcumem [iana, Ipak
bHayxosuii 6i00in — Konedaic 6azoeoi oceimu, Yunicepcumem Mycmancipis, Ipax

VY 1iif cTaTTi MOBIZOMIISETECS MPO BUTOTOBJICHHS Ta XapaKTEPHCTUKY HaHOCTPYKTypoBaHuX IUTiBok MgO Ta BrmmB ZnS i CdS Ha ixHi
CTPYKTYpHI, ONITHYHI Ta eneKTpudHi BiractuBocTi. Touki mwiiBku MgO, MgO: ZnS i MgO: CdS OGynmu HaHeceHi 3a JONOMOTOI0 TEXHIKH
TpoJTi3y XiIMIYHUM PO3MMICHHSM. Ha CKIIIHI miakianky npu 673 K. PentreHorpamu nokasanm, o TOHKI 1Bk MgO MaroTh IepeBaHy
(111) opieHTamito 3 YHUCTOI KyOIYHOIO KPUCTANIYHOIO CTPYKTYporo, Tomi Ak mapu ZnS i CdS MaroTe reKkcaroHajbHY CTPYKTYpY.
3o6paxennss FE-SEM mnokazanu, mo mwiiBku MgO MaloTh HaHOCTPYKTYpOBaHy MOPQOIIOrito i3 cepe/iHIM po3MipoM JacTHHOK ~50 HM.
Pesynpratn Y®-BHIMMOT CIIEKTPOCKOMIT MOKa3ay, 1o aoaaBaHus miapi ZnS i CdS mo mmiBok MgO mpu3Beno 0 3MIIICHHS Kparo
TIOTJIMHAHHS Yy OiK BHIUMOI 00JIACTi €JIEKTPOMArHiTHOTO CIIEKTpY, IO BKa3ye Ha MOKPAIIEHHS iX ONTHYHUX BiacTHBOCTEH. Lli 3HaXimku
cBiq4aTh Npo e, mo mwriBku MgOZnS i MgOCdS MoxxyTh MaTH HOTEHIIHHE 3aCTOCYBAaHHS B ONTOSNIEKTPOHHUX IIPUCTPOSIX.

Kurwuosi cinosa: naisku MgO; oonine epexm,; ZnS; CdS; ximiunuil pos3numnosanvHuil niponis, ¢isuuni enacmueocmi
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The paper is concerned with the study of silicon samples doped with gallium (Ga) and antimony (Sb) atoms. In particular, the
elemental analysis, SEM imaging, and Raman spectrometry analysis of the samples are presented. The elemental analysis revealed
that the relative concentrations of Ga (0.4) were almost equal to those of Sb (0.39) and both were formed on the surface of Si. The
SEM imaging showed that GaSb microsized islands (diameter of 1 to 15 microns) and a density of ~10® cm? were being formed on
the surface of Si in the course of the process of diffusion doping. Raman spectral analysis showed that a semiconductor with GaSb
molecules self-assemble on Si surface.

Keywords: Silicon, Gallium; Antimony,; Doped; Diffusion; Microsized islands

PACS: 61.72.uf, 68.43.Jk

INTRODUCTION

Presently, because of such fundamental parameters as high mobility, direct band-band transitions, relatively
narrow band gap, the future of /7/-Sh type binary composite semiconductors seems to be promising in the years ahead
[1-3]. In electronics and optoelectronics, of greater interest is the possibility to process new materials that are relatively
inexpensive in terms of manufacture, and key physical parameters of which are in stark contrast to those of existing
semiconductor materials [4-5]. As [6—7] evidenced, thin layers of GaSh on various substrates were obtained by using
the modern method of molecular beam epitaxy (MBE), and their properties were studied using Raman spectroscopy [8].
The possibility of manufacturing high-frequency electronic devices [9-10] and the possibility of obtaining infrared
sensors were shown in [11-13].

Meanwhile, the implementation of such complex technological processes requires the availability of modern and
very expensive MBE devices [14]. The diffusion technology we are proposing herewith is comparatively cheap,
optimally developed and mastered by our specialists in laboratory conditions. In the present experiment, the silicon (Si)
samples diffusional doped with gallium (Ga) and antimony (Sb) atoms, were studied on SEM imaging (SEM EVO MA)
and by Raman spectral analysis (Senterra II brand), all studies having been performed at room temperature (T =300 °K).

The lattice constants of silicon (Si) and gallium antimonide (GaSb) are 5.34 A and 6.1 A, respectively, and their
lattice constant’s mismatche accounts ~12%.

MATERIALS AND METHODS

Single-crystal n-type silicon samples (p = 1£2-cm, n~5-10"> cm™) grown by the Czochralski method were chosen
as objects for the study. Before launching the diffusion process, surfaces of the samples were kept in hydrofluoric acid
(HF) for 1-2 min and degreased in the standard way. The diffusion process was carried out in a vacuum tube furnace
for Laboratory Material Burning type AOT-GLS-1750X. The diffusion process was launched starting from room
temperature T=30°C to temperature T=1200°C and continued for t=5 hours at this temperature in the gas-phase medium
of impurity atoms. After diffusion, the samples were divided into two groups: the First Group (I): GaSb:Si; The Second
Group (II): reference Si samples.

Group I - Ga and Sb atoms were doped into silicon samples simultaneously (Si sample, Ga and Sb impurities were
all placed into one quartz ampoule).

Group II — reference Si samples without impurities were heated for comparative analysis under the same
thermodynamic conditions.

RESULTS AND DISCUSSION
SEM- and EDS analysis
As can be seen from Fig. la, white spots of somewhat irregular shape must have formed on the surface of the
sample (group I), while there are no such spots on the surface of the sample (group II) (see Fig. 1b). On Fig. 1 the
analyzes of elemental compositions of 3 spectra (spectra 11, 12 and 13) are shown. Regarding the 11" spectrum — the
elemental analysis was obtained for the area outlined by white circumference transparent on Figure 1-a (Figure 1-c).
The elements Si, Ga, Sb, O, and C were determined in the 11th spectrum and their conditional concentrations were
calculated as 0.9, 0.08, 0.04, 0.03, and 0.02, respectively. The elemental composition of the spot where white islands are

" Cite as: XM. lliyev, SB. Isamov, B.O. Isakov, UX. Qurbonova, S.A. Abduraxmonov, East Eur. J. Phys. 3, 303 (2023),
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not being formed are represented on 12th-spectrum of Figure 1-a (Figure 2-a). In 12th spectrum, only the element Si
was found, its conditional concentration was calculated as 1.16. The elemental composition of one of the white islands
in the 13th spectrum (in Fig. 1-a) was determined (Fig. 2-b). The elements Si, Ga, Sb and O were identified on
spectrum 13 and their conditional concentrations were calculated as 0.02, 0.4, 0.39 and 0.06 respectively.

The elemental composition of the area circled by the white line on the surface of the sample of group II was
determined (see Fig. 1b) (spectrum 17 in Fig. 1d). The elements Si, O and C were identified in spectrum 17 and their
conditional concentrations were calculated as 0.97, 0.16 and 0.01 respectively.

Group I Group 11

Spectrum 17

Spectrim 11

B Spectrum 11 3 B Spectrum 17
.

O L T T R e R T T T S S L L L L o L O R
0 2 4 6 8 10 12 keV) 8 10 12 keV

<) d)

Figure 1. SEM analysis of investigated samples after diffusion; a) SEM imaging of the surface of the I-group sample; b) SEM
imaging of the surface of a sample of group II; c) elemental analysis of the surface of a sample of group I; d) elemental analysis of
the surface of a sample of group II
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Figure 2. Elemental analysis obtained at local spots on the surface of a group I sample; a) elemental analysis of spectrum 12 in
Fig. 1-a); b) Elemental analysis of spectrum 13 in Fig. 1a)

The islands formed on the surface of a I-group sample contain the elements Ga, Sb, O, and Si, which is due to the
fact that the conditional concentrations of the elements of Ga and Sb in the islands (0.4 and 0.39, respectively) are
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almost the same and significantly exceed the conditional concentrations of elements O and Si. These islands could be
regarded as composite GaSh semiconductor islands. It can be assumed that O and Si elements found in the formed
GaSb islands must have diffused from adjacent genuine Si material into the alien GaSb island (Fig. 2b, Table 1). In
addition, it was revealed that the resulting GaSb semiconductor islands serve as attractors for O atoms on the Si surface
(Table 1: spectra 11, 12, 13).

Table 1. Results of elemental analysis of samples of groups I and II

Element Line type Conditional concentration Weight.% Sigma Weight. %

11-spectr
C K series 0.02 11.34 0.69
(6] K series 0.03 2.12 0.24
Si K series 0.90 72.12 0.74
Ga L series 0.08 9.16 0.29
Sb L series 0.04 5.26 0.50
Sum: 100.00

12-spectr
Si K series 1.16 100.00 0.00
Sum: 100.00

13-spectr
(0] K series 0.06 2.67 0.26
Si K series 0.02 1.48 0.19
Ga L series 0.40 52.14 0.82
Sb L series 0.39 43.72 0.85
Sum: 100.00

17-spectr
C K series 0.01 7.97 0.79
(6] K series 0.16 11.71 0.39
Si K series 0.97 80.32 0.78
Sum: 100.00

Figure 3 shows the SEM image of the surface of a sample from group I. The Figure shows that islands of GaSb
semiconductor compound with a diameter of 1 um to 15 um are formed on the Si surface. The density of these
microscopic islands, calculated judging from Fig. 3 is approximately 10° cm2.

g ¥ . v 4 . o 738 Ve

: Site e a2l

20 pm EHT =10.00 kv Signal A =NTS BED Date :9 Feb 2023
WD = BSmm Photo No, = 21533 Time :20:38:10

Figure 3. SEM imaging results of the surface of a sample of group I

Raman spectrometry

Raman spectroscopy is the standard method for studying lattice vibrations and their interaction with other induced
oscillations. In Raman spectroscopy, only samples of group I were studied, i.e., Si samples doped with Ga and Sb atoms
by the diffusion method (Fig. 4). It is known from the literature that the 520 cm™' mode in the vibrational spectrum
corresponds to the Si-Si bond [15], whereas 226 cm™ and 220 cm™ modes correspond to the Ga-Sb compounds,
respectively, in the LO and TO modes [16].

On Fig. 4-a) one can see that the fundamental mode was observed at 519 cm™!, which is confirmed by the
literature [15] and corresponds to the vibration frequency of a Si-Si-type bond. As can be seen from Fig. 4b), the main
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peak was observed at vibration frequency of 224.5 cm!, which is confirmed by the literature data [16], that this peak
belongs to the vibration frequency of LO mode of the Ga-Sb compound.

10°

. 1 a)
Si (k=519 cm™)

Intensity, a.u.

T T T T T T T T
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GaSb (k=224,5 em™) b)
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100 200 300 400 500 600 700 800 900

Raman shift, em™!

Figure 4. Spectral analysis of Raman spectra of the surface of samples of group I;
a) spectral analysis of the Raman spectrum 12 in Figs. 1-a); b) Spectral analysis of
Raman spectrum 13 in Figure 1a).

CONCLUSION
That the GaSb-type composite semiconductor probably forms on the surface of a Si sample doped with Ga and Sb
atoms by diffusion doping, was confirmed by elemental analysis, SEM imaging, and Raman spectral analysis. The
results of the experiment showed the possibility of engineering a novel crystal containing GaSb on the Si surface using
a comparatively cheap and conventional diffusion technology. The obtained experimental results show that Si
containing GaSb islands can be used as the main material in the development of infrared detectors, infrared lasers,
infrared LEDs, high-speed electronic devices (for example: transistors) and high-efficiency solar panels.
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JOCTII)KEHHS IMOBEPXHI Si, JETOBAHOI'O OTHOYACHO Ga TA Sb
X.M. lLxieB, Cobip b. IcamoB, Bo6ip O. Icakos, ¥Y.X. Kypoonosa, C.A. A6aypaxmMoHoB
Tawkenmcokuil Oeparcasnull mexnivHuil yHieepcumem, eyi. Yuisepcumemcwora, 2, 100095, m. Tawkenm, Y30exucman

CraTTs mpuCBSYCHA JOCHI/DKCHHIO 3pa3KiB KPEMHiI0, jieroBaHux atomamu ramito (Ga) i cypmu (Sb). 30kpema, mpeicTaBicHO
eneMeHTHHH aHani3, SEM 300pakeHHs Ta CHEKTPOMETPHUYHHI aHaii3 3pa3KiB 3a JOMOMOIOK KOMOIHALIHHOTO pPO3CiIOBaHHSI.
EnementHuii anami3 mokasaB, 1o BigHocHi koHueHrtpauii Ga (0,4) maibke nopiBHIOOTH KoHieHTpawisiM Sb (0,39), i obuasa
yTBOpMincs Ha moBepxHi Si. SEM-300pa’keHHs TOKa3zano, OO0 B Tpoueci MuQy3ifHOro JeryBaHHS Ha MOBEPXHI KPEMHIIO
YTBOPIOIOTBCA OCTpiBIi Mikpopo3mipy GaSb (miamerpom Bix 1 10 15 MikpoH) i miinsHicTio ~106 cM2. PaMaHiBCbKHUI CHIEKTpPAIbHUI
aHaJi3 T0Ka3aB, 10 HaNIBIPOBIAHUK i3 MonekynamMu GaSb camo30upaeTbest Ha mOBepxHi Si.

KunrouoBi cnoBa: kpemniii; caniii; cypma; ne2y8ants; ou@ysisa, ocmposu Mikpoposmipy



308
EasT EUROPEAN JOURNAL OF PHysics. 3. 308-313 (2023)
DOI:10.26565/2312-4334-2023-3-30 ISSN 2312-4334

OPTICAL AND MAGNETIC RESPONSE OF PURE AND Cu-IONS SUBSTITUTED DYSPROSIUM
OXIDE THIN FILMS FOR VARIOUS APPLICATIONS'

Muhammad Tauseef Qureshi*
Basic Science Department, College of Preparatory Year, University of Ha'il, 1560 Ha'il, Kingdom of Saudi Arabia

*Corresponding author e-mail: tauseefqureshil 981@gmail.com
Received May 7, 2023; revised July 3, 2023; accepted July 4, 2023

Dysprosium oxide (Dy203) and Cu/Dy20s5 thin films of thickness 117.14 nm and 258.30 nm, respectively were successfully deposited
via a well-known DC-magnetron sputtering technique. Field emission scanning electron microscopy clarifies the growth of uniform
and fine granular particles on silicon substrate. The hexagonal closed pack structure for both the thin films has been observed by the
x-ray diffraction analysis and it was observed that by inclusion of copper the HCP structure of thin film was retain with a slight shift
in the main peak. The reduction from 3.9 eV to 3.8 eV in the energy band gap value was observed by incorporation of copper ions
Dy20s5 thin films. The M-H loops obtained through Vibrating Sample Magnetometer (VSM) shows that Dy203 thin film behave
ferromagnetically at low temperature with a saturation magnetization value of 2860 emu/cc and evolves through its phase transition
temperatures and behave paramagnetically at room temperature. In Cu/Dy20s case, the diamagnetic response of Cu dominates and
produces reverse hysteresis loop at both temperatures make it a suitable candidate for energy and memory storage devices applications.
Keywords: Magnetron sputtering; Dy>03; Cu/Dy20s3; Thin films; Tauc plot; Magnetic properties; Hysteresis loop

PACS: 07.55.Jg, 61.10.Nz, 68.37.Hk, 74.25.Gz, 75.20.—g, 75.70.Ak, 81.20.-n

INTRODUCTION

During the last few years, several attempts have been made to improve the properties of rare-earth thin films by
employing different methods. Successful approaches were to reduce their anisotropy different rare-earths were
alloyed [1]; to include the tensile film stress [2], the preparation conditions were adjusted; to change the amorphous state
of the films, small amount of Boron was added [3-4]. Among the rare-earth metals, Dy is considered as a possible solenoid
pole piece material which is a suitable candidate for ultra-high moment applications at low temperatures [5-7]. The bulk
Dy was considered as a pole material for field concentrators [8] and undulators [9], its tips for magnetic resonant force
microscopy which can be used in pulsed-laser deposition, molecules beam epitaxy or plasma sputtering for its high yield
and scalability [10]. Brilliant magneto-optical properties are resulted in the case of Copper (Cu) mixed with Manganese
(Mn) for example, being Cu as optical and Mn as magnetic material [11]. The value of magnetic anisotropy of Dy is very
large which when coupled with transition metals (Fe, Co, Ni, Cu) [12-14] and other ferromagnetic rare earths (Er, Ho,
Gd) [15-20], much attention has been paid to DyFeCo [21], FeNdDyB [22] and FeDyTb alloys [23]. The slight structural
changes incorporated because of guest molecules exchange, produce different dipole—dipole interactions which then
effect the relaxation rate of incoherent quantum tunneling to acquire different effective relaxation barriers [24]. In this
case, the structure of the near surface region of this phase becomes distorted; this leads to the nucleation of reverse
magnetization domains to an experimentally observed decrease in Hci [25].

Different properties of thin films are achieved by varying the production procedures as well as on the parameters of
deposition, like deposition rate, temperature control, variation of substrate etc. In recent times, various physical and
chemical deposition techniques are utilized for the processing of ZnO thin films, which includes but may not be restricted
to, chemical vapor deposition (CVD), sputtering techniques, plasma enhanced CVD, sol-gel process and pulsed laser
deposition (PLD) [26]. Among these growth techniques magnetron sputtering has a lot of advantages such as its low cost,
low thermal budget, simplicity, non-toxic and for desired properties, its ability to produce high quality thin films [27].
Sezen et al studied the optical properties of Dy,O3 and recorded the band gap of 3.90 eV through ab-initio calculations to
give way for the experimental growth of these thin film in combination with different metal content such Cu, Cr etc. [28].
The current study, we report the deposition of a high purity Dy,O3; and Cu/Dy»0s thin films by DC magnetron sputtering
on silicon substrate at room temperature. Further, the structural, morphology, optical and magnetic properties of these
thin films Dy,0O3 and Cu/ Dy,Os3 are investigated for energy and memory storge devices applications.

EXPERIMENTAL DETAILS
Sample Preparation
Dy,03 and Cu/Dy,0Os3 thin films were fabricated via well-known sputtering technique using magnetron sputtering
(DaON 1000 S) system contains three sputtering guns, one for Radio Frequency (RF) and two Direct Current (DC) supply
[29-30]. The silicon substrate was used for the deposition of Dy and Cu and the temperature of it was kept up to 300°C.
Initially, for achieving the clear and content free environment inside the chamber; high vacuum with base pressure of
5x107 Torr was achieved in 30 minutes before starting the deposition process. The Oxygen and Argon (70:30) flow were
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kept, but the flow rate was adjusted upto 5 mTorr. In the doping of Cu(10%) was controlled and calibrated by using STM
(Sycon Thickness Monitor). The deposition of these films was carried out through DC sputtering keeping 300V and
100mA for Dy and 250V and 40mA for Cu respectively. Finally, thin films having thickness 117.14 nm & 258.30 nm for
Dy»03 and Cu/Dy»0s respectively were collected after cooling the chamber to room temperature to avoid the deposited
thin film from cracking down.

Sample Characterizations

The structure and crystallinity of the films were determined by an XRD (X Pert) operating at 30 kV and 10 mA using
Cu K, radiation (1.54 A). The measurement was conducted at room temperature with 20 = 20°-70° incident angles. For
morphological study of these thin films FESEM (FEI Nova 450) was used. The operating power of the FEI Nova 450 was
10 kV and 50kV respectively. The microscope was in the secondary electron mode at a working distance of 5.1 mm with
lens detector. EDX spectrometry (Oxford Instruments Inca X-Act) built in with FEI Nova 450, was used for qualitative
and quantitative compositions analysis of elements. Spectroscopic Ellipsometry (Alpha-SE Ellipsometer, J. A. Woollam)
was used to get the thickness of thin films and absorption coefficient of thin films. Hysteresis loop for magnetization of
the Dy»O3 and Cu/Dy-Oj3 thin films was obtained using a VSM (with low temperature 5K and at room temperature 300K)
using Cryogen free measuring system (Cryogen Limited UK).

RESULTS AND DISCUSSION
Structural Analysis
Figure 1 shows crystallographic results i.e., XRD peaks and their miller indices of Dy>O3; and 10%-Cu substituted
Dy,0s thin films. For Dy,0s, two peaks are observed, one at 28.23° with miller indices (100) and other at 32.40° having
Miller indices (101) as shown by Figure 1(a).
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Figure 1. XRD pattern of (a) Dy203 and (b) Cu/Dy20j3 thin films

The comparison of Dy,O3 XRD data with the reference code 01-089-2926, confirm the hexagonal closed pack (hcp)
structure and having space group P63/mmc and space number of 194. When 10%-Cu is co-deposited with Dy for the
alloy thin film, only a single prominent, sharp peak has been observed, as in Figure 1(b). This peak is associated to Dy,0s3,
since having miller indices of (100) for 26 value of 27.03.

It can be found that the presence of Cu has slightly adjusted the (100) peak to new 20 value and no peak for Cu has
been observed in the Cu/Dy,0; thin film. It has been found for the case of Cu mixed ZnO thin films [31, 32] that the
introduction of Cu adjusts the main peak of ZnO (002) to new values of 26 and with no Cu peak. They have suggested
that there is strong c-orientation preference with normal to the substrate and Cu atoms exist only on the interstitial sites.
The same can be attributed in current scenario where Dy>Os3 having close packing structure with maximum packing
density does not allow Cu atoms to change/modify the base Dy,Ojs structure, rather be present at the interstitial sites thus
increasing the overall energy. Recalling the Cu standard pattern having reference No. 04-0836, there are three prominent
peaks for copper, each at 43.30, 50.43 & 74.13 20 values, but Figure 1(b) announces no peak (even smaller one) at the
above-mentioned values for Cu.

Morphological studies and elemental analysis

FESEM micrographs of Dy,03 and Cu/Dy,Oj thin films are shown in figure 2(a-d) (where a, b represents the Dy,O;
micrographs, and ¢, d show Cu/ Dy,O3 images). It is clear from the micrographs of these thin films that growth of smooth
and uniformly dispersed particles along with small grains on the silicon substrate, which can be due to the fact that both
Dy,03; and Cu/Dy,0s are deposited simultaneously. Moreover, inclusion of Cu as dopant or co-dopant normally
smoothens the ZnO thin film structure as can be found in many semiconductors’ technologies-based materials [33].

The EDX spectra of pure and Cu substituted thin films were acquired by using 20 kV electron beam-energy are
shown in Figure 3. The Cu, Dy and O intensities peaks in both thin films confirmed its high-purity and the presence of
these acquired elements with their stoichiometric ratio. The table within figure 3 shows the wt% of each constituent
elements with their stoichiometric-formulation.
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Figure 2. FESEM micrographs at lower and higher magnification (a, b) Dy203, and (¢, d) Cu/ Dy203 thin film
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Figure 3: EDS spectra of thin films with their table of elements compositions wt.% where (a) shows Dy203 and (b) 10%-Cu
doped Dy-03 thin films compositions

Optical Studies
The absorption coefficient energy band gap curve obtained through ellipsometry and Tauc and Davis’s plot
respectively are shown in Figure 4.
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Figure 4: Optical properties measurement through ellipsometry (a) Absorption coeffient and (b) Energy band gap values for both
thin films as plotted by the Tauc plot

The absorption coefficient value high at lower wavelength shows high value, but as the wavelength shifted towards
the visible region that it decreases for both samples and finally a slight increase at the elevated wavelength as shown in
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Figure 4(a). Which shows that these thin films are good observers at lower wavelength. Figure 4(b) represents the energy
band gap value 3.8 eV for Dy,0s and 3.9 eV for Cu/Dy,0s thin films obtained from Tauc and Davis’s plot in which the
photon energy and absorption coefficient can be related in the absorbance region in a relation expressed as:

ahv =A (hv-Eg) " (1)

ce 99

where ““a’’ is the absorption coefficient, “*4v’’ is photon energy, ‘A’ is proportionality constant, “E,” is optical band
gap, “n” is an integer equal to 2 for an indirect and 1/2 for direct band gap in the above relation [34]. For the value of n=2
for Dy,0; and Cu/Dy»0j3 thin films, it states that an indirect band gap obtained for these structures. Similarly, energy band
of Dy,Oj3 confirms the fact that valance shell electrons have the ability of absorbing energy, whereas value for second thin
film Cu/Dy,0; decrease which further enhances the chance for such materials to be used in electronic applications.

Magnetic Properties Studies
Figure 5 represents the magnetic hysteresis loops of Dy,0O3 and Cu/Dy,Oj3 thin films at room temperature (300K)

and low temperature 5K as presented in figure 5.
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Figure 5. Shows M-H curves, here (a) presents Dy203 at 5k, (b) Cu/Dy20s3 at 300k, (¢) Dy203 at 5k and (d) Cu/Dy20s3 at 300k,
respectively

The ferromagnetic order in case of Dy,Osz at 5 K has been observed, since it behavior evaluates into anti-
ferromagnetic ordering at above 85 K and further to paramagnetic nature at and above 179 K. The M; value obtained for
Dy»03 thin film at low temperature is 2860 emu/cc. The inset of Figure 5(a) shows that the magnetization lines pass
through the origin, announcing no remanent magnetization [35], a response typically related to pure ferromagnetic
materials. Moreover, when magnetization for Dy,O; thin film is measured at room temperature (Figure 5(c)), a
paramagnetic type of behavior is observed, with much reduced saturation magnetization value and obviously no remanent
magnetization as in the inset of this graph (Figure 5(c)).

A completely different response of the Cu/Dy»0Os3 thin film has been observed both at low and room temperature,
with production of reverse hysteresis loop due to inclusion of Cu with Dy. The energy difference between the lowest
doubly degenerate sublevels (formally corresponding to large J, values of £11/2 or +£13/2 for dysprosium) seems to be
affected by the degree of longitudinal compression or elongation [36-37]. This behavior of the Cu/Dy,0Os3 thin film can be
due to the effect of Cu diamagnetic nature, which drives Dy to behave diamagnetically and pronounces a small
magnetization value. The difference above may be linked with the different local symmetry and the bond distances result
in different ligand fields [38]. The behavior of Cu/Dy,0Os3 thin film has also the support of XRD data as presented above,
with Cu atoms present at the interstitial sites, not affecting the structure, rather other physical properties of the thin film.
For the case of Dy>Os Figure 5(c) it is clear that dysprosium thin film transforms to paramagnetic nature with an improper
saturation of the particles and a much-reduced saturation magnetization value. These results can be used for the tuning of
magnetic properties of Dy based thin films for technological applications [15-20].
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CONCLUSION
Thin films of Dy,0s3 and Cu/Dy,0s of thickness 17.14 nm and 258.30 nm respectively were prepared successfully by
the magnetron sputtering method. It is suggested that Cu elements residing at the interstitial sites, not affecting the structure
of the alloyed thin film, as confirmed by the XRD results but modify the other physical properties. Smooth behavior of the
thin films is obtained by the FESEM micrographs along with no impurity shown by the elemental analysis through EDX.
Further, by addition of Cu reveals a change in the optical properties, as well as diamagnetic response of the Cu compels Dy
to produce negative hysteresis effect (by VSM) can be used for such material-based storage application.
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ONTHYHHNI TA MATHITHHAM BIIT'YK YACTUX TA HACHYEHNX IOHAMH Cu TOHKIX ITIBOK OKCUY
JUCITPO3IIO, UIA PI3BHUX 3ACTOCYBAHb
Myxamman Tayced Kypemi
Daxynemem ghynoamenmanvrux Hayk, Koneooic niocomosuozo poky, Yuieepcumem Xaino,
Xainw, Koponiecmso Caydiecvka Apasis

Tonki muiBku okcupy aucnposito (Dy203) i Cu/Dy203 TommHO0 117,14 HM 1 258,30 HM BiamoBigHO OymHu yCHINIHO HaHECEHI 3a
JIOTIOMOTOI0 T00pe BiJOMOTO METOIYy MAarHETPOHHOTO HAMIICHHS Ha TOCTIHHOMY CTpyMi. ABTOEMiCiiiHa CKaHyrO4Ya €JIEeKTPOHHA
MIKPOCKOIIIs IT0Ka3aJia 3pOCTaHHs OXHOPIIHUX 1 IPIOHUX rPpaHyIb0BAaHUX YAaCTHHOK Ha KpeMHieBiH mimkmaami. [excaronanbHa 3akpura
CTPYKTypa IaKyBaHHS JUI1 000X TOHKHX IDTIBOK CIIOCTepiraiacs 3a JOIIOMOTOI0 PEHTTEHIBCHKOTO AupakIiiifHOro aHamisy, i Oyio
NOMiYeHo, 10 3aBAsku BrmodeHHIO Migi HCP-cTpykrypa ToHKoOi IUTiBKH 30epirajacs 3 HEBEJIMKHM 3CyBOM TOJIOBHOTO IIIKY.
3MeHIIIeHHs IMHPUHK 3a00poHeHoi 30HH Bix 3,9 eB 1o 3,8 eB crocTepiranocs nuisixoM BKIIOYEHHS TOHKHX IUTBOK i0HIB Mizi Dy20s.
Ietni M-H, orpumani 3a momomororo BibpauiiiHoro marxitomerpa (VSM), nokasyroTh, 1m0 ToHKa IuriBka Dy203 moBoanTbCs
(dbepoMarHiTHO P HU3bKIK TeMIeparypi 3i 3HaUYSHHsIM HaMarHi4eHocTi HacuueHHs 2860 emu/cc i pO3BUBAETHCS Yepe3 TEMIIEPaTypH
($a3oBoro mepexogy Ta MOBOMUTHCS MapaMarHiTHO MpH KiMHATHIA Temmeparypi. Y sumaaky Cu/Dy20; miamaraitHuid Biaryk Cu
JIOMIHY€E Ta CTBOPIOE METIII0 3BOPOTHOTO TicTepe3ucy Mpu 000X TeMIeparypax, o poOUTs HOTo MPUAATHAM KaHAWAATOM JUIS TOJATKIB
MIPUCTPOIB 30epiraHHs eHeprii Ta mam’sTi.

KirouoBi cioBa: macnemponne posnunenns;, mouxi naieku, Dy203; Cu/Dy203; epagix Tayka; maenimui enacmueocmi; nemis
2icmepe3ucy
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In this study, we prepared mixtures of nickel oxide (NiO) and zinc (ZnO) in different proportions as thin films on high-purity glass
substrates, using pyrolysis spray technique. Where samples of mixtures were precipitated from two solutions of nickel nitrate
(Ni(NOs3)2 -6H20) and zinc acetate (Cs HeO4 Zn-2H20) mixed in different proportions. Then the optical and structural properties of the
prepared samples were studied. The transmittance decreases with the increase in the percentage of nickel oxide, which means that
increasing the zinc oxide improves the transmittance in all the studied spectral fields. Samples with higher zinc oxide (ZnO) have two
energy gaps. Scanning electron microscopy (SEM) showed that the surface morphology of the films has a relatively homogeneous
composition. Where it was observed that increasing the proportion of zinc oxide leads to the appearance of zinc oxide granules clearly.
Keywords: Mixtures of NiO and ZnO; Thin films,; Pyrolysis spray technology,; Energy gap, Optical properties

PACS:73.20.At, 78.20.Ci

1. INTRODUCTION

ZnO and NiO thin films are among the most important films that have been scientifically and industrially exploited
for their important applications in wide fields. Zinc oxide (ZnO) is a transparent n-type semiconductor with a wurtzite
crystal structure. It has good potential in developing optoelectronic device technologies, mainly due to its outstanding
physical properties, such as its high transparency in the visible spectrum and near infrared region [3, 4]. It has a bandgap
ranging from (3.2-3.3) eV [5] and has a high binding energy [6, 7]. The outstanding optical and electrical properties of
zinc oxide films have led to their use in many applications such as: solar cells [8, 9], gas sensors [10], piezoelectric sensors
[11, 12], flat screens [13], acoustic devices [14], and optical waveguides [15], and laser diodes [16]. ZnO thin films can
be produced by several techniques such as: spray pyrolysis [17, 18] hydrosol gel, thermal evaporation [19], and laser
ablation (PLD) [20]. Nickel oxide (NiO) is a transparent p-type semiconductor that has a crystal structure (CFC) similar
to that of sodium chloride (NaCl) and has a band gap between 3 and 4 eV [21].

Nickel oxide (NiO) is an attractive material due to its excellent chemical stability, good dynamic range and hardness,
as well as its optical, electrical and magnetic properties [22]. Nickel oxide has important and extensive applications such
as optical switching glass, antimagnetic materials, photoelectric display devices, lithium batteries, and functional layer
materials for chemical gas sensors [23]. In addition, nickel oxide films oriented in the (111) direction can be used as
dielectric layers that are deposited on oxide films of other orientations, such as C-oriented perovskite-type ferromagnetic
films and superconducting films [00]. NiO films can be deposited using many different chemical and physical methods
such as electrochemical deposition [24], thermal evaporation [25], ion beam deposition [26], laser ablation [27], spray
pyrolysis [28] and gel coating by centrifugation [29].

In this work, we will prepare samples for mixtures of the aforementioned oxides in order to study their structural and
optical properties in order to obtain the optimal mixture that has better properties than both oxides separately.

2. EXPRIMENTAL WORK

In this paper, mixtures of nickel oxide (NiO) and zinc oxide (ZnO) were prepared in the form of thin films on ultra-
pure glass substrates using pyrolysis spray technique. Where two solutions were prepared from nickel nitrate (Ni
(NO3),-6H,0) and zinc acetate (CsHsO4Zn-2H,0) with the same molar concentration C=0.2 mol/L, by dissolving each
mass of nickel nitrate and Zinc acetate in a volume of 12 ml of distilled water and add drops of chloride acid in order to
facilitate the mixing process. To ensure complete dissolution of both solutions, a magnetic stirrer is used to mix each
solution for 15 minutes at a temperature of 50°C ensuring no sediment. Then, we prepare samples from the mixture
consisting of nickel nitrate solution and zinc acetate solution in different proportions as shown in the tablel.After
preparing the precipitation mixture, preparing the glass substrates and preparing the spraying system, we start the
precipitation process with the chemical spraying technique, which passes through several steps:

1- We put the spray nose at the vertical distance d =30 cm.

2- We set the air compressor to a pressure of 2 bar.
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3- The glass substrates are placed over the electric heater and set at a temperature of 500°C.
4- After heating, we do intermittent spraying for 5 seconds to keep the temperature of the glass substrate within 500°C.

Where we obtained thin films with acceptable homogeneity and high adhesion strength on the substrate and with close
thickness.

3. RESULTS AND DISCUSSIONS
3.1. Structural Properties
Figure 1 shows the XRD patterns of films of a mixture of nickel oxide (NiO) and zinc oxide (ZnO) prepared with
different proportions of aforementioned oxides. In case of pure nickel oxide curve S; it can be seen two main diffraction
peaks positioned at 20 ~ 37.296° and 43.272° assigned to the (111) and (200) crystal planes respectively.
These peaks accurately correspond to the crystal structure of

560 C T T T T T T T T o . X 3
a0l MWML @ NiO (NaCl) with CFC crystal structure of which belongs to the
M |

space group Fm3m. The XRD patterns shows good agreement

280

ol Mt with JCPDS (47-1049) [1]. The presence of such peaks indicates
B i that the films are polycrystalline in nature.
The same results can be deduced for sample S, where it is
o observed that three main peaks are identified in the angle range
oo 20 (37.247°, 43.197°, and 62.844°) corresponding to the
_eor following diffraction planes (111), (200) and (220), respectively.
:: eoor These results are consistent with the high percentage of nickel
E 450 - oxide present in this sample. In the case of equal proportions of
g 00T oxides in the sample Ss, no diffraction peaks were observed, and
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Figure 1. XRD patterns of the deposited ZnO/NiO thin noted that there is a high compatibility with the international
films on glass substrate at different percentages standard card JCPDS (36-1451).

In order to get more material structural information, we
have studied different structural constants such as lattice constants a and ¢, grain size D, average stress € and dislocation
density 6 for pure NiO and ZnO films as well as for the films of oxides mixtures. The lattice constant for the cubic
structure phase of NiO films is calculated using the following equation [3]:

360 —
180 - 4

a

At = et )
Where is the distance between the crystal structure and (h,k,l) are the Miller's coefficients.

The lattice constants a and c for the hexagonal structure phase of ZnO films is calculated using the following equation [4]:

@

The grain size D of films is related to the physical and chemical properties of the material, where the Debye-Scherrer
statement allowed estimating the size of the grains by X-ray diffraction, which is given by the following relationship [5]

1 4 (h?%+hk+k? 12
=i L
d 3

a? c2

092
- B cos@ (3)
Where A is the wavelength of X-rays (A=1,540593), f is the value of the middle of the highest peak width (the value
(FWHM) computed with the radial angle) and® is the Bragg's angle.

Dislocation density 6 represents the linear defect inside the crystal, and is calculated from Williamson and
Smallman’s relationship [6]:

5= 4)

Dz
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The average strain ¢ is the strain expresses the distortion in the network and is estimated by the following
relationship [7]:

= (“‘“") 100% )

ao
Where ao is the theoretical lattice constant and a is the experimental lattice constant.
Table 1. Structural parameters of (ZnO/NiO) thin films mixture

Samples | Coding | 20°) [d(A) [ (kD) [aA) [cA) [DA) [ e [3(AD
37,296 | 2411 | 111 | 4,176

0, ! S H—HR—F—1— "7 | -
100% NiO Si 43272 | 2.091 | 200 3,32 | 0,104 | 0,091
75% NiO 37,247 |1 2,414 | 111
25% ZnO S2 43,197 | 2,094 | 200 | 4,181 | ------ 4,44 | 0,078 | 0,051
62,844 | 1,479 | 220
25% NiO 34,515 | 2,600 | 002
75% 700 S4 36.377 | 2470 | 101 3,24 | 5,200 | 5,59 | 0,062 | 0,036

31,564 | 2,834 | 100
100% ZnO Ss 34,510 | 2,599 | 002 | 3272 | 5,198 | 4,82 | 0,102 | 0,043
36,336 | 2,472 | 101

3.2. Morphological Properties

The surface morphology of the thin film was studied by scanning electron microscopy (SEM). For films of pure
nickel oxide NiO and zinc oxide ZnO, as well as samples consisting of a mixture of NiO and ZnO in different proportions
which have been sputtered onto glass substrates, where it appears that the deposited films have a composition and a
relative homogeneity despite the preparation of homogeneous solutions for the samples because they contain pure grains
and prepared under the same conditions. Hence the shape of the granules which does not appear clearly with a vertical
growth on the surface of the film for samples S; and S;which contain a higher percentage of nickel oxide. It should be
noted that the higher the percentage of ZnO and this for samples S3, S4 and Ss the more clearly the zinc grains appear on
the surfaces of the thin films and the development of the skeleton with the random growth of islands in the middle and on
the edges of the substrate.

Figure 2. Images of samples S| — Ss prepared by scanning electron microscopy (SEM)
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3.3. Optical Properties

The absorbance and transmittance spectrum of all samples were studied in the ultraviolet, visible and near infrared
rays. The values of the absorption coefficient, energy gap and Urbach energy are summarized in Table 2.

Figure3shows the transmittance changes with wavelength for all prepared samples. The results showed that the
transmittance is as low in the ultraviolet region, i.e., in the short wavelength range of 300 to 380 nm. The low value of
transmittance in this area is due to the fact that the absorption is high due to the proximity of the energy of the emitted
photons to the energy of the basic absorption edge of these films [30]. The transmittance of the two samples S;
and S; moves towards the blue spectrum, while the rest of the samples S3, S4 and Ss moves towards the red spectrum.
The transmittance increases significantly for all samples in the visible range, especially for samples that contain a higher
percentage of zinc oxide, as it is close to 98% at the end of the visible range for samples Sz, S4 andSsand 88% for the two
samples S; and S[31].

Table 2. Structural parameters of (ZnO/NiO) thin films mixture

Optical gap energy | Urbach energy
Samples Ey(eV) Eu(eV)
Si 3.55 0.466
Sz 3.53 0.571
S3 2.35 3.13 0.333
Sa 3 4.1 0.133
Ss 3.23 3.17 0.076

The optical band gap energy is one of the fundamental properties of electro-optical materials. The measurement of
the gap energy depends on the material and its properties. The optical energy bandgap is defined as the lowest energy
required to move an electron from the top of the valence band to the bottom of the conduction band. By determining the
values of the absorption coefficient, it is possible to calculate the optical band gap of the permissible direct electronic
transitions using Tauc's equation [32]:

(ahv)? = A(hv — E,). (6)

Where 4 is a constant, o is the absorption coefficient, /v is the photon energy and Ey is the band gap energy.

Table 2 shows a significant difference in the band gap energy values of the thin films of the mixture of nickel and
zinc. This difference can be attributed to the phase presence for both oxides, and since there is a clear difference between
the nickel and zinc elements in chemical and physical properties, the strong presence of one of them means that the other
plays a role doping, and therefore we notice a clear difference in the values of the energy gap, especially in the case of
samples Sz, S4 and Ss, where there is the largest presence of zinc oxide, and perhaps the appearance of a double energy
gap is a clear indication of this.

It is noted that the energy gap of the thin layers of pure nickel oxide S;and the mixture S, decreases to 2.35 eV, the
decrease in the band gap energy is explained by the movement of the absorption front towards the lower energies, and
this decrease can be explained by Roth effect because the impurities that make up the mixture have led to the formation
of donor levels within the band gap near the conduction band and therefore to the absorption of low energy photons [35].

The Table 2 also shows for the samples S3, Ssand Ss which contain a higher percentage of zinc oxide ZnO that they
have two band gap energy and this is due to several reasons:

- This may be related to the formation of ZnO nanostructures on the bulk of the remaining ZnO thin film.

- This can also be explained by a defect in the composition and structure of our prepared sample [36].

- There are mixed phase or low crystallization [37].
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Figure 3. Transmittance of ZnO/NiO thin films
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Figure 4. Band gap energy of ZnO/NiO thin films
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The Urbach energy is a physical quantity that characterizes the disorder of matter, since it is considered one of the
important constants that characterize the optical properties of thin layers [36], since it relates to the absorption coefficient
according to relationship [37]:

hv
a= ao.e(ﬁ). @)
It can be written:
Ilna = lnay + (?) ®)

Where «, is the absorption coefficient for which the absorption value is minimum and E,,is the Urbach energy.

The value of Urbach's energy (E,) can be determined from the drawing of the curve of the changes of the linear
function (Ina) in terms of photon energy (hv) shown in Figure5, where the inverse of the slope represents the Urbach
energy. There is an increase in the Urbach energy values for the samples of pure nickel oxide S;and S;which contain a
greater percentage of nickel oxide. For the samples (Ss, Ssand Ss), we find the opposite from what was obtained for the
Urbach energy values for the first two samples. From the results of the Table2, we note that the optical behavior of the
Urbach energy value changes inversely with the optical behavior of the energy interval.

—— Pure NiO
—— 75% NiO
——50% NiO
13 1 ——25% NiO
Pure ZnO
12 4
& /
T 11 /
L
2 Vi
E 1] Y 4
9 -
8 -
1,0 1j5 2:0 2:5 3?0 3?5 4j0
hv (eV)

Figure 5. Urbach energy of ZnO/NiO thin films

4. CONCLUSIONS

In this study, we had the opportunity to prepare mixtures of different proportions of samples of nickel oxide (NiO)
and zinc oxide (ZnO), which were deposited in the form of thin films on glass substrates, using pyrolysis spray technique
at the same conditions.

The structure of the prepared mixtures, as well as the absorption and transmittance spectrum of all samples in the
ultraviolet, visible, and near infrared, were studied. Where the values of the absorption coefficient, energy interval, and
Urbach energy were summarized with the aim of deducing the relationship between these values and the prepared
samples. Where the study showed:

- Samples that contain a higher percentage of nickel oxide (NiO) have the lowest possible transmittance in the
ultraviolet region i.e., the short wavelength ranges from 300 to 380 nm while the absorption is high.

- The transmittance of samples with a higher percentage of NiO shifts towards the blue spectrum, while the
transmittance of the remaining samples shifts towards the red spectrum.

- The transmittance increases dramatically for samples in the visible range, especially for samples that contain a
greater percentage of zinc oxide, as it approaches 99% at the end of this range.

- Samples that contain a higher percentage of zinc oxide (ZnO) have two energy gaps.

- The optical behavior of the Urbach energy value changes inversely with the optical behavior of the energy gaps.

- The surface morphology of thin films has been studied by scanning electron microscopy (SEM), and it has been
found to have a relatively homogeneous composition, where the shape of the granules does not appear clearly with a
vertical growth on the surface of the film for the sample that contains a higher percentage of nickel oxide. It is noted that
as the percentage of zinc oxide ZnO increases, the zinc granules appear on the surfaces of the thin films clearly, and the
skeletal structure grows with the growth of random islands.

Through this general study it is clear that the determination of the optimal mixture depends on the application to
which the mixture is directed. For example, in solar cell applications where we use transparent oxides as windows, the
optimal mixture is one with greater transparency and an energy gap that fits the solar spectrum. In this case, sample S4 is
the best. Whereas in gas sensor applications where film morphology has a key role in optimal adsorption of gases with
the film surface, in this case sample Ss is ideal because the surface profile is more homogeneous and rougher.
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CTPYKTYPHI TA OIITUYHI BJACTUBOCTI TOHKIX IVIIBOK I3 CYMIIII (ZnO/NiO)
Auai Amiap?, Ok6a Beaaxcen?, Meopyk [yrani®, Mypax Mimyni?, Tani Pixi®, Moxammen Cagoxk Max0y6?, SImina Benkpima®
“Jlabopamopin LEVRES, Yuieepcumem Env-Yeo, B.P. 789, 39000 Env-Yeo, Anscup
b®isuuna nabopamopis monkux niieox i sacmocysans (LPCMA), Yuieepcumem Bickpu, B.P. 145 R.P 07000 Bickpa, Anscup
‘Buwa nopmanvna wkona Yapena, 30000 Yapena, Anowcup

VY upomy pocmipkeHHi Oynu miarotoBneHi cymirri okcuny Hikeno (NiO) i umaky (ZnO) y pi3HHX HPOMHOPLUSX Yy BUIJISAI TOHKHX
IUTIBOK Ha CKJITHUX ITiJKJIQIKaX BUCOKOI YMCTOTH 32 AOTOMOIOI0 TEeXHIKHU mipoui3y. [Ipu mpoMy 3pa3ku cyMiliieil ocakyBaiu 3 1BOX
po3unHiB Hitpary Hikemo (Ni(NO3)2:6H20) i aunerary muuky CsHeOs4Zn-2H20), 3mimanux y pisHux nponopuisx. ITorim Oynu
JOCIHIKEH] ONTHYHI Ta CTPYKTYPHI BIACTHBOCTI MiATOTOBICHUX 3pa3KiB. BusBIeHO, M0 KOe(ii€HT MPOMYyCKaHHS 3MEHIIY€EThCS 31
30LTBLICHHSM BiZICOTKA OKCHIY HIKEJII0, 10 03HAaYae, MO 30UIBIICHHS OKCUIY IUHKY IMTOKpPAIIy€e NPOITyCKaHHS B yCiX JOCIIIKYBaHIX
CIEKTPAIBHUX MOJSAX. 3pa3Kd 3 BUIIMM BMICTOM OKcuay UMHKY (ZnO) MaroTh ABI €HEpreTHYHi MITMHA. METOIOM CKaHyH4Oi
eNeKTpoHHa Mikpockorist (SEM) mokazano, mo Mopdoiorist HoBepXHi IUTIBOK Ma€ BiTHOCHO OJHOPIAHHUN CKJIAJ, Jie CHOCTepiranocs,
1110 301JIBIIEHHS YaCTKU OKCUY LIMHKY IIPHU3BOJMTH JI0 MOSIBU I'PaHYJI OKCUJY LIMHKY.

Kurouosi cinoBa: cymiwi NiO ma ZnO; mouki niieku, mexHonozis nipoizy; eHepeemuyna 3a00poHena 301Ha, ONMUuYHI 61acmueocmi
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This research investigates the impact of varying concentrations of silver oxide on the structure and morphology of phosphate bioactive
glass (PBG). PBGs are gaining popularity as a potential replacement for traditional silicate glasses in biomedical applications due to their
adjustable chemical resistance and exceptional bioactivity. Upon examination of the scanning electron microscope of the composites
without Ag20, it was observed that the grains tended to merge together, and the surface particles appeared to be larger than those in
composites with Ag2O at concentrations of 0.25, 0.5, and 0.75 wt%. The study found that the diffraction pattern of phosphate bioactive
glass composites sintered without Ag>O showed the presence of Strontium di-phosphate and Calcium di-phosphate. The XRD pattern of
these composites without Ag>O revealed specific planes that corresponded to both types of di-phosphate. However, when Ag>O was added,
anew cubic phase was detected, and the intensity of the calcium and strontium diphosphate increased with higher Ag>O content. The XRD
pattern of the composites with Ag>O displayed specific planes that corresponded to Ag2O. In other words, the absence of Agz0 in the
composite material led to larger particle sizes and less distinct boundaries between grains. In addition, it has been found that, as the
concentration of Ag>0 increased from 0 to 0.25, 0.5, and 0.75 wt%, the average crystallite size decreased from 36.2 to 31.7, 31.0, and 32.8
nm, respectively. These results suggest that the addition of Ag2O can effectively reduce the average crystallite size of the composite
materials. Also, as the concentration of Ag2O increased from 0 g to 0.5 wt% within the composite material, the average lattice strain
increased from 3.41-1073 to 4.40-107. In simpler terms, adding Ag>O to the composite material resulted in a slight increase in the average
lattice strain.

Keywords: phosphate bioactive glass (PBG); silicate glasses; Calcium di-phosphate; Silver oxide Strontium carbonate (SrCO3)
PACS: 81.05.-t, 81.05.Bx, 81.05.Je, 81.05.Kf

1. INTRODUCTION

Phosphate bioactive glasses (PBGs) have emerged as a promising alternative to conventional silicate glasses, thanks
to their adjustable chemical resistance that can be customized to meet specific application requirements[1-3]. PBGs can
be designed to degrade completely in a timeframe ranging from hours to years. This property, along with their
demonstrated bioactivity, makes them an attractive material option for bone repair and reconstruction. Additionally, PBGs
exhibit favorable thermal properties, as evidenced by the numerous studies on bioactive phosphate fibers conducted in
recent years, suggesting a wider processing range[4-6].

The dissolution behavior of glasses in the S0P,0s-10Na,O-(40-x)CaO-xSrO system was found to exhibit a minimum
when half of the CaO was replaced with SrO [7]. The chemical resistance of the glass was observed to be influenced by
its structure, with a reduction in the length of the phosphate chains resulting in increased chemical resistance. Additionally,
the presence of SrO was found to enhance the proliferation and growth of gingival fibroblast cells, in contrast to the cell
death observed with SrO-free glasses within 24 hours. The CaO-free glass displayed similar cell counts to those measured
on the surface of the reference glass S53P4. The improved cell viability with SrO-containing glasses is partly attributed
to the decreased initial dissolution rate, resulting from the replacement of CaO with SrO. The effect of strontium ions,
both in the surrounding media and within the reactive layer of the glass, was also found to play a significant role [8, 9].

Metaphosphate glasses have shown promising results as potential biomaterials for bone repair and reconstruction.
However, they exhibit a rapid initial dissolution rate, which can result in the late formation of a reactive layer. This can
hinder the attachment and proliferation of cells during the first few days of culture, which is a crucial step in the healing
process. The reactive layer may contain precipitates or other species that can interfere with cell adhesion and growth. This
issue has been observed in previous studies, where fast-dissolving glasses were found to be unsuitable for promoting
proper cell proliferation. Therefore, further research is required to address these challenges and optimize the performance
of metaphosphate glasses as biomaterials [5].

The addition of metal ions, such as silver (Ag), copper (Cu), or cobalt (Co), to glass compositions can modify their
physical and chemical properties and provide unique functionality for clinical applications. These metal ions are known
to possess antimicrobial properties that can be useful in preventing or controlling infections [13-19]. For instance, silver
ions are highly effective against a broad range of microorganisms, including bacteria, viruses, and fungi, by disrupting
their cellular processes. Similarly, copper ions can damage the cell membranes of microorganisms, while cobalt ions not
only have antibacterial properties but can also promote bone growth and enhance the mechanical strength of the glass.

7 Cite as: R.H. Hussein, D.K. Mahdi, East Eur. J. Phys. 3, 321 (2023), https://doi.org/10.26565/2312-4334-2023-3-32
© R.H. Hussein, D.K. Mahdi, 2023
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Therefore, incorporating metal ions into glasses can expand their potential applications in the biomedical field and
improve their functionality [17, 19].

Silver (Ag) is a widely used metal ion dopant in biomedical devices due to its effectiveness against various microbial
growth and low toxicity to human cells, even at low concentrations. Ag ions in the form of nitrate or oxide are commonly
employed in healthcare products such as Ag-coated catheters or wound dressings to prevent or control infections caused
by microorganisms. Ag ions interact with the cellular structures of microbes, disrupt their metabolic processes, and
eventually cause cell death, giving rise to their antimicrobial properties. Furthermore, Ag ions can promote tissue
regeneration and wound healing, making them an excellent choice for biomedical applications[20]. Hence, the
incorporation of Ag as a dopant in glass compositions can offer antimicrobial functionality, enhance the safety and
efficacy of different medical devices, and improve patient outcomes[21]. Ag-based ointments have been traditionally
used for treating wounds that are susceptible to bacterial infections. In the case of phosphate-based glasses (PBGs) doped
with Ag, the metal ions are thought to be incorporated within the glass structure. Unlike silicate glasses, PBGs tend to
dissolve congruently, which allows for the controlled release of Ag ions as the glass dissolves. Ahmed et al. conducted a
study on silver-doped bioactive glasses by substituting Na,O with Ag,O up to 15 mol%, and found that the maximum
antimicrobial effect was achieved in glasses containing 1 to 5 mol% of Ag,O. The authors also examined the structure
and properties of the silver-doped glasses. More recently, the antimicrobial properties of silver-doped phosphate glasses
were investigated for glasses with 65 and 70 mol% of P,Os[22].

Previous studies have shown that an increase in the Ag content in phosphate glasses results in an increased
antimicrobial effect, while increasing the phosphate content in Ag-free glasses has a similar effect. However, these studies
were conducted with glasses having a phosphate content of 50 mol% or greater, which was found to inhibit growth and
bone antigen expression due to the fast dissolution rate of the glass in the P,Os-Ca0O-Na,O family[9]. On the other hand,
glasses with slow solubility were found to promote cell proliferation. Despite a P,Os content of 50%, previous research
on Sr-containing bioactive glasses has demonstrated that gingival fibroblast cells can attach and proliferate. Therefore, it
is important to investigate the impact of Ag doping on this glass composition and determine whether it is possible to
obtain Ag-doped strontium-containing phosphate glasses with antimicrobial properties[8].

The objective of this study was to examine the impact of varying amounts of silver oxide on the structure and
properties of a bioactive glass composed of metal-phosphate. The glass was synthesized using phosphor oxide, strontium
carbonate, and calcium carbonate and subjected to characterization via X-ray diffraction (XRD), scanning electron
microscopy (SEM), and atomic force microscopy (AFM). By analyzing the data obtained from XRD, AFM, and SEM,
the researchers aimed to gain a better understanding of the physical and chemical characteristics of the glass, including
its stability, reactivity, and biocompatibility. This would enable the optimization of its performance for diverse biomedical
applications.

2. EXPERIMENTAL
2.1. Materials
Sodium carbonate was purchased from Shandong Yifengtuo Chemical Co., Ltd. Silver oxide Strontium carbonate
(SrCO:s), and Calcium carbonate (CaCOs) was purchased from Jinan Future Chemical Co., Ltd. Phosphor oxide was
purchased from Hebei Ruisite Technology Co., Ltd.

2.2. Metal-Phosphate Bio-Active Glass
In order to prepare Metal-Phosphate Bio-Active Glass, the following steps were carried out: Firstly, the required
amounts of different materials, including sodium carbonate (0.75g), phosphor oxide (1.5g), strontium carbonate (0.75g),
calcium carbonate (0.427g), and varying amounts of Ag,O (0g, 0.25g, 0.5g, or 0.75g), were accurately measured and
mixed thoroughly using a mortar and pestle. This resulting mixture was then transferred to a mold, which had a diameter
of 2 cm and a height of 0.5 cm. A pressure of 1000 psi (0.000445Ton) was applied to the mold using a hydraulic press
for 2 minutes, following which the mold was sintered in a furnace at 780°C for a duration of 2 hours. Once the sintering
process was completed, the mold was allowed to cool down to room temperature, following which the solidified glass
was removed. These steps were undertaken to prepare the Metal-Phosphate Bio-Active Glass sample for further analysis.
To prepare Metal-Phosphate Bio-Active Glass, we followed the flowing steps: First, we measured out the required
amounts of sodium carbonate (0.75g), phosphor oxide (1.5g), strontium carbonate (0.75g), calcium carbonate (0.427g),
and Ag,O (0g, 0.25g, 0.5g, or 0.75g). Mix these materials thoroughly in a mortar and pestle, and transfer the resulting
mixture to a mold (2 cm in diameter and 0.5 cm with height). Apply a pressure of 1000 psi (0.000445 Ton) for 2 minutes
using a hydraulic press, and then sinter the mold in a furnace at 780°C for 2 hours. After the sintering process is complete,

allow the mold to cool to room temperature and then remove the solidified glass.

2.3. Characterization
Images of the current samples were captured by a JEOL/EO SEM (version 1.0). Platinum (Pt) coating was performed
using an Auto fine coater-JEOL (JEC-3000 FC) for 60 seconds at 20 mA of operating current. The accompanying INCA
x-act was used for the EDS analysis (Oxford instruments). Samples' EDS spectra were acquired at acceleration voltages
of up to 10 keV.
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To perform X-ray diffraction (XRD) analysis, the sintered compacted discs were first ground into powder and then
analyzed using a Philips PW 1800 instrument. The instrument was set to a voltage of 40 kV and a current of 30 mA, and
it used Cu—Ko radiation with a wavelength of 1.54 A. XRD patterns were recorded in the range of 10> <260 < 90° at a
scanning rate of 2°/min for qualitative analysis.

Due to the limitations of SEM in revealing fine topological details, atomic force microscopy (AFM) was used to
analyze the morphology of Metal-Phosphate Bio-Active Glass. Specifically, an NTEGRA Probe Nano Laboratory System
manufactured by NT-MDT in Moscow, Russian Federation was used. The system was equipped with an NSGO1 cantilever
that had a tip with a resolution of 10 nm.

3. RESULTS AND DISCUSSION
3.1. Morphological Study
The morphology of powder samples sintered at 780°C for 2h with and without varying concentrations of Ag>O (0, 0.25,
0.5 and 0.75g) is shown in Figure 1, evaluated using a field emission scanning electron microscopy image. Sintered
sample powders are spherical with aggregation of particles, as can be seen plainly (Figure 1a).

SEM HV: 15.0 kV 'WD: 8.42 mm MIRA3 TESCAN SEM HV: 15.0 kV Eis MIRA3 TESCAN
View field: 1.27 ym Det: SE 200 nm View field: 1.27 ym & 200 nm
SEM MAG: 100 kx | Date(midiy): 12/16i22 SEM MAG: 100 kx | Date(midiy): 12/16i22

D2 £35:53

i

b

MIRA3 TESCAN - k! ‘WD: 7.92 mm MIRA3 TESCAN

27 pm et: SE 200 nm ew field: 1. Det: SE 200 nm
00Kx | Date(midiy): 1211622 SEM MAG: 100 KX | Date(midiy): 1216122

Figure 1. SEM Surface characteristics of calcium phosphate ceramic with (a) - 0 wt% Ag0, (b) - 0.25 wt% Ag0, (b) - 0.5 wt%
Ag20, and (c) - 0. 75 wt% Ag20

Micrographs of Ag,O-free composites show the grains coalescing and Surface particles are larger than Ag,O (0.25,
0.5, and 0.75g) particles (Figure1b-d). The results show that Ag,O nucleation occurred on the surfaces of all the ceramics,
and the Ag,O-rich ceramics exhibited more particle growth. SEM examination leads us to the conclusion that adjusting
the Ag,O concentration in the bioactive glass can influence the rate at which the bioactive layer forms on its surface. In
other words, the addition of Ag,O leads to the depolymerization of (PO4); and the formation of a compact phosphate
network.

In Figure 2a, it can be seen that, the composite without Ag,O particles were formed as irregular dense block shapes
with dispersion of agglomerates particles over the composite surface. Figures 2a-d manifest the interaction between the



324

EEJP. 3 (2023) Rugaya H. Hussian, et al.

ingredients including Ag,O loaded on the surface of metal-phosphate bioactive glass which confirmed by EDS elemental
analysis. Carbon, Oxygen, Nitrogen, Sodium, Phosphorus, Strontium, and Silver were all added to form the metal-
phosphate composite bioactive glass that provided experimentally. Also, the SEM photos revealed that the addition of
Agy)0 particles leads to form homogenous composites with effective attraction between the components to produce
identity agglomeration shape. Increasing of Ag,O to the composites contents leads to formation of smaller particles size
as it appears in the external area of the SEM photography's. The surface pictures demonstrated that the P,Os substrates
with the Ag>,O/CaCO3/SrCo3/Na,COs3 had been successfully manufactured.
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Figure 2. EDX analysis of calcium phosphate ceramic with (a) - 0 g Ag,O, (b) - 0.25 g Ag,0, (c¢) - 0.5 g Ag,0,
and (d) - 0. 75 g Ag,O

3.2. X-ray diffraction
Figure 3 shows the XRD patterns of the samples sintered at 780 °C for 2h without and with different contents of
Ag)0 (0.0.25,0.5 and 0.75g). The diffraction pattern of the phosphate bio active glass composites sintered without Ag,O
displays the Strontium di-phosphate (Sr,07P,) ((orthorhombic - a=8.9459 A b=5.4133 A c=13.2114 A) and the Calcium
di-phosphate ((tetragonal - a=6.6858 A c=24.1470 A)) (Ca,OP5) (Figure 3). The reflections for phosphate bioactive glass
composites without Ag,O at 25.74°, 26.02°, 33.6947°, 36.3317°, 47.53°, 48.74° in the XRD pattern can be indexed to
(210), (013), (204), (303), (322), and (413) planes of Strontium diphosphate, respectively. While the reflections at 26.94,
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26.94, 27.89, 29.12, 29.68, 30.09, 32.11, 35.47, 38.51, 39.77, 43.48, 44.59, 45.43, 64.81, and 77.71 can be indexed to
(201), (202), (023), (008), (121), (117), (125), (119), (223), (034), (035), (129), (337), and (1316) planes of calcium
diphosphate, respectively. The appearance of a new phase relative to Ag,O (cubic —a = 4.7600 A) was detected after the
addition of 0.25, 0.5 and 0.75 g Ag,O (Figure 3b—d). At higher contents of Ag,O (after 0.5 g Ag,0), the intensity of
calcium diphosphate and strontium diphosphate increased (Figure 3c—d). The reflections at 32.79°, 37.73° and 54.29° can
be indexed to (111), (200) and (220) of Ag,O, respectively.
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Figure 3. X-ray diffraction patterns of mixture of raw materials with different content of Ag20, (a) — 0 g Ag20, (b) - 0.25 g Ag0,
(c)- 0.5 g Ag20, and (d) - 0.75 g Ag20.

In general, the increase in peak width in the X-ray diffraction and in the peak profile analysis as a result of dislocation
growth is by reason of an increase in lattice strain and crystallite size, as a result of dislocation growth.
Equation (1) shows how to determine the size of a crystallite using the Scherrer formula, which is given below[23, 24]:

D=KJ/p-cosb (1

where k is the shape factor (0.9), d is the crystallite size in nm, A is the wavelength of X-ray (Cu K, =0.15406 nm), and
Bk is the full width at half maxima (FWHM) of an individual peak at 26.

Figure 4a and b show the average crystallite size and micro strain measurements for the phosphate bioactive glass
composites with and without Ag,O, respectively. The average crystallite size was decreased from 36.2 nm to 31.7, 31.0,
and 32.8 nm with increased Ag,O from 0 g to 0.25, 0.5, and 0.75 g within the composites, respectively.

The average lattice strain was increased from 4.41-1073 to 4.40-10 with increased Ag,O from 0 g to 0.5g within the
composites (Figure 4b). Lattice strain is important because it can effect on the ceramic performance and full width at half
maximum (FWHM: Bhkl) of X-ray diffraction peaks; in other word, lattice strain is a measure of the distribution of lattice
constants arising from crystal imperfections, such as lattice disruptions and dislocations, in which crystallite size reduction
can induces a large amount of strain.
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Figure 4. Average crystallites size and microstrain of phosphate bio active glass composites with different content of Ag20

3.3. Surface topography
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AFM is used to measure the surface topography and roughness of materials [25, 26]. In this study, Metal-Phosphate
bio-active glass has been prepared with different concentrations of silver oxide and tested its surface roughness using
AFM. By analyzing the AFM data, the results show that the surface roughness decreased as the concentration of silver
oxide increased up to a certain point, and then increased again at higher concentrations. This information can be useful in
optimizing the composition of prepared glass material for specific applications where surface roughness is an important
factor. Therefore, AFM is an important tool for characterizing and optimizing the properties of metal-phosphate Bio-
active glass material.

The addition of silver oxide to Phosphate bio-active Glass can potentially affect the surface roughness of the resulting
material, but the direction of this effect may depend on various factors, such as the concentration of silver oxide and the
processing conditions.

In general, the addition of a foreign material to a glass matrix can introduce variations in the surface topography and
roughness. Silver oxide is known to be a powerful nucleating agent, which can promote the formation of crystals or
nanoparticles within the glass matrix [27]. These crystals or nanoparticles may alter the surface morphology of the glass,
potentially increasing or decreasing its roughness, depending on their size, shape, and distribution. The decrease in surface
roughness (Sq) observed in Figure 5 and Table 1 as the amount of silver oxide increased from 0g to 0.5g in the metal-
phosphate Bio-active glass can be attributed to several factors. Firstly, silver oxide can act as a smoothing agent, filling
in small surface irregularities and voids to reduce surface roughness. Secondly, the addition of silver oxide can inhibit
crystal growth in the glass by interacting with the glass matrix and preventing the growth of crystalline phases that
contribute to surface roughness [28]. Lastly, the presence of silver ions can promote the nucleation and growth of smaller
particles during sintering, leading to a reduction in particle size and contributing to a smoother surface. In contrast, the
increase in Sq observed as the concentration of silver oxide increased from 0.5g to 0.75g in the metal-phosphate Bio-
active glass can be attributed to several factors. Firstly, there is a possibility of agglomeration or clustering of silver oxide
particles during the sintering process at higher concentrations, leading to the formation of larger surface irregularities and
voids. Secondly, the addition of a higher concentration of silver oxide may result in the formation of new phases in the
glass, such as silver phosphate or silver strontium phosphate, which could contribute to an increase in surface roughness.
Lastly, the higher concentration of silver oxide may lead to an increase in the crystallinity of the glass, which can also
contribute to an increase in surface roughness.

Table 1. Surface roughness (Sq), average roughness (Sa), and maximum height of the surface (Sz) of metal-phosphate Bio-Active
glass samples with varying silver oxide content.

Surface roughness Ag20 content (g)
(nm) 0 0.25 0.5 0.75
Sq 42.42 12.67 3.104 89.02
Sz 399.6 107.3 429 854.0
Sa 31.28 9.9 1.974 62.77

nm

Figure 5. 3D topography of metal-phosphate Bio-Active glass samples with varying silver oxide content. (a) — 0 g Ag20O, (b)-0.25 g
Ag0, (¢) - 0.5 g Ag20, and (d) - 0.75 g Ag20

4. CONCLUSION
In this research, it has demonstrated that the concentration of silver oxide has a significant impact on the physical
and structural properties of phosphate Bio-active glass. The addition of Ag,O to the composite material led to smaller
particle sizes and more distinct boundaries between grains, as well as a reduction in the average crystallite size. This
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suggests that the incorporation of Ag,O can improve the performance of the glass in various applications. Moreover,
results showed a slight increase in the average lattice strain upon the addition of Ag,O. These findings have important
implications for the design and optimization of phosphate Bio-active glass for various biomedical and industrial
applications. Further research is necessary to explore the specific mechanisms underlying these effects and to investigate
the potential of these materials for specific applications.
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JOCIIIKEHHS CTPYKTYPHOTI'O BIIVIMBY OKCHUAY CPIBJIA B BIOAKTUBHOMY ®OCPATHOMY CKJII
Pykaiia X. Xycan, lynbs K. Maxnai
Daxynemem ¢izuxu, Hayxosuii konedarc, bazoadcvkuii ynisepcumem, Bazoao, Ipax

JlociipKeHO BIUINB Pi3HUX KOHIEHTpALi OKCUIy Cpibia Ha CTPYKTYpy Ta Mopdororito dpocharHoro bioaktreHoro ckia (PBG). PBG
Ha0OyBarOTh MOMYJISIPHOCTI SIK MOTEHIIHHA 3aMiHa TPaJUIifHOMY CHJIIKAaTHOMY CKIy y OiOMEIMYHHX 3aCTOCYBAaHHSX 3aBISKHU iX
perynboBaHiil XiMiyHiH CTIMKOCTI Ta BHHSTKOBiK 0ioakTHBHOCTI. IIpu JOCHIIKEHHI 32 JOMOMOTOI0 CKaHYHOYOTo EJIIEKTPOHHOIO
MiKpocKoIy KoMIo3uTiB 6e3 Ag20 OyJ10 BUSBICHO TEHIACHLIIO 10 3JIUTTS 3€PEH, a IIOBEPXHEBI YACTUHKH BHABHIINCS OUIBIIMMHU, HIX
y kommo3urax 3 Ag2O npu kornentpaniax 0,25, 0,5 1 0,75 mac.%. HocmipkeHHs MoKa3ano, mo Audpakiiiina kapTuaa GochaTHux
010aKTHBHUX CKJITHUX KOMIIO3MTIB, criedeHHX 0e3 AgrxO, mokasana mpHCyTHICTH audocdary cTpoHIio Ta gudocdary Kaibliilo.
Pentrenorpama mux koMno3utis 6e3 Ag2O BusiBIIa crieludivHi ITOMMHY, SIKi BignoBigamu o6oM tunam audocdary. OnHax, KOIH
nonaBamu Ag2O, Oyia BusiBIIeHa HOBa KyOiuHa (a3a, 1 iIHTeHCHBHICTD AU(OoCchaTy KajbLilo Ta CTPOHIIIO 3pOCTaNa 3 BUIUM BMICTOM
Ag20. Pentrenorpama kommosutiB 3 Ag)O BimoOpaxkana crenmgiui ruromuHH, ski Bigmosigaan Ag20. IHmuMu cioBamwy,
BiZicyTHiCTh Ag20 B KOMIIO3UIIIHHOMY MaTepiali npu3Besna 1o OUIBIINX PO3MIpiB YaCTHHOK i MEHII YITKHX MeX MiX 3epHamu. Kpim
TOro, OyJ0 BUSBIICHO, IO NpH 30ublIeHH] KoHueHTtpauii Ag:O Big 0 no 0,25, 0,5 i 0,75 mac.% cepeaHiii po3Mip KpuCTaJiTiB
3menmmBest 3 36,2 no 31,7, 31,0 i 32,8 um BignosixHo. Li pe3ynprat cBig4aTh npo Te, o gogaBaHHs AgrO Moxe eeKTHBHO
3MEHIIUTH CEPEeHId PO3Mip KPHUCTAJITIB KOMIO3UTHHX MarepianiB. Kpim Toro, y Mipy 306inbsieHas konnentpanii Ag20 Bix 0 T xo
0,5 mac.% y KoMmo3uIiiiHOMy Matepiani cepens medopmaris penritkn 36impmmnacs 3 3,41-107 mo 4,40-1073. Tpocrime kaxy4w,
noxaBaHHS AgrO 10 KOMITIO3UTHOTO MaTepiary MPU3BENIo N0 He3HAYHOTO 30UIBIICHHS CepeaHbOl fedopMallii pemriTKH.

Kuarouosi cioBa: gocpamne bioaxmusue ckno (@5C); cunixamue cxno; oughocgpam kanvyiio; oxcuo cpibna, kapbonam cmponyiro
(SrCos)



329
East EUROPEAN JOURNAL OF PHYSICs. 3. 329-333 (2023)
DOI:10.26565/2312-4334-2023-3-33 ISSN 2312-4334

EFFECTS OF QUANTUM CONFINEMENT ENERGY ON THE TRANSMITTANCE OF CADMIUM
TELLURIDE (CdTe) WITHIN THE NEAR INFRARED REGION (700-2500NM)’

Ali Hussein Hammad Asal*, ®Saeed Naif Turki Al-Rashid*
College of Education for Pure Sciences, University of Anbar, Ramadi, Iraq
*Corresponding Author e-mail: ali21u3013@uoanbar.edu.iq *E-mail: esp.saeedn.turkisntr2006@uoanbar.edu.iq
Received May 17, 2023; revised June 17, 2023; accepted June 18, 2023

This study investigates how the energy of quantum confinement affects the transmittance of cadmium telluride, because of the
importance of this substance, as it crystallizes in the form of cubes as thin films that are used in solar cells and liquid crystal imaging
devices, as well as in infrared optics [1]. The MATLAB computer program version (2012a) was used, which is based on the
characteristic matrix theory and Brus model, in addition to the quantum confinement energy equation. We found that the transmittance
value of the nano CdTe thin film at normal incidence reaches 96.4% at a quantum confinement energy Eco = 2.7eV and at a particle
size Ps =2.6nm, while the value reaches 73.6% at a quantum confinement energy Eco= 0.01eV and at a particle size of Ps=50nm.
Keywords: Transmittance,; Energy gap; Quantum confinement Energy, Brus model; The characteristic matrix

PACS: 73.22.1f, 78.66.w, 78.67.n

I. INTRODUCTION

Reducing the size of semi-conducting materials to the nano-scale leads to a significant change in their physical
properties, so they acquire unique properties that differ from those found in bulk materials [2]. In addition, the mechanical
properties are considered at the top of the list of properties benefiting from the small size of the nanoparticles, with the
presence of large numbers of atoms of the material on their outer surfaces. The hardness values of these materials will
also increase, by reducing the dimensions of the particles of the material. And controlling the arrangement of its atoms
[3]. This difference in material properties is due to the increase in surface area compared to volume, and to the of
quantization of the energy levels of electrons within a specific dimension. This is known as quantum confinement [4].
Quantum confinement occurs when the particle dimensions of a material are equal to or smaller than the Bohr radius of
an electron or hole, and quantum confinement is one of the direct effects of reducing the size of a material to the nanoscale
as the energy levels of matter become discrete, its effect is shown by the change in the density of states and the energy
gap of the material, thus the optical, electronic and electrical properties of materials become confinement scale dependent
[5,6]. Quantum confinement can be in one dimension, that is, electrons or holes are allowed to spread in only one
dimension, and their movement is restricted in the other two dimensions, and it is known as quantum wires. And it can
be two-dimensional, that is, it allows electrons or holes to spread in two dimensions, and their movement is restricted in
the third dimension, and it is known as a quantum energy well, but in the case of quantum dots, the system is described
as zero dimensions [7].

II. THE EFFECT OF PARTICLE SIZE ON QUANTUM CONFINEMENT ENERGY
Quantum confinement energy mainly deals with the trapping of electrons .This energy is observed when there is an
increase in the energy gap. It is very important because it determines the emission energy of the quantum dot [8]. Quantum
dots can be described as semiconductor nanoparticles in which electrons are bound in all three directions. The process of
trapping charge carriers in quantum dots leads to volume quantization, and this has important implications for the
absorption and emission spectra that shift to short a wavelength as the size of the quantum dot decreases, this means that
large quantum dots produce red a light while small quantum dots produce blue light thus the energy gap is tunable by
changing the size of the quantum dots (QDs) based on the quantum confinement effect [9]. The equation for the quantum
confinement energy for the ground state of quantum dots is given [10]:
nim? 1 1

[

where 1y is the radius of a spherical quantum dot, and m., mj, are the effective mass of the electron and hole.

By using the Brus model we obtain, the change in the energy gap with the change in particle size due to the effect
of quantum confinement. It is an important theoretical model that considers both the effective masses' values of an electron
and a hole, the quantum dot energy gap variation value (AE,) is given according to this model in the following
equation [11].
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And also
AE; = EJm0 (1,5 ) — EJ¥.
With which equation (2) takes the form [12]:
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The energy gap is inversely proportional to 1,2, as shown by the second component on the right-hand side of
equation (3), Because the third and final terms are so small in comparison to the second term, they can be overlooked.
Then equation (3) becomes.
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11I. THE CHARACTERISTIC MATRIX
When electromagnetic radiation strikes a single thin film with two dividing borders that has been produced on
the substrate material as shown in Figl. Using the characteristic matrix which connects the optical permittivity of the
system for any polarization and for both vertical and oblique incidence [13], the continuous tangential elements of the
magnetic and electrical fields entering and leaving the system, and it is provided as the following equation [14].
[B] _ [ cosé isinS/nl] 1 ]
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(&)

The matrix's elements, which stand in for the electric and magnetic fields, are represented by the letters (B, C). The
membrane's optical permittivity is represented by the number 7;, and the substrate's optical permittivity is represented by
the number 74,
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Figure (1) shows the geometry of a plane electromagnetic wave incident on a plane surface [15]

The reflectivity and transmittance value of the electromagnetic beam falling on a surface separating two different
media is given by Fresnel’s equations [16,15]

2
(MM
R=(Z2), 6)
4neny
T e )

where 1, and 7, denote the appropriate effective refractive index for the incidence and penetration modes, respectively.
The value of the optical permittivity of the medium in for the vertical incidence of the wave is equal to the real
part of the refractive index [17]:

n=y=nd=n, (®)

where n is the real part of the refractive index of the medium, and 9 is the admittance of free space. Its value may be
neglected because it is very small (2.65x1073S)

Since we use a thin film, the absorbance will be neglected because the thickness of the film is very small, so the
reflectivity and transmittance become complementary to each other[4].

IV. ENERGY GAP
A semiconductor atom has a number of electrons in its outer shell, which are distributed into close energy levels as
a result of the Pauli exclusion principle, which states that each energy level can accommodate two different electrons in
the spin direction [18]. As a result of the convergence of atoms, the individual levels of atoms of matter form a continuous
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set of energy levels known as energy bands, which represent the entire system when the temperature is zero (T = 0K). In
a semiconductor these bands are either fully filled with electrons and known as the valence band, or they are empty known
as the conduction band, the valence band is separated from the conduction band by the energy gap, and represents the
energy difference between the top of the valence band and the bottom of the valence band delivery [19]. In a direct energy
gap semiconductor, the electrons at the top of the valence band have the same momentum (k) as the holes below the
conduction band, as shown in the figure (2) where the probability of electron transfer between the two bands is high and
the momentum is conserved (Ak = 0) [20]. The energy gap is closely related to the refractive index, and many attempts
have been made to find mathematical equation that link the refractive index with the energy gap, perhaps the most
important of which is the equation presented by Ravindra in 1979, which is given in the following equation [21]:

n=a+pE, ©)

As: (0.=4.048) and (B = —0.62 eV ")this equation is independent of the temperature, and we notice that the value
of the refractive index decreases with the increase of the energy gap

Electron Ener
Conduction Bond Minimum |

Above Valence Band Maximum

Conduction Band

Direct Bandgap I Photon

Momentum (k)

Velence Band

Figure 2. The direct energy gap in the semiconductor material [22]

V. RESULTS AND DISCUSSION

The transmittance change was studied as a function of the change in the quantum confinement energy of cadmium
telluride (CdTe) to find out the highest value and the lowest value of the transmittance at which the material reaches as a
result of the effect of quantitative confinement on the particle size. We use the MATLAB program version (2012a) which
is based on the characteristic matrix and the Brus model in addition to the quantum confinement energy equation.

Fifteen optional incremental values for the radius of the material particles were determined (rps = 1.3nm to 25nm),
through the relationship (Ps = 2ry), we noticed that the material behaves naturally similar to its behavior in the natural
state at large size (i.e. bulk material). But with a gradual reduction in size, it was found that there is a wide change in the
transmittance of the material, in addition to a wide change in the energy gap, as a result of the effect of quantum
confinement on matter.

Table 1. The quantum confinement energy changes with the change of particle size and its effect on the energy gap and transmittance

. Transmittance
particle Confinement Energy (%) at normal
size(nm) Energy(eV) gap(eV) incidence

2.6 2.6587 4.1587 96.3843
2.8 2.2925 3.7925 93.3258
3 1.997 3.497 90.6656
4 1.1233 2.6233 82.7385
5 0.7189 2.2189 79.2631
6 0.4992 1.9992 77.4514
7 0.3668 1.8668 76.3864
8 0.2808 1.7808 75.7063
10 0.1797 1.6797 74.918
12 0.1248 1.6248 74.4949
14 0.0917 1.5917 74.2415
22 0.0371 1.5371 73.8269
30 0.02 1.52 73.6972
40 0.0112 1.5112 73.6313

50 0.0072 1.5072 73.6008
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Figure 3. The quantum confinement energy of cadmium telluride (CdTe) as a function of the particle size

We notice from the Figure (3) above that the quantum confinement energy has high values at small nanoscales
because the effect of quantum confinement is large when the size of the nanoparticle becomes smaller or equal to the
Bohr radius of the natural exciton. while the quantum confinement energy value is low at large nanoscales.

We note from Figure 4&5 that the transmittance at normal incidence increases with the increase in the quantum
confinement energy at small nanoscales and begins to decrease when the quantum confinement energy decreases at the
large nanoscales. Where it was observed that the transmittance value of the nano CdTe thin film reaches (96.4%) at a
quantum confinement energy (Ec, = 2.7¢V) and at a size (Ps = 2.6nm) and at an energy gap (E, = 4.2eV), while at a size
(PS = 50nm) it reaches the transmittance value to (73.6%) at a quantum confinement energy (Ec,=0.01eV) and at an
energy gap (E;= 1.5eV), This can be explained when the particle size becomes smaller or equal to the Bohr diameter of
the natural exciton, the effect of quantum confinement is large, and therefore the energy gap will increase at small sizes,
and since the energy gap is inversely proportional to the refractive index as shown in equation (9), its increase It leads to
a decrease in the refractive index, a decrease in the refractive index leads to an increase in the transmittance. But when
the value of the energy gap decreases when the effect of quantum confinement on the material decreases, then the
transmittance value begins to decrease at large sizes.
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Figure (4) The transmittance at normal incidence and energy Figure (5) The transmittance of cadmium telluride (CdTe) at
gap for cadmium telluride (CdTe)as function of particle size at normal incidence as a function of the quantum confinement
the nanoscale energy

VI. CONCLUSION

It was found that the transmittance at normal incidence of the nano CdTe thin film at the smallest particle size
Ps =2.6nm is as high as 96.4% because the confinement energy is high in the small sizes, while the transmittance at the
largest particle size Ps =50nm is low to 73.6% because the quantum confinement energy is low or almost non-existent in
the large sizes. The increase in transmittance because the particle size becomes smaller or equal to the normal Bohr
diameter of the exciton, the quantum confinement effect increases, and thus the energy gap increases. An increase in the
energy gap leads to an increase in the transmittance, while the lower transmittance of the nano CdTe thin film is due to a
decrease in the energy gap at these volumes because the quantum confinement effect is very small.
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BILJIMB EHEPTTi KBAHTOBOI'O OBMEXEHHS HA TIPOITY CKAHHSA TEJUTYPUIY KAJIMIIO (CdTe) B BJIMAKHIA
TH®PAUEPBOHIN OBJACTI (700-2500 nm)
Auti Xyceiin Xamman Acan, Cain Haig Typki Aub-Pammn
Koneoow ocsimu uucmux nayx, Yuisepcumem Anbapa, Pamaoi, Ipax

B po06ori nocmimkeHo, SIK eHepris KBAHTOBOTO 0OMEKEHHS BIUTMBAE Ha MPOIYCKHY 30aTHICTh TEypHIy KaaMilo 4epe3 BaKIUBICTh i€l
PEUOBHHM, OCKIJIBKH BOHA KPUCTANI3YEThCS Y (hopMi KyOiB y BUITISII TOHKUX IUTIBOK, SIKi BUKOPHCTOBYIOTHCS B COHSYHUX €IIEMEHTAX i
PIAKOKPUCTAIIYHUX TPHUCTPOSIX I 300pakeHHs, a TakoX B iH(padepBoHii ontumi [1]. Byna BukopucTana Bepcist KOMI IOT€PHOI
nporpamu MATLAB (2012a), sika Ga3yeTbcsl Ha Teopil XapaKTepHCTHIHUX MaTpHIb 1 Moneni Bproca, Ha monaTokx mo KBaHTOBOTO
PiBHSIHHS eHeprii po3Mipy. Mu BusiBIIIH, 10 Koe(illieHT IpomyckaHHs TOHKOT 1u1iBku HaHOCdTe npy HopManbHOMY IafiHHI Jocsrae
96,4% nipu eHeprii kBaHTOBOrO 0OMexeHHs Eco = 2,7 B 1 npu po3mipi wactiurok PS = 2,6 HM, Toxi ik 3Ha4eHHs pocsrae 73,6% npu
eHepriil kBaHTOBOro oOMexeHHs Eco = 0,01 eB i npu po3mipi yactunok Ps=50 um.

Kuarouosi ciioBa: nponyckna 30amuicms,; enepeemuua winuna, enepeis K6anmoeozo obmeicenis; mooens bpyca; xapakmepucmuuna
mampuys
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The paper determines the technological regimes for obtaining GexSiix alloys by introducing germanium atoms into single-crystal
silicon by the diffusion method. From the results of the study, it was found that the fundamental parameters of the formed GexSiix
alloys differ from the fundamental parameters of the original silicon, in particular, the energy values of the silicon band gap change.
Elemental analysis of the surface of the samples showed that the concentration of silicon (in atomic percent) was ~70.66%,
germanium ~29.36%. It was assumed that on the silicon surface and in the front part, a thin layer of an alloy of a compound with
a composition of approximately Geo3Sio.7 (0.5+2 um) would be formed. Analysis of the spectra (p shows that the spectrum contains
peaks ~303 cm™! and ~406 cm!, corresponding to the Ge-Ge and Si-Ge bonds, respectively. It was also shown that GexSii-x binary
compounds are a new material for modern electronics, the possibility of creating properties on their basis in electronics was shown.
It is proposed on their basis to create devices with new functionality and highly efficient solar cells.

Keywords: Diffission;, Germanium, Silicon; Solubility; Concentration, Binary complexes

PACS: 41.50.+h, 61.05.C—,71.18.+y, 68.43.Jk, 68.47.Fg

INTRODUCTION

Today, special attention is paid to obtaining new materials with clusters of impurity atoms on the surface and in the
bulk of a semiconductor, which is one of the main directions in the development of technology and physics of
semiconductor materials [1-3]. In this case, one of the important tasks is the creation of a simple and cheap technology
for the formation of clusters (clusters) of impurity atoms in the bulk of a crystal, which makes it possible to create
nanoscale structures that change the properties of the base material. The methods of molecular beam epitaxy used to
obtain such nanosized structures require expensive equipment.

Obtaining clusters of germanium (quantum dots) in a silicon lattice allows you to significantly expand the spectral
region of sensitivity of photodetectors, solar cells. Germanium nanostructures in a solid solution of the GeSi; type can
be obtained on the basis of single-crystal silicon by the diffusion method. It is known [4] that germanium forms stable
solid solutions in silicon up to a germanium concentration of 1650 K from 80%. At the same time, the maximum solubility
of germanium in silicon reaches 1-10% at/cm>% at a temperature of 1430°C [5].

Upon cooling, the solid solution of germanium in silicon decomposes, and an excess of germanium forms
accumulations (clusters) containing mainly germanium (the solubility of silicon in germanium at a temperature of 1550 K
is less than 50% [6].

In this regard, the purpose of research is the development of a diffusion technology for obtaining germanium clusters
in the volume of a silicon lattice and the study of the electrical parameters of these materials.

TECHNIQUE AND EXPERIMENTAL

Single-crystal p- and n-type silicon with resistivity of 10 and 100 Ohm-cm was chosen as the starting material. The
size of all silicon samples was the same 8x4x1 mm?.

The diffusion technology for obtaining Ge,Siix solid solutions with different ratios of components, although of
great interest, is technologically unacceptable. This is mainly due to the very small diffusion coefficient of germanium
atoms in silicon (Do ~ 10"'* ¢m?/s) [7], which requires a long diffusion time (Table 1) to obtain layers with a high
concentration of germanium. Here x is the depth at which the concentration of germanium drops by a factor of e, the
diffusion time is 20 hours.

We managed to solve the problem of a low diffusion coefficient due to the technology of low-temperature
diffusion alloying of silicon with germanium. The technology of two-stage diffusion was used, which makes it possible
to obtain a noticeable increase in diffusion coefficients [8-10]. Initial samples of silicon and diffusant - powdered
germanium grade GES-1 were placed in quartz ampoules, after which evacuation was performed (residual pressure in
the ampule p~ 10> mm Hg). The ampoules were placed in a diffusion furnace of the Vacuum Tube Furnace 1700°C
brand at T = 300K.

" Cite as: N.F. Zikrillaev, G.A. Kushiev, S.V. Koveshnikov, B.A. Abdurakhmanov, U.K. Qurbonova, A.A. Sattorov, East Eur. J. Phys. 3, 334 (2023),
https://doi.org/10.26565/2312-4334-2023-3-34
© N.F. Zikrillaev, G.A. Kushiev, S.V. Koveshnikov, B.A. Abdurakhmanov, U.K. Qurbonova, A.A. Sattorov, 2023


https://orcid.org/0000-0002-6696-5265
https://orcid.org/0009-0006-5847-6601
https://doi.org/10.26565/2312-4334-2023-3-34
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334

Current Status of Silicon Studies with Ge Si, Binary Compounds and Possibilities...

335
EEJP. 3 (2023)

Table 1. Diffusion coefficient and displacement length of germanium atoms in silicon

Temperature, °C 1250 1200 1150 1050 950
D, cm¥/s 4108 81014 6.6-10°15 6-10°7 7-10°%°
X, pm 3.6- 3.12- 2.12- 1.42 1.6

The amount of diffusant was determined by calculation based on the volume of the ampoule and the required vapor
pressure (concentration of atoms) of the diffusant at the diffusion temperature.

The furnace temperature was gradually increased at a rate of 5°C/min to a temperature of T = (900+940) °C. Then
the samples were kept £ = (20+25) min at this temperature, after which they continued heating at a rate of 150+200°C/min
to the final diffusion temperature. At this temperature, the samples were kept for =20 hours, after which the quartz
ampoules were removed from the furnace and cooled at a rate of about 200°C/sec. Diffusion annealing of the obtained
samples was carried out at the final diffusion temperature T = 1050; 1150; 1250 °C for ¢ = 5 hours

DISCUSSION OF EXPERIMENTAL RESULTS
The electrical parameters of the samples were measured on an ECOPIA HMS-3000 Van der Pauw setup. The
distribution profiles of the electrical parameters of the samples were studied by mechanical removal of layers (by 1 pm),
measurement on the Van der Pauw installation, and further calculation of the profiles of resistivity, mobility, and
concentration of carriers). The chemical composition of individual points of the samples was studied by energy dispersive
X-ray microanalysis on a JSM-IT 200 SEM.
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Figure 1. Changes in silicon resistivity with GexSii-x binary compounds a) sample of no. 2, b) sample of no. 3.

It is known that Raman spectroscopy is an accurate method for studying the bond states and symmetries of binary
compounds of impurity atoms in semiconductors, which depend on the various local modes of vibrations of atoms and
molecules formed in the crystal structure. Raman spectroscopy is also widely used to diagnose various structures formed
in the bulk of silicon [11-13]. The measurements were carried out using a Raman spectrometer in the spectral range from
100 cm™! to 3400 cm™!. The spectra were determined using a diode laser with a wavelength of A = 785 nm. During the
measurement, a diffraction grating with a period of 1200 lines/mm was used. To clarify the presence and composition of
new phases in the samples, X-ray phase analysis was performed on a Shimadzu XRD-100 diffractometer.

The results of (Fig. 1) the study of surface resistance showed that after diffusion, the surface resistance of the sample

decreased by 5 orders of magnitude, which indicates a strong doping of the surface layer with antimony contained in
germanium.
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Figure 2. a) Topography of the surface of a silicon sample after doping with germanium atoms (sample no. 3).
b) X-ray energy-dispersive microanalysis of silicon samples doped with impurity germanium atoms
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Figure 2a shows the topography of the surface of a silicon sample doped with germanium atoms, obtained on a
JSM-IT 200 SEM in the secondary electron mode. The X-ray spectrum obtained at point 3 (Fig. 1,b) showed that the
concentration of silicon atoms was 86%, germanium atoms - 14%, which corresponds to the composition of the Geo,14Sio 36
solid solution.

From the literature data [14,15], it is known that it is impossible to obtain an equilibrium solid solution of germanium
in silicon with a germanium concentration of more than 90%. The result obtained can be explained by the quenching of
the solution due to the rapid cooling of the samples after diffusion.

Figure 3 shows an enlarged image of the sample area near point 4 and the elemental composition of the surface.
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Figure 3. a) Topography of the annealed sample
b) X-ray energy-dispersive microanalysis of silicon samples doped with impurity germanium atoms

Judging by the appearance, at this point there is a drop of germanium that has adhered to the surface and has
dissolved a significant amount of silicon. The composition corresponds to a solid solution of silicon in germanium
Geo.37S10.13. This shows the possibility of obtaining germanium clusters containing a relatively small amount of silicon.

In order to reveal the presence of bonds of the Si-Ge and Ge-Ge type, the samples were studied by Raman
spectroscopy. Figure 4 shows the spectrum of Raman scattering in samples of the original silicon (a) and silicon doped
with germanium. The spectral measurement range is from 100 cm™ to 3400 cm™'. The spectra were determined using a
diode laser with a wavelength of A = 785 nm.
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Figure 4. Raman spectrum: a) initial silicon (SEP-100); b) silicon doped with Ge (no. 3)

Analysis of the spectra (Fig. 3b) shows that the spectrum contains peaks of ~303 cm™! and ~406 cm’!, corresponding
to the Ge-Ge and Si-Ge bonds, respectively. These results are in good agreement with the data presented in [16, 17]. The
amplitude of these peaks is small, and the width is large, which indicates a low volume concentration of these bonds and
a significant inhomogeneity of the samples, apparently associated with the "diffusion" inhomogeneity of the composition,
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and, consequently, mechanical stresses in the samples. To test this assumption, the samples were annealed at a temperature
of 1050 °C degrees for 5 hours. Figure 5 shows the Raman spectrum of this sample. There is no Si-Ge peak in the
spectrum, and the Ge-Ge peak is noticeably narrower and higher. This indicates the decomposition of the solid solution

with the formation of a new germanium phase containing an insignificant amount of silicon.
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Figure 5. Raman spectrum of the annealed sample.

Figure 6 (a,b) shows the diffraction spectra obtained with a step of 0.05° at a scanning speed of 2°/min in the range
of scanning angles of 10°-70°.
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Figure 6. X-ray diffraction pattern: a) initial silicon [18]; b) silicon doped with germanium (no.3)

The diffraction spectra confirm the formation of germanium clusters during the diffusion treatment and the
presence of inhomogeneities in the lattice parameter

[Tum_afm ] MAGE TYPE
Fhase

S0

5.0

1000

900
800
o0
4.0
EO0
500 30 =
400
300

200

oo 2l

oy Zlkau)

0 100 200 300 400 500 EO0 700 200 3900 1000  (nm)

Figure 7. AFM images of the silicon surface doped with impurity germanium atoms
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As can be seen from Figure 7, the formation of islands on the silicon surface doped with germanium impurity atoms
leads to an increase in the average roughness size. This indicates the formation on the silicon surface of binary compounds
Ge,Si, -, the electric potential of which is higher than that of the initial silicon

An analysis of the experimental results showed the formation of binary compounds of the GexSi; type in the lattice
of single-crystal silicon.

Studies of the state of germanium atoms in diffusion-doped silicon according to the developed technology showed
that under diffusion conditions a solid mixture of the GeSijx type is formed in silicon [19-21]. It has been established
that germanium impurity atoms in the silicon lattice create monoclusters with a certain composition in the formed
binary cell.

CONCLUSION

From the analysis of the spectra obtained by the Raman spectrometer and X-ray diffraction analysis, it can be said
that binary silicon-germanium (GexSi;x.) compounds are formed in the silicon crystal lattice, the concentration of which
will increase from the diffusion conditions and heat treatment (temperatures, time). Comparison of the results obtained
with the available literature data established that binary compounds of the Ge,Sii« type are formed in the lattices of single-
crystal silicon. In addition, the results obtained show that silicon atoms enriched with germanium atoms lead to a change
in the fundamental parameters of the initial silicon. Changing the fundamental parameters of the original silicon allows
you to control the electrical, photoelectric and optical parameters of silicon, which makes it possible to obtain a new
material with unique photoelectric and optical properties.
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MOTOYHHUIA CTAH JOCJIKEHb KPEMHIIO 3 BIHAPHUMHA CIIOJTYKAMM Ge,Sii-« TA MOKJIUBOCTI iX
3ACTOCYBAHHA B EJIEKTPOHIII
Hypyaaa ®. 3ikpinnaes, Liitocinain A. yrai Kyuiies, Cepriii B. Kosemnikos, Baxpommikon A. AGaypaxmaHosB,
Yrinoeii K. KypoonoBa, A6aya:kanoa A. Catropos
Tawkenmcoruil Oeparcagrutl mexuiynull ynigepcumem, Tawkenm, Y30exucman

BuzHaueHO TeXHOJIOTIUHI PEeKUMH OTpUMaHHSA cIuiaBiB GexSil-X IUITXOM BBEJEHHS aTOMIB TepMaHil0 B MOHOKPHCTATIYHUH KPEeMHIi
qu(y3iHIM MeTooM. 3a pe3yibTaTaMH JOCHTIPKEHHS BCTAHOBIIEHO, IO (yHIaMeHTalIbHI TapaMeTpu chopMoBaHuUX CIIIaBiB GexSiix
BIZIPI3HAIOTBCS Bif (pyHIAMEHTAIBHUX IapaMeTpiB BUXIJIHOTO KPEMHIIO, 30KpeMa 3MIHIOIOThCS EHEpreTHYHI 3HAYCHHS IIUPUHU
3a00pOHEHOI 30HM KpeMHilo. EnemMeHTHUMI aHami3 MoBepXHi 3pa3KiB MOKa3aB, 10 KOHIEHTpALis KPEMHIil0 (B aTOMHHX BiJCOTKaxX)
cranoBmia ~70,66%, repmanito ~29,36%. Ilepenbauaiocs, 1110 Ha MOBEPXHi KPEMHIIO 1 B JIMIIbOBIH YaCTHHI yTBOPIOETHCS TOHKHUH 11ap
crutaBy crionyku cknany npubnuszao GeosSios (0,5+2 MkM). AHami3 cnekTpis (p) MOKasye, MO CHEKTp MicTuTh miku ~303 cm! and
~406 cm’!, mo BignopinawTs 38'13kaM Ge-Ge i Si-Ge Binnosigno. Takox Oyio mokasaHo, o GiHapHi crionyku GexSiix € HOBHX
MaTepialiB UId Cy4acHOi eNeKTPOHIKH, MOKa3aHO MOXIIUBICTH CTBOPCHHS Ha iX OCHOBI BJIIACTHBOCTEH B €JIEKTPOHILi, HAa IX OCHOBI
3aIpONOHOBAHO CTBOPIOBATH IPHIIANHN 3 HOBOIO (DYHKI[IOHATIBHICTIO T4 BUCOKOS(EKTUBHIMH COHSYHUMH €JIEMEHTaMU.

KunrouoBi cnoBa: oughysis,; cepmaniil; kpemuiil; pozuunnicms, KoHyenmpayis, 6inaphi Komniexcu
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Silicon nanocrystals have a vast range of potential applications, from improving the efficiency of solar cells and optoelectronic devices
to biomedical imaging and drug delivery, wastewater treatment, and antibacterial activities. In this study a photochemical etching
technique was used to create layers of porous silicon on a donor silicon wafer with orientation (111) and resistivity equal to
1-10 ohm-cm. The process involved focusing sunlight onto the samples using a telephoto lens with a suitable focal length of 30cm and
a diameter of 90 mm, which provided sufficient energy to complete the chemical etching. By using a constant etching time of 60
minutes and different concentrations of hydrofluoric acid (ranging from 25% to 40%), layers with varying properties were obtained.
The resulting surfaces were studied using the atomic force microscope (AFM), revealing the formation of different nanostructures and
particles with varying shapes, sizes, and thicknesses depending on the preparation conditions. The average size of the particles was
found to be 90.43nm at a concentration of 40% acid, while decreasing to 48.7nm at a concentration of 25% HF acid.

Keywords: Photochemical Etching; Porous silicon; Morphology studies,; Sunlight photochemical; AFM; SLPCE

PACS: 81.65.Cf, 81.05.Rm, 61.72.uf, 68.37.Ps, 73.63.Bd

INTRODUCTION

Silicon nanocrystals are a class of nanomaterials that have gained significant attention due to their unique
properties [1,2]. These particles are incredibly small, typically in the nanometer range, and possess both optical and
electronic properties desirable for various applications in biomedicine [3,4], optoelectronics [5—7], and energy storage
[8,9]. The fabrication of silicon nanocrystals can be achieved through several methods such as thermal decomposition of
silane [10], green synthesis [11], plasma-enhanced chemical vapor deposition [12], dry/wet laser ablation [13,14], and
thermally induced phase separation [15]. The size and surface chemistry of silicon nanocrystals can be tuned to control
their properties, making them highly customizable for specific applications [16,17].

Silicon nanocrystals exhibit the quantum confinement effect, which results from the confinement of electrons and
holes within the particles, leading to discrete energy levels [18,19]. This effect is influenced by the size of the particle
and the Bohr radius. Manipulating the size and surface chemistry of silicon nanocrystals enables precise tuning of their
optical and electronic properties, particularly their absorption and emission spectra within the visible and near-infrared
regions of the electromagnetic spectrum [20,21]. Porous silicon nanocrystals possess unique optical and electronic
properties, which arise from their porous structure. This structure increases their surface area, allowing them to interact
with a broader range of molecules [22].

Silicon nanocrystals have a wide range of potential applications that can enhance the efficiency of different devices
and technologies. In the field of photovoltaics, they can increase light absorption and reduce recombination losses, thereby
improving the efficiency of solar cells [23]. Silicon nanocrystals can also serve as the active element in light-emitting
diodes and other optoelectronic devices [24]. Additionally, they can be utilized as an anode material in lithium-ion
batteries [25]. Moreover, silicon nanocrystals can be functionalized with biomolecules, making them valuable in
biomedical imaging [26] and drug delivery [27]. They can also be used to remove heavy metal ions from wastewater
applications [28]. Additionally, silicon nanocrystals exhibit antibacterial activity by generating reactive oxygen species,
which can damage the cell membranes of bacteria [29].

To investigate how photochemical etching affects the surface topography of silicon wafers, researchers examine
how the process modifies the physical and chemical characteristics of the surface [30,31]. This investigation can be
accomplished using different techniques, including microscopy, spectroscopy, and profilometry [32-34]. By analyzing
the alterations in surface topography, researchers can gain knowledge about how to optimize the process to attain
particular outcomes, such as enhanced surface roughness or specific surface characteristics [30,35]. Such studies can be
valuable for the development of novel technologies in fields such as microelectronics [36], optoelectronics [7], and
photovoltaics [37].
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The article discusses the photochemical etching of silicon wafer, which employs a light through sun light
photochemical etching (SLPCE) process to dissolve particular regions of a silicon surface, leading to the creation of
unique patterns or structures. The study employs a novel and straightforward approach that utilizes natural sunlight instead
of traditional light sources such as lasers, halogen lamps, and tungsten lamps that are commonly used for preparing
materials in the microelectronics industry. The photochemical etching method is extensively utilized in the industry to
develop complex patterns or structures on silicon wafers utilized in electronic devices and integrated circuits.

MATERIALS AND METHODS

To conduct the experiment, a single side polished silicon wafer with a (111) orientation and resistivity ranging from
1-10 ohm-cm was utilized. The material was sliced into small pieces measuring 0.5x0.5 cm and subsequently cleaned
using distilled water and ethanol. Afterward, the samples were immersed in a diluted hydrofluoric acid solution (10%)
for 5 minutes to eliminate the oxide layer from the surfaces of the crystalline silicon.

The system comprises a Teflon container with a 7 cm inner diameter 3 cm tall on the inside, and 4 cm tall on the
outside. The Teflon container's interior is designed as a U-shaped sample holder to accommodate the samples.
Hydrofluoric acid of varying concentrations (40%, 35%, 30%, and 25%) is poured into the Teflon container, covering the
sample's upper surface by a few millimeters. A lens with a suitable focal length is used to focus sunlight on the sample.
The lens has a 9 cm diameter and a 30 cm focal length, and its inclination angle is adjusted by mounting it on an iron
stand that allows free movement. This ensures that the sunlight spot is focused on the polished front side of the sample,
as shown in Figure 1.

(b)

Figure 1: (a) The setup of the system for preparing nanoporous silicon samples, (b) the Teflon container

The optical power and intensity of illumination per cm? on the lens surface can be calculated using the average
radiation intensity at the top of the Earth's atmosphere, which is approximately 1361 W/m?. For the experiment, a digital
light meter (Lutron LX-103) was used to measure the sun's light intensity, and 1000 W/m? was considered a realistic
average value for working conditions, which translates to 100 mW/cm?. The power was calculated by multiplying the
lens area by the solar radiation falling on each centimeter of the lens, resulting in 6360 mW. This light energy, when
focused on a sample measuring 1 cm?, produces an intensity of 6360 mW/cm? or 6.36 W/cm?, which is sufficient to
complete the photochemical etching process. If the same energy is focused on a sample measuring 25 cm?, the intensity
increases fourfold to 25.44 W/cm?.

The first sign that the photochemical dissolution process has begun is the appearance of some bubbles on the samples'
surfaces. These bubbles are made of hydrogen and are the product of chemical reactions [38] that dissolve silicon. Another
sign that the porous layer has formed on the sample surface is the short-term change in surface color, which eventually
turns buffish-brown (like iron corrosion). As stated in this work, this procedure continues for a set period of time of 60
minutes. The samples are meticulously taken out of the Teflon container using specialized forceps in order to preserve
the surface and get them ready for analysis. The samples are then put in plastic receptacles with methanol in them to
prevent oxidation.

Atomic force microscopy was used to examine the surface topography of the generated samples, including the
particle size, dispersion, thickness of the porous layer, and roughness.

RESULTS AND DISCUSSION

Figure 2 shows an AFM image at the nanoscale, in which 3D images are displayed when scanning at about 2x2 um
for porous silicon layers. The Root Mean Square (RMS) roughness were 3.47 nm, 4.46 nm, 10.6 nm, and 4 nm at
hydrofluoric acid etching concentrations of 40%, 35%, 30%, and 25%, respectively. When silicon is treated in diluted
hydrofluoric acid, a condensation of Si-OH groups is formed due to rapid exchange of Si-F with water molecules followed
by Si-O-Si bridges formation and oxide nuclei appear [39]. Strain and altered surface topography led to a changed rate of
the logarithmic oxide growth. The oxide formation is accompanied by a slight corrosive attack of water molecules, leading
to roughening of the surface [38]. At low concentrations of hydrofluoric acid, the silicon ions may not be fully removed
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from the surface and can undergo a redeposition process, leading to a rougher surface. However, when the concentration
of hydrofluoric acid is further reduced, the etching rate becomes slower, and the amount of silicon ions formed on the
surface is also reduced. Therefore, the redeposition process is less likely to occur, resulting in a smoother surface and a
decrease in RMS roughness [17,40]. Figure 3 shows the consistency between the roughness and thickness of the samples,
where they are proportional to each other [41]. These images illustrated that porous silicon exhibited a sponge-like
structure with high homogeneity and densely branching pores.

(d
Figure 2. AFM image of silicon wafer at hydrofluoric acid etching concentrations of (a) 40%, (b) 35%, (c) 30%, and (d) 25%
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Figure 3. The roughness and thickness of the samples at each concentration.

Figure 4 illustrates the statistical measures (surface skewness and surface kurtosis) of the sample surface,
demonstrating a comprehensive understanding of the etching process on the surface. The asymmetry of the surface height
distribution about its mean (surface skewness) reveals that the surfaces of the samples treated with 40% and 35%
concentrations contain more low valleys than high peaks, whereas those treated with 30% and 25% concentrations have
more high peaks than low valleys. The sharpness of the surface height distribution relative to a Gaussian distribution
(surface kurtosis) reveals that the surfaces have more high peaks and low valleys than a Gaussian distribution and they
exhibit a platykurtic distribution because the kurtosis value is less than 3 for all samples [42].
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Figure 4. The statistical measures of the silicon surface: surface skewness (black line) and surface kurtosis (red line) for different
hydrofluoric acid etching concentrations treatments

The samples have been characterized by means of equivalent diameter distribution through digital image processing
of AFM pictures. In Figure 5, the percentage of the total volume occupied by these particles as well as the percentage
cumulation of particles that fall within a certain size range are shown. The average nanostructure diameters were
90.43 nm, 75.55 nm, 67.45 nm, and 48.70 nm at hydrofluoric acid etching concentrations of 40%, 35%, 30%, and 25%,
respectively as shown in Figure 6. These parameters can provide valuable insights into the distribution and size of surface
features, which can be useful in many applications, such as materials science, nanotechnology, and biophysics.
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Figure 6. The average diameters of the samples at each concentration.

CONCLUSIONS
The photochemical etching method by focusing sunlight can be considered one of the approved methods for
producing porous silicone layers. The preparation parameters for each experiment led to the production of layers of porous
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silicon with different structures and properties. In this work, results showed that reducing the concentration of
hydrofluoric acid when the other parameters (luminous intensity, etching time, and the type and resistivity of the silicon
wafer) were constant led to a reduction in the size of the nanoparticles. The formation of a porous layer depleted of charges
on bulk silicon, which is of the donor type, leads to the formation of a junction between them that can be used as a basis
for the manufacture of diodes, photodetectors, gas sensors, and other electronic applications. Therefore, according to the
finding more smaller nanoparticles can be obtain with lower hydrofluoric acid concentrations such as 20%, 15%, 10%,
and 5%, while keeping other experimental constants.
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JOCJIKEHHS BIULTMBY KOHIEHTPAIII ®TOPBOJHIO (HF) HA TOITOTPA®IIO IIIAPY ITIOPAUCTOTO
KPEMHIIO, HIAI'OTOBJIEHOI'O ®OTOXIMIYHUM TPABJIEHHAM COHAYHUM CBITJIOM (SLPCE)
Xacan A. Kaaxem?, Aoaya Xakim III. Moxammen®, Icca 3. Xacan®, Pocype Bopxanaiaen Aoayipaxman®
“Minicmepcmeo ocsimu, 8iokpumuil oceimuiii konedxc, Kipkyx-Llenmp, Ipax
bKagpeopa hizuxu, oceimniii konedaic vucmux nayx, ynisepcumem Kipxyxa, Kipxyx, Ipax
‘Kagheopa ¢hizuxu naykosoeo xonedarcy ynisepcumeny Kipkyka, Kipkyx, Ipax
KpeMmHieBi HAHOKPHCTAIN MAIOTh MIUPOKHUI CIIEKTP MOTESHIIHHUX 3aCTOCYBaHb, Bij IiIBUINEHHS e()eKTUBHOCTI COHSIHUX E€IEMEHTIB 1
ONTOEJICKTPOHHUX TIPHCTPOIB J0 OioMequuyHOl Bizyawi3amii Ta JOCTaBKH JIKiB, OYHMIICHHS CTIYHHX BOJ 1 aHTHOaKTepiabHOT
JISIBHOCTI. Y I[bOMY OCIIIKEHHI MeTo]] (OTOXIMIYHOTO TPaBJICHHS! BUKOPHCTOBYBABCS JJIsl CTBOPEHHS LIAPiB MOPUCTOTO KPEMHIIO
Ha JIOHOPHIH KpeMHieBii ruactuHi 3 opieHrtauiero (111) i muromum onopom, pisaum 110 Om-cm. IIponec nependaua GpoxycyBaHHS
COHSIYHOTO CBITJIA Ha 3pa3Kax 3a JOIIOMOTOI0 Teleol’eKTHBa 3 BiAMOBiAHOKW (okycHoto BigcranHio 30 cM i miamerpom 90 MM, 110
3a0e31e4uyBajo JOCTATHIO SHEPTio Ul 3aBEePIICHHs XIMIYHOTO TpaBJeHHs. BukopucToByrour nocriitnuii yac TpaBieHHs 60 XBUIMH i
pi3Hi KoHIEeHTpamii ¢pTopucToBogHEBOI KUCIOTH (Big 25% mo 40%), Oymu oTpuMaHi mapH 3 pi3HUMH BIAcTHBOCTSIMH. OTpuMaHi
MOBEPXHI JOCTIHKYBald 32 JIOMOMOTOI0 aTOMHO-CHIIOBOTO Mikpockoma (ACM), BHSBISIOYM YTBOPEHHS Pi3HHX HAaHOCTPYKTYp i
YaCTHHOK pi3HOI ()OpMH, pO3Mipy Ta TOBIIMHH 3aJISKHO BiJ YMOB MiATOTOBKH. Byllo BcTaHOBIEHO, IO CepeHiil po3Mip YaCTUHOK

cranoBuB 90,43 aM npu koHneHTparii 40% kucnory, a npu konnentpanii 25% HF kucnoru 3menmryBascs mo 48,7 HM.
KurouoBi cinoBa: ghomoximiune mpagnents; nopucmuil Kpemuiu, Mophonociuni 0ocaiodxcentss, pomoximiuni consuni npomeni; ACM;
SLPCE
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In this research, the focus was on examining thin films of vanadium oxide (abbreviated as V20s) with different levels of doping using
nickel oxide (NiO) (X =0, 6, 8)%. The films were created through pulsed laser deposition (PLD) method. The thin films were made and
subjected to annealing at 450°C for a duration of one hour. The structural properties of the films were examined using the XRD diffraction
technique, whereby the films' composition was found to be polycrystalline, featuring an orthorhombic structure. Notably, the films
displayed a prominent alignment along the (111) plane, manifesting at an angle measuring approximately 27.889°. The FE-SEM technology
was utilized to explore and evaluate the surface morphology of the thin films. This showed a nanotube-to-spherical shape transformation.
Following the implementation of EDX x-ray technique, it was determined that the films comprised the elemental components of vanadium
(V), nickel (Ni), and oxygen (O), consistent with the doping ratios. The assessment of the films' optical properties was carried out through
the utilization of UV-visible spectrophotometer, demonstrating decreased absorbance and absorption coefficient, as well as an increased
energy gap from 2.32 eV to 2.93 eV. The electrical conductivity results indicated a decrease in direct current conductivity (cdac) with
increasing doping ratio, while the activation energy (Ea) increased. Consequently, these films can be utilized in thermoelectric generators.
Keywords: Thin films; Vanadium oxide (V20s); Pulsed laser deposition (PLD),; Annealing; Electrical properties

PACS: 68.55.-a, 73.25.+1, 74.62.Dh, 78.20.Ci.

1. INTRODUCTION

The technological advancement in various fields such as electro-optics, magnetism, and optics heavily relies on the
thin film technology. The fundamental characteristics of thin films encompass their crystalline structure, membrane
thickness, and other distinctive properties not present in bulk materials. The composition of thin films primarily depends
on the preparation technique and can exist in the form of random polycrystalline or single-crystal membranes.
Furthermore, the electrical and optical properties of the films exhibit variations. This is in view of two pieces of evidence.
Firstly, the crystalline structure in addition to the presence or absence of impurities. In general, thin films belong to the
solid-state category, allowing for their classification based on their crystalline composition or atomic arrangement.
Researchers have employed diverse deposition techniques including spray deposition [1], electron beam evaporation [2],
sol-gel [3], thermal evaporation [4], pulsed laser deposition (PLD) [5], and so forth.

Vanadium pentoxide, chemically represented as V»0Os, is an inorganic compound commonly known as vanadium
oxide. It is a solid material with a yellowish crystalline structure, and when precipitated from an aqueous solution, it
appears dark orange [1,6]. The pentavalent state of vanadium in Vanadium pentoxide stands out as the most stable oxide
showing the ultimate level of oxidation compared to other oxides. The lattice parameters of vanadium pentoxide are as
follows: a = 11.516 A (length along the "a" axis), b = 3.565 A (length along the "b" axis), and ¢ = 4.372 A (length along
the "c" axis). These parameters determine the dimensions of the crystal structure [7,8]. The layered structure of V,0s
consists of chains of shared square pyramids (VOs) at the edges, linking these chains together through corner sharing.
Vanadium pentoxide is considered a n-type semiconductor material with multiple valence states, displaying wide energy
bandgap transitions that span two values starting from 2.2 eV reaching 2.3 eV [9,10]. With its transformation into a thin
film, the material experiences fluctuations in its electrical properties, rendering it an effective catalyst because of its
interconnected electrical and optical characteristics. Consequently, it holds promising prospects for diverse applications
across multiple domains [11,12], such as microelectronics, optoelectronic devices, solar cells, electrical appliances,
electronic switches, and optics, among others [13].

Nickel (IT) oxide, with the chemical formula NiO, is a chemical compound that possesses exceptional physical and
chemical properties. It holds significant importance in advanced research disciplines and has emerged as one of the few metal
oxides of type P with promising prospects in various applications [14]. NiO has a bandgap ranging from 4.3 eV to 3.6 eV.
Distinguished by its inherent chemical stability, minimal toxic levels, remarkable resilience, and elevated ionization potential,
the material possesses a valuable assemblage of attributes. Moreover, it can be manufactured at low costs, making it
economically viable. Additionally, NiO possesses distinct characteristics such as excellent electrical, optical, and magnetic
properties [15]. Functioning as a proficient sensor for gas and exemplifying a prototype for semiconductor materials, it
demonstrates its aptitude in both aspects. This can be fabricated using a range of physical and chemical methods [16].
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The investigation of Nio’s particular structural characteristics as well as the optical, and electrical ones was carried
out utilizing the PLD method in this study.

2. Practical Part
2.1 Preparation of powder substances and discs

High-purity vanadium oxide (V20s) with a purity of (99.0%) was used, prepared by the German company Merck,
and high-purity nickel oxide (NiO) with a purity of (99.9%) was prepared by the American company Sky Spring
Nanomaterials. The powders were weighed using a sensitive electronic balance (Mettler. A.K-160) with a sensitivity of
105 gm. After weighing the powders, vanadium oxide (V20s) and nickel oxide (NiO) were mixed in different weight
ratios (X=0.6, 8)% to obtain a sample weighing 3g. The physical mixing method was used to achieve high homogeneity
between pure vanadium oxide particles and the samples doped with nickel oxide. The powders were ground using a
ceramic mortar for half an hour. Subsequently, the mixed powders were compressed with a pressure of 3 tons in a special
mound made of stainless steel, measuring 1.5c¢m in diameter and a thickness of 0.5¢cm, using an American hydraulic press
manufactured by Across International.

2.2- Glass Substrate Preparation
Glass substrates with geometric dimensions of 75mmx>25mmx0.2mm were used for thin film deposition. The
substrates were of AFCO type and were cleaned prior to the deposition process. The following steps were followed:
o The glass substrates were washed with distilled water to remove dirt and impurities from their surfaces.
o After washing with distilled water, the glass substrates were immersed in a glass container containing 96% ethanol
for 20 minutes.
o The glass substrates were dried using a soft cloth and stored in dedicated holders.

2.3- Sedimentation system

The application of a Nd: YAG Laser System was observed in the course of depositing thin films onto glass substrates.
The system consists of a computer-controlled power supply, an internal cooling system, and a manually adjustable laser
beam path on the target. The laser beam has a wavelength of A = 1064nm, an energy of 800 mJ, a frequency of 6 Hz, and
a pulse duration of 10ns. A precise positioning of the laser beam is achieved as it is directed at a fixed1 5cm from the target
material. This is placed inside a cylindrical quartz chamber with low-pressure air (10> mbar) at room temperature. The
glass slide is positioned 3cm above the target material and is subjected to the laser beam at an incident angle of 45°. A
total of 800 pulses are used to obtain the desired thin films. The deposition and growth of thin films are facilitated through
the PLD interacting with the target material.

2.4- Annealing
The annealing process is used to improve the properties of thin films, where the surface is subjected to a controlled
heating process for a specific duration. The purpose of annealing is to eliminate stresses in the material, facilitate the
diffusion and arrangement of impurities, increase electrical efficiency, and minimize structural defects resulting from
manufacturing. The prepared thin films were annealed using an electric furnace (MUFFLE FURNACE, model MF-12).
The thin films are subjected to a temperature of 450°C for a duration of one hour, after which they undergo natural cooling
inside the furnace. This process renders the films ready for the to perform the following checks:

2.4.1- Measuring thickness of films
Measuring the thickness of films was performed utilizing the optical interferometer method. For the experimentation,
we employed a helium-neon laser operating at a wavelength of 632 nm. The laser beam was directed towards the film at
an inclination of 45 degrees. The reflected beam passed through a converging lens and was projected onto a screen to
observe interference fringes, as depicted in (Figure 3).

Sample

Lens

0

Screen

Figure 3. Schema of optical interferometer technique for quantifying the thin films’level of thickness. The fabricated films
exhibited an estimated thickness of (500 + 50)nm.
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By measuring the width of the bright fringes (x) and the dark fringes (Ax), The determination of the film thickness
can be achieved by applying the following correlation

t=2x2 (1)

X 2
2.4.2- Structural Measurements

To conduct structural evaluations, the films were subjected to XRD using a Shimadzu X-ray machine (model
PW1730) produced by Shimadzu in Japan. The XRD instrument employed a wavelength measured at 1.541874 A
[Cd Ka radiation], operated at 40 kV and 30 mA [voltage, current], and encompassing 80°-10° [scanning range]. The
calculation of the average grain size (specifically crystallite) of the thin films utilized the Debye-Scherrer relationship.

(@)

where K is a constant parameter with a precise numerical value of 0.94, B corresponds to the peak's width at half of its
maximum intensity (FWHM), 6 designates the angle of diffraction, indicating the angle at which X-rays are dispersed by
the crystal lattice, A represents the specific wavelength of the X-ray employed for the analysis, specifically Cu Ko with a
value of 1.5405 A. [17,18].

Furthermore, the surface morphology of the membranes was investigated by field-emission scanning electron
microscopy FE-SEM and energy dispersive X-ray spectroscopy EDX attached to the FE-SEM device using a (model
ZEISS SIGMA VP) device manufactured by Carl Zeiss Microscopy in United States, field emission FE-SEM produces
clearer, less electrostatically distorted images with spatial resolution down to 1 1/2 nanometers.

KA

G.S = Bcos@’

2.4.3- Optical Measurements

A UV-Vis was employed to analyze the optical characteristics of the aforementioned films. The model used was
(model 1900) manufactured by SHIMADZU in Japan, located at the College of Pure Science, Department of Physics,
Tikrit University. The absorbance spectrum was obtained, and the absorbance range served as the basis for the calculation
of the absorbance coefficient of the prepared films. The following formula was adopted [19,20]:

a =2303 é A3)

The absorbance coefficient (o) is a parameter that quantifies the level of light absorption exhibited by a material.
The absorbance (A) is a measure of the amount of light that the material absorbs. On the other hand, the film thickness (t)
provides valuable information regarding the physical dimensions of the film.

The determination and calculation of the lowest-energy transition value for the thin films were performed for the
allowed direct transitions using the following equation

a(hv) = A'(hv — Ep)", (4)

Where: E, — energy gap, o — absorption coefficient, A’ — proportionality constant, r — exponential coefficient [21].

2.4.4- MeasurementsiElectrical

By utilizing a versatile multimeter (Fluke-8846A), the electrical resistance (R) of the thin films was measured across
a temperature range, enabling the investigation of their electrical properties. The resistance value of the film ® was
recorded for a specific range of temperature variations, with an increment of 10°C.

The electrical conductivity depends on two main factors: the density level of charge carriers and its mobility as
influenced by the electric field. These factors vary with temperature, doping ratios, and preparation conditions. The direct
current electrical conductivity (oqc) is the reciprocal of the specific electrical resistivity (p), as shown in the following
equation [22]:

sz% where {A=b.t}, 5)

1

Gue = (©)

Where:

o 4o continuous electrical conductivity with units of (Q.cm)™!, p: specific resistivity, R: electrical resistance of the film
measured practically in (Q), L: distance between the aluminum electrodes in (cm), A: cross-sectional area for electron
movement through the film, b: electrode width (cm), t: film thickness in nm, converted to (cm)

Semiconductors typically exhibit a negative temperature coefficient of resistance, and their conductivity generally
follows an exponential pattern that is influenced by temperature. Consequently, an equation can be formulated to describe
the nature of connection that electrical conductivity displays in relation to temperature, enabling the determination of the
activation energy. This equation bears resemblance to the well-known Arrhenius equation [23]:
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In the present study, the following variables are considered:
E.: representing the activation energy for electrical conduction measured in eV and corresponding to the difference
between Ec and Er [24], 6,: denoting the minimum metallic conductivity, T: the absolute temperature in Kelvin, kg: the
Boltzmann constant equal to (kg = 1.38%1023 J/K = 0.086x 1073 eV/K).

By employing Equation (7), a plot of (In o4.) against (1000/T) is generated. The slope of the resulting straight line
is equal to (-E./kg), allowing for the determination of the activation energy E, in units of eV [25]:

E, = -slope X kg x1000 ®)

3- RESULTS AND DISCUSSION
3.1- X-Ray diffraction

The XRD examination performed has revealed that the pure vanadium oxide (V,Os) and nickel oxide (NiO) and
films of V,05 were doped using varying levels of dopants (X =0.6,8)% possess a crystalline structure of the orthorhombic
phase. The diffraction peaks were observed at angles (12.12°, 15.390°, 18.366°, 26.342°, 27.889°, 29.033°,
30.665°,37.305°, 43.348°, 63.017°) corresponding to the planes (101), (002), (100), (011), (111), (301), (220), (200),
(111) as depicted in (Figure 4). These findings are in agreement with the International Centre for Diffraction Data (JCPDS
Card No: PDF-85-2422), indicating that the (111) plane is the dominant growth direction for both pure and NiO-doped
V05 films. The dominant direction (111), corresponding to the angle (26 = 27.889°), remained unchanged after doping.
Additionally, with an increase in the doping level, there was a corresponding reduction in the how intense the diffraction
peaks get, which suggests that doping reduces the grain size of V,05[26]. In the case of the 8% doping ratio, the grain
was measured at 29.293 nm. The grain size of the doped V,Os films exhibited a significant reduction when compared to
the grain size of the pure V,Os films. (55.536 nm) as shown in Table 1. These findings are consistent with previous
studies [27-29].
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Figure 4. (XRD) patterns of (V205) films, including both the pure films and the films doped with (NiO)

Table 1. X-ray examination results of pure and Nickel oxide -doped vanadium pentoxide films

260 exp 26 std dexp d Std G.S

Sample (Deg) (Deg) A) &  FWHM Rk
Pure V205 27.889 27.882 3.195 3.197 0.145 111 55.536
V205 +NiO(6%) 27.780 27.882 3.208 3.197 0.236 111 34.130
V205 +NiO(8%) 27.729 27.882 3.213 3.197 0.275 111 29.293

3.2-Field emission scanning electron microscope (FE-SEM)

As can be seen in Figure 5, the assessment of the surface morphological properties of the thin films, specifically
focusing on the influence of doping, utilizing (FE-SEM). Images of both (Pure V»0s) and (NiO) films were captured
using (FE-SEM). Nanoparticles with a nanotube structure and an average size of 89.32 nm were observed in (Figure a).

However, the introduction of doping caused agglomeration as a result of secondary growth on the film surface. This
resulted in spherical particles [30,31]. This doping-induced transformation reduced the nanoparticle size to an average
range of 37.96 - 24.56 nm in (Figures b, c), while concurrently enhancing surface smoothness through recrystallization.
This interesting phenomenon is compatible with various medical applications in the future, including in the field of
biomedicine, where vanadium oxide was used because of its strong effect as an inhibitor of blood vessels, as well as in
disease resistance and chemotherapy [32].
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Figure 5. FESEM images of both pure vanadium pentoxide and
nickel oxide-doped (NiO) thin films, featuring various doping
ratios, are presented. These are denoted as (a: Pure), (b: 6%), and
(c: 8%).
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3.3- X-ray energy dispersive spectroscopy (EDX)

Figure 6 showcases the EDX results. It can be noted that there are multiple peaks corresponding to different elements
in the thin film samples. As regards (Pure: 0%), the noticed peaks indicate the presence of vanadium (V = 90.3 wt%) and
oxygen (O = 9.7 wt%), along with gold (Au) from the sample coating used for examination purposes. In the first doping
ratio of 6% nickel oxide, the peaks of vanadium (V = 76.2 wt%) and oxygen (O = 8.5 wt%) are observed, along with trace
amounts of nickel (Ni= 15.3 wt%), confirming its incorporation as an impurity within the crystal structure of vanadium
pentoxide. In the second doping ratio of 8% nickel oxide, the peaks of vanadium (V = 51.3 wt%) and oxygen (O = 5.4
wt%) are detected, along with significant peaks of nickel (Ni = 43.3 wt%). Notably, the peak corresponding to gold,
present in the coated films for examination purposes, is not observed. No other elements associated with impurities or
contamination were detected, reaffirming the purity of the studied films in this research.
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3.4-Optical Properties
3.4.1- Absorbance (A)

The examination of the optical characteristics of the thin films involved analyzing the absorption spectra within the
extended wavelength range of 400 nm to 1000 nm. This analysis enabled the determination of the optical constants. It
was observed that the absorbance slightly decreases in the high-wavelength region, while A substantial enhancement in
absorbance is observed within the area of shorter wavelengths, as shown in (Figure 7). The absorption edge for pure
vanadium oxide occurs at 430 nm [33]. Of particular importance is the observation that the absorbance diminishes as the
doping ratios increase, primarily as a consequence of a reduction in particle size and an elevation in the optical energy
bandgap caused by the presence of nickel oxide (NiO) impurities within the bandgap.

3.4.2- Absorption Coefficient (o)

In a comparable manner to absorbance, the absorption coefficient exhibits a decrease as doping ratios increase,
owing to the creation of impurity levels within the energy bandgap, as visually depicted in (Figure 8). At lower levels of
photon energy, the absorption coefficient remains minimal, indicating a limited likelihood of electronic transitions.
Nevertheless, as the absorption edge is approached towards higher energy levels, the absorption coefficient experiences
an increment [34].

4.0 Pure V,04 7x10¢ 4

Pure
6%
— 8%

6x10° 4

Absorbance (au)

400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

Wavelength (nm) A (nm)
Figure 7. It is clear Absorbance change as a function of Figure 8. provides a visual representation showcasing the
wavelength changes in the absorption coefficient as a function of photon
energy

3.4.3- The Optical Energy Gap (Eg)

The direct bandgap semiconductors known as V,0s membranes possess an approximate energy gap of 2.3 eV. Upon
introducing nickel oxide (NiO) as a dopant, equation (4) was employed to compute the optical energy gap value for
permissible direct transitions. The plotted relationship between (athv)2 and photon energy (hv) is depicted in (Figure 9),
highlighting that the optical energy gap exhibits a conspicuous amplification in its magnitude as the doping ratio increases.
This augmentation in the value of the energy gap can be ascribed to the emergence of levels within the energy gap caused
by NiO, consequently resulting in the narrowing of said levels [35]. In its pure form, vanadium oxide (V2Os) exhibits an
energy gap of 2.32 eV. However, when doped with nickel oxide at a rate of 6%, the energy gap amplifies to 2.84 eV.
Similarly, at an 8% NiO doping ratio, the energy gap is measured at 2.93 eV.
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6%; E,= 2.84 (eV)
& -8%; Eg=2.93 (eV)
£ 2x102
Q
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Figure 9. illustrates the variation in the energy gap for the allowed direct transition as a function of photon energy.
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3.5-Electrical properties
Continuous conductivity calculation (DC)

By utilizing Equation (6) based on Equation (5), the temperature-dependent electrical conductivity o4, was
determined in the temperature range of 313K-373K. It was observed in (Figure 10.a) that, for a single sample, the electrical
resistivity of all the prepared membranes exhibits an inverse relationship with increasing temperature, which is a
characteristic behavior of semiconductors. In contrast to conductors, semiconductors exhibit a negative temperature
coefficient of resistivity, indicating that the electrical conductivity increases with rising temperature across all membranes.
Furthermore, (Figure 10.b) also notes that an increase in the nickel oxide NiO doping ratio is accompanied by a
corresponding increase in electrical resistivity, resulting in a decline in electrical conductivity. This decline can be
explained as a result of the formation of trap levels near the conduction band's energy gap, leading to an augmentation in
defect concentrations within the membrane. The heightened concentration of defects subsequently raises the energy
barriers that charge carriers (electrons) must overcome during the conduction process [35]. These findings are consistent
with measurements of optical properties, crystal structure distortion, and XRD. The widening of the energy gap arises
from a decrease in the abundance of majority charge carriers (electrons) and the emergence of new energy states within
the band gaps. Consequently, this decrease leads to diminished electrical conductivity as the nickel oxide doping ratio
increases, accompanied by an elevated energy gap value in the doped membrane, as confirmed through energy gap
measurements. Consequently, the space for electron mobility expands, necessitating electrons to possess greater energy
to transition to the conduction band. Additionally, there is a decrease in the concentration of charge carriers [36,37].

In the evaluation of all membranes, we subtracted the energy level of the Fermi level Er from the energy level of the
conduction band Ec, hence the activation energy Ea was computed.
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Figure 10. a — Continuous Conductivity (cd.c) as a function of temperature change for pure and doped membranes
b - Continuous Conductivity (Ln cd.) as a function of temperature change (1000/T) for pure and doped membranes.

The thin membranes that were prepared possess two distinct activation energy values. The first activation energy is observable
within the lower temperature range 313K-343K, characterized by conduction through a hopping mechanism where charge carriers
energetically leap from one neutral atom to another within the same energy level in the energy gap. This hopping process takes
place within confined energy levels amidst the energy gap, predominantly occurring at grain boundaries, where charge carriers lack
the necessary energy to overcome voltage barriers. Consequently, conduction transpires by exciting charge carriers in localized
states present within the forbidden energy gap, facilitated by phonons. (Table 2) provides a visual representation, specifying the
corresponding temperature intervals for each activation energy. The existence of two activation energies aligns with the XRD
examinations conducted on all membranes and the electrical conductivity mechanisms found in polycrystalline semiconducting
materials. Regarding the second activation energy Ey or the alternative conduction mechanism, which was computed within the
temperature range of 343K-373K, electronic transitions occur due to either thermal excitation or thermionic emission. At elevated
temperatures, carriers possess sufficient energy to surmount the voltage barriers arising from grain boundaries and increased
potential energy barriers, thereby transitioning into extended states situated above the electron conduction levels Ec. Consequently,
grains, grain boundaries, and energy barriers play a pivotal role in determining the electrical characteristics of polycrystalline
materials [35,38]. These findings are consistent with the XRD analysis, which demonstrates that the activation energy exhibits an
increase alongside the augmentation of the nickel oxide doping ratio. In simpler terms, as the doping ratio rises, the excitation
energy required for electrons to reach the conduction band also escalates. These outcomes find support in prior investigations [38].
Within (Table 2), one can find the values denoting direct current conductivity 64 and activation energy E,.

Table 2. Continuous Conductivity and Activation Energy Values for Pure and Doped Membranes

Gd.c)RT Ea1x10%(eV) at Range Ea2x10* (eV) at Range

Sample p(€em) ((Q.cr)n)'l (31(3-3313)1( ¢ (345-37)3)1( ¢
Pure V205 2.44 0.472 0.434 0.592
V205+NiO(6%) 8,139 0.135 3.21 2.68
V>205+NiO(8%) 10.13 0.106 4.97 3.65
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CONCLUSIONS

In light of the research conducted, it is evident that the polycrystalline nature of all membranes is revealed through X-
ray diffraction (XRD) analysis, wherein the size of crystallites diminishes as doping levels rise. By employing field-emission
scanning electron microscopy (FE-SEM), the impact of doping on the nanostructure of vanadium oxide is observed, resulting
in the transformation from nanotubes to nanosized particles and a subsequent reduction in particle size. This transformation
has consequential effects on the optical properties, leading to an escalation in the value of the energy gap. To affirm the
reliability and purity of the findings, energy-dispersive X-ray spectroscopy (EDX) yields conclusive and uncontaminated
results. Pertaining to the electrical properties, it is noted that the membrane’s resistance exhibits an increment with
fluctuations in temperature, whereas conductivity experiences a decline as the first activation energy at low temperatures and
the second activation energy at high temperatures increase. As a result, these findings hold promise for the development of
thermoelectric generators, facilitating the capture and conversion of heat energy into electrical power.
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BIIJINB JIETYBAHHS HA EJIEKTPOITPOBIIHICTS IIVIIBOK OKCHUAY BAHATIO (V20s), JETOBAHUX
OKCHJIOM HIKEJIIO (NiO) HIAT'OTOBJIEHUX IMITYJIBCHUM JIASEPHUM OCAJIKEHHSM (1J10)
Canon Xacan Xamap, Xyna Caani Aui
Daxynemem ghizuxu, Oceimuiti koneddc yucmux nayx, Yuieepcumem Tixpimy, Canazyoodin, Ipax

VY 1mpoMy IOCHIPKEHHI OCHOBHA yBara Oyna 30cepe;keHa Ha IOCIIUKEHHI TOHKHMX IUIIBOK OKCHIY BaHamilo (ckopodeHo V20s) 3
pisHuME piBHAMU JeryBaHHs1 okcuzaoM Hikemo (NiO) (X = 0, 6, 8)%. IlniBku Oynu CTBOpeHI METOJOM IMITYJILCHOTO JIa3€pHOTO
ocamkenns (PLD). Tonki miIiBKM BUTOTOBISUIM Ta mignaBanu Bianany npu 450°C nporsrom oxHiei rognan. CTpyKTYpHI BIaCTHBOCTI
IUTIBOK JIOCTIIDKYBaJIM 3a JOMOMOror audpakuiiinoro meroxy XRD, 3a momomoror sikoro 0yino BHSBIEHO, IO CKJIAJ IUTIBOK €
MOMIKPUCTATIYHUM, 110 Mae OpTOpoMOiuHy cTpyKTypy. [IpUMITHO, 1110 IUTIBKM MOKa3aJid MOMITHE BHPIBHIOBAHHS B3IOBXK IUIOLIMHU
(111), mo mposBisAeThes mia KyToM npudamsHo 27,889°. Texnomoriss FE-SEM Oyna BukopucTaHa Ui JOCTIKEHHS Ta OLIHKH
Mopoorii moBepxHi TOHKHX IUTiBOK. Lle mokasamo Tpancdopmaunito popmu HaHOTPYOKM B cdepuuny. Ilicms 3acTocyBaHHS
pertreniepkoro Merony EDX Oyiio BM3Ha4€HO, IO IUTIIBKK MICTSATh €lIEMEHTapHI KoMoHeHTH BaHairo (V), Hikenmto (Ni) 1 kucaro (O),
IO BiJANOBiNa€ CHiBBiTHONIEHHSM JieTyBaHHS. OIHKY ONTHYHUX BIACTUBOCTEH ILTIBOK IIPOBOIMIM 33 JONOMOror Y®-BUIUMOro
crieKTpodoToMETpa, SIKHA MPOAEMOHCTPYBAB 3HIKEHHS a0CcOpOIIii Ta KoedillieHTa MOTTUHAHHS, a TAKOXK 30UIbIICHHS CHEPreTHYHOT
3abopoHeHoi 30HU 3 2,32 eB 1o 2,93 eB. Pesynsratu enekTpu4HOi NPOBIIHOCTI BKa3ylOTh HAa 3MEHILICHHS IPOBIIHOCTI IOCTII{HOrO
cTpyMy (od.c) 3i 36inblIeHHIM KoediuieHTa JieryBaHHs, ToAl sk eHepris akrusauii (Ea) 3poctae. Omxe, 1i IUIIBKH MOXYTb OyTH
BUKOPUCTAHI B TEPMOCJIEKTPUYHUX I'€HEepaTopax.

KurouoBi ciioBa: mouxki naisxku, oxcuo éanadiro (V20s); imnyneche nasepne ocadcenns (PLD); eionan; erekmpuuni e1acmueocmi
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Nickel aluminate (NiAl204) nanoparticles were synthesized using sol-gel method with auto-combustion. The prepared nanoparticles
were made into four parts and calcinated at 700, 900, 1100 and 1300°C and taken up for the present study. The taken-up nanoparticles
were characterized using powder X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersion X-Ray
Spectroscopy (EDS), Fourier Transform and Infrared (FT-IR) spectroscopy and UV-Vis spectroscopy techniques. The X-ray diffraction
patterns confirmed the spinel structure and Fd3m space group. Scherrer formula was used to calculate the crystallite size and found in
the range 5.78 to 20.55 nm whereas the lattice parameter was found in the range of 8.039 to 8.342 A. The average grain size was found
in the range 142.80 to 187.37 nm whereas interplanar spacing was found in the range of 2.100 to 2.479 A. The FTIR spectroscopy
showed six absorption bands in the range 400 to 3450 cm™ and confirmed the spinel structure. The optical band gap (Eg) was decreased
with calcination temperature and found in the range 4.2129-4.3115eV.

Keywords: Nickel Aluminate nanoparticles, Sol-Gel Auto-Combustion method; Calcination Temperature; Crystallite size; Grain size;
Elemental analysis,; IR and UV-Vis spectroscopy

PACS: 75.50.Gg, 61.05.cp, 68.37.Hk, 78.40.Fy, 33.20.Ea, 42.70.Qs

INTRODUCTION

Since few years, the usage of composite materials has significantly increased in various applications due to their
exceptional properties when compared with metals, ceramics and polymers. The composite materials containing spinel
phase are stable at high temperatures, chemically resistant, abrasion resistant and exhibit high hardness [1-3]. The
composite oxides such as mixed spinels have been attracted the scientists due to their significance behaviour in magnetic
properties [4], catalytic properties [5], luminescent properties [6], sensing properties [7], lithium batteries [8] etc. The
composite oxides having chemical formula AB,Os4, where A, represents divalent metal ion residing tetrahedral sites and
B, represents trivalent metal ion residing octahedral sites [9, 10]. In the recent days, spinel oxides having chemical formula
MCr,04, where M represents a divalent metal ion such as Ni, Cu, Zn, Co, Mg, Fe have attracted several researchers
because of their upgraded properties [11]. These materials at the nanoscale range are gained importance because of their
small size and large surface area with their upgraded properties compared to their counter bulk materials. Especially,
ZnCr,04 mixed spinels have become important functional materials due to their humidity sensing properties [12], optical
and photocatalytic properties [13], electrical and magnetic properties [13-14]. The properties of these materials would
depend on the synthesis process and reaction conditions. Many synthesis processes were found in the literature to
synthesize ZnCr,O4 nanoparticles such as ball milling method [15], solid-state reaction method [16], micro emulsion
method [17], precipitation method [18], auto-combustion method [19] etc. Few of the synthesis processes give the product
material of low quality with existence of impurities, require high temperature and consume more energy, require
involvement of organic solvents which makes the process costly. Kumar et al [20] investigated structural properties of
ZnCr,04 nanoparticles prepared by sol-gel method with auto combustion as it gives the product material of high purity,
good homogeneity at low processing temperature. Expecting an interesting study on calcination temperature dependent
physical and optical properties, the nickel aluminate (NiAl,O4) spinel nanoparticles were considered for investigation and
prepared by using sol-gel method with auto combustion.

EXPERIMENTAL

Nickel aluminate (NiAl,O4) spinel nanoparticles were prepared by sol-gel method with auto-combustion [21]
following the procedure shown in flowchart (Fig. 1). The materials such as nickel nitrate (Ni(NO3), 6H>0) and aluminium
nitrate (AI(NO3),-6H,0O) were used as starting materials. The citric acid and ammonia of analytical grade (AR) were also
used in the required quantity in the synthesis process. A solution was prepared using the raw materials in their
stoichiometry by dissolving in a deionized water. The molar ratio of citric acid and the total moles of nitrate ions was
adjusted to 1:3 and added to the arranged solution to chelate Ni?*, AI** and Fe*" ions in the solution. The prepared solution
was made neutralized by maintaining the pH value 7 by the addition of ammonia (NH3) to the solution in required
proportion. The final neutralized solution was then heated at about 100°C on a hot plate with constant stirring till the

7 Cite as: K.V. Kumar, S.D. Bhavani, East Eur. J. Phys. 3, 355 (2023), https://doi.org/10.26565/2312-4334-2023-3-37
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viscous state was reached which led to form a viscous gel. There onwards, the temperature was increased to ~ 200°C to
burn the gel entirely in a self-propagating combustion manner to turn into a loose powder [22, 23]. The prepared powder
was divided into four parts and calcinated at 700, 900, 1100 & 1300°C for 8 h.
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Figure 1. Flowchart of the sol-gel auto combustion Figure 2. XRD patterns of NiAl2O4 nanoparticles calcinated
method at 700, 900, 1100 & 1300°C

Using Phillips Expert Diffractometer, the X-Ray diffraction (XRD) measurements were carried out at room
temperature in the range of 20°-80° whereas ZEISS EVO 18, Special Edition was used to bring out the micro structural
studies and elemental analysis of the prepared samples. Using Shimadzu FTIR spectrometer (Model: FTIR-8400 S),
Fourier transform infrared spectroscopic studies were carried out within a range of 300-4000 cm™. Using, SYSTRONICS
DOUBLE BEAM UV-VIS Spectrophotometer: 2202, UV-Vis spectra studies were recorded in the range 200-800 nm.

RESULTS AND DISCUSSION
XRD Analysis

XRD plots of the nickel aluminate (NiA1,04) spinel nanoparticles calcinated at 900, 1100 and 1300°C are shown in
Fig. 2. They clearly exhibited the prominent peaks for the crystal planes of Miller indices (1 1 1),(220),(311),(400),
(511),(440)and they confirmed the establishment of single-phase spinel structure with space group of Fd3m [24]. But,
in the XRD pattern of the sample calcinated at 700°C the crystal planes of Miller indices (1 1 1) were missed. Few extra
peaks were observed in all the XRD plots and they were marked with star symbol. Hence, it was clearly understood that
the crystal phase was formed perfectly in all the samples [25-27] except in the sample calcinated at 700°C. Using Scherrer
formula [28] shown in equation (1), the crystallite size was calculated for all the prominent peaks and the same furnished
in the Table 1 along with Miller indices, FWHM, 260 and d-spacing values.

0.89 4
_BCOSB (])




357

Effect of Calcination Temperature on Structural and Optical Properties... EEJP. 3 (2023)

Table 1. (hkl), 26, FWHM, crystallite size, Interplanar spacing of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

Calcination Average Average Lattice Unit Cell Average Average
Temperature FWHM Crystallite Parameter Volume Interplanar Grain Size
°C) (Radians) Size A) (A% spacing (nm)
(nm) A
700 0.45 20.55 8.342 580.64 2.100 142.80
900 1.80 5.78 8.039 519.54 2472 145.29
1100 1.05 9.21 8.042 520.34 2.479 159.75
1300 0.90 10.38 8.058 523.17 2479 187.37

Where, t is known as crystallite size, A is known as X-ray wavelength (1.54 A), 0 is angle of diffraction and B is known as
full width at half maximum (FWHM). The average crystallite size of all the samples was found in the range 5.78 nm-20.55 nm
and the same furnished in the Table 2.

Table 2. Interplanar spacing, average grain size, reciprocal lattice of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

Calcination (h k) 20 FWHM Crystallite Size | d (spacing) (A)
Temperature (°C) (Degrees) (Radians) (nm)
700 220 32.40 0.62 13.34 2.76
311 35.12 0.32 26.04 2.558
400 42.8 0.35 24.82 2.113
511 56.9 0.46 19.65 1.617
440 62.48 0.48 19.36 1.486
900 111 19.3 2.29 3.52 4.608
220 31.76 2.9 2.85 2.416
311 37.20 1.3 6.45 2416
400 45.14 0.95 9.05 2.006
511 59.96 2.3 3.99 1.543
440 65.68 1.07 8.84 1.420
1100 111 19.12 1.42 5.67 4.628
220 31.38 1.26 6.55 2.837
311 37.08 0.82 10.22 2.423
400 45.12 0.66 13.03 2.009
511 59.80 1.46 6.28 1.558
440 65.70 0.70 13.51 1.421
1300 111 19.16 1.06 7.60 4.632
220 31.38 1.00 8.25 2.840
311 37.08 0.76 11.02 2.425
400 45.06 0.60 14.33 2.010
511 59.84 1.32 6.94 1.547
440 65.66 0.67 14.11 1.421

Though, the phase is not formed completely for the sample calcinated at 700°C, the crystallite size was observed highest,
i.e., 20.55 nm where as for the sample calcinated at 900°C, the crystal phase was formed perfectly and the crystallite size was
observed lowest, i.c., 5.78 nm. Further, the crystallite size was found increased for the samples calcinated from 900 to 1300°C
[29]. The calculated lattice parameter values were found in the range of 8.039 to 8.342 A. In the similar lines to the crystallite
size, the lattice parameter was found highest, i.e., 8.342 A for the sample calcinated at 700°C where as it is found lowest, i.e.,
8.039 A, for the sample calcinated at 900°C. Further, the lattice parameter was increased with the calcinated from 900 to1300°C.

The bond lengths between cations and oxygen located at A and B sites were measured along with ionic radii of cations
furnished in Table 3. The bond lengths of A site-oxygen and B site-oxygen were found maximum in case of the sample
calcinated at 700°C where as they were found minimum for the sample calcinated at 900°C.

Table 3. Bond lengths and ionic radii in NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

TCeir‘Illc';l:;:zi‘le Bond length of A Bond length of B Tonic E(?:;us(rA) Tonic E(?:;us(rs)
?OC) site-O (°A) site-O (°A)
700 1.898 1.984 0.4796 0.4855
900 1.829 1.913 0.4076 0.4132
1100 1.830 1.914 0.4084 0.4141
1300 1.834 1.918 0.4120 0.4177

Further they were found increased with the calcination temperature. In the similar lines, the ionic radii at A and B sites
were found maximum in case of the sample calcinated at 700°C where as they were found minimum for the sample calcinated
at 900°C. Further they were found increased with the calcination temperature. Hence, it can be concluded that the effect of
calcination temperature on all the calculated parameters from the XRD data was clearly observed.
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SEM Analysis
The SEM micrographs of the nickel aluminate (NiA1,O.) spinel nanoparticles calcinated at 900, 1100 and 1300°C
are shown in Fig. 3. It is clearly observed that the size and shape of the grains were appeared as non-uniform flakes [30]
with several pores and voids. The calculated average grain size was found in the range 142.80 to 187.82 nm and the same
furnished in the Table 2. The grain size was found minimum for the sample calcinated at 700°C and it was found gradually
increased with the calcination temperature [31].
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Figure 3. SEM images of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

EDS Analysis
The Energy Dispersive X-ray Spectra of all the nickel aluminate (NiAl,O4) spinel nanoparticles are shown in Fig.

4. 1t was clearly observed that the presence of Ni, Al and O without any impurities and the atomic percentages are
furnished in Table 4.

Table 4. Elemental percentage of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

Calcination Temperature (°C) Element Atomic %
Ni 4.93
Al 8.05
700 o 25.44
C 61.58
Ni 14.23
900 Al 28.40
o 57.36
Ni 14.78
1100 Al 25.78
o 59.43
Ni 14.37
1300 Al 28.30
o 57.34

It was clearly noticed that the theoretical and experiential atomic percentages of nickel, aluminium and oxygen are
in close agreement in case of all the taken-up samples [32]. It was clearly observed that no impurities were traced in all
the samples except in the sample calcinated at 700°C as an impurity of carbon was found in a considerable quantity.
Further, it was also clearly noticed that there was no loss of any fundamental elements during the synthesis process.
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Figure 4. EDS spectra of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

FTIR Spectroscopy

Fourier transform infrared (FTIR) spectra of all the nickel aluminate (NiAl>O4) spinel nanoparticles are presented

in Fig. 5.
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Figure 5: FTIR patterns
nanoparticles calcinated at 700, 900, 1100 &

1300°C

of NiALO4

The FTIR spectra showed a categorization of absorption peaks in the
range of 300-4000 cm™ and the concerned frequencies are furnished in
Table 5. Based on the absorption peaks, the functional groups that are
existing were appraised for all the samples. The characteristic frequencies
in the range 499-730 ¢m! may be attributed to characteristic metal-
oxygen vibrations indicating the establishment of single phase
NiALO; [33]. The peaks observed in the frequency range 499-730 cm™!
can be assigned to Ni-O, Al-O, and Ni-O-Al bonds. The peaks observed
in the frequency range of 499.5-511.1 cm™ can be attributed to Al-O
stretching vibrations whereas the peaks observed in the frequency range
719.4-729.1 cm’! can be attributed to Ni-O stretching vibrations. The
peaks observed in the frequency range 1400-1413 cm! represent the
stretching vibrations in CH2 and CH3 [34]. The peaks observed in the
frequency range 1630-1632 cm™ can be assigned to the deformative
vibration of water molecules which would be most possibly due to water
absorption during the pressing of the powder samples with KBr. The
strong peak observed at the frequency 2349 cm™! originates from the mode
of CO,* ion. The presence of this CO, would be either because of the
presence of aerial CO, or may be due to the presence of CO; inside the
grains of powders [35]. The peaks observed in the frequency range 3441-
3143 cm’! denoted for the -OH stretching vibration of free hydrogen
bonded hydroxyl groups [32]. For the nanosized grains, the atomic

orientations along the boundaries very much differed from those of bulk crystals with regard to coordination number and
bond lengths and showed some extent of disorder [36, 37]. And it can be concluded that impurity phase was not detected
in FTIR spectra which agrees with the results attained by XRD.

Table 5. The Characteristic wavenumbers of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

Calcination vi V2 v3 V4 Vs V6
Temperature (°C) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
700 511.1 729.1 1413 1630 2349 3441
900 509.2 729.1 1400 1632 2349 3443
1100 501.5 725.3 - 1632 2349 3443
1300 499.5 719.4 - 1630 2349 3441
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UV-Visible Spectroscopy
Optical absorption properties of all the nickel aluminate (NiAl,O4) spinel nanoparticles were studied in the wavelength
region 200-800 nm at room temperature using UV-Visible spectroscope. Fig. 6 shows the UV-Visible absorbance spectra of
all the samples and observed two prominent absorption peaks in the wavelength range 230-360 nm and few peaks thereafter.
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Figure 6. UV-Vis patterns of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

The first peak can be assigned to the O — Ni?* charge transfer process while the second peak to the O> — Ni** charge
transfer [38]. The energy-level diagram for Ni** (3d7 configurations) in both octahedral and tetrahedral sites presents few
spin-allowed transitions. Regarding Ni?* in a tetrahedral site, it was detected a peak recognized to the [*A, (F) — “T; (P)]
transition at around ~ 426 nm (red region), 538 nm (green region), ~ 586 nm (yellow-orange region) and ~646 nm which
gives rise to the red coloration. These peaks can be accredited to a Jahn-Teller distortion of the tetrahedral structure [39, 40].
From the literature [41], the absorption peak at 540-650 nm can be attributed to the spin electronic transition *T1(F) —>T\(p)
assigned to tetrahedrally coordinated Ni?*, the peak at 630-800 nm was due to spin transition 3As,(F) — 3T14(F) assigned to
octahedrally coordinated Ni?" and the peaks at 230-360 nm and 360-540 nm can be assigned to the charge transfer.

The band gap can be determined by extrapolation to the energy axis of the linear plots of (athv)" as a function of the
photon energy (hv) as shown in Fig. 6 (Tauc plot). To determine the type of transition, we have used equation (2) which

is known as Tauc formula [42]:
2

Where, a is known as absorption coefficient, A is known as proportional constant, E, is known as optical band gap of the
material and exponent, n represents the nature of electronic transition (2 for a direct transition and 1/2 for an indirect
transition). The optical band gap (Eg) value for all the samples is calculated, found in the range 4.2129-4.3115eV and
furnished in Table 6.

Table 6. The band gap values of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300°C

(ahv)"" = A (hv — Ey).

Calcination Temperature Band gap (Eg)
O (V)
700 4.3115
900 4.2893
1100 4.2721
1300 4.2129
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It can be observed that the optical band gap was found minimum (E;=4.2129 eV) for the sample calcinated at 700°C,
further it was increased with calcination temperature and found maximum (E.= 4.3115 eV) for the sample calcinated at
1300°C. In the case of Rahman et al, the optical energy gap for the undoped ZnO and zinc aluminate spinel nanoparticles
were found 2.82 and 2.84 eV respectively [43] and they found that it is increased to 3.07 eV with aluminium concentration.
Suresh et al. found, the higher optical energy gap of 4.11 eV in case of zinc aluminate [44]. The increase in band gap is
due to formation of ZnAl,O4 spinel phase in ZnO-Al,O3 system and can be explained on the basis of the Burstein-Moss
effect [45]. The optical band gap of nickel aluminate spinel nanoparticles in the present work was observed in the range
4.6270-4.7330 eV. It can be understood that the Fermi level would move close to the conduction band when the carrier
concentration was increased, therefore the lower energy transitions were blocked and the optical band gap would be
increased. This was also found in good agreement to the quantum confinement effect of the nanoparticles [46].

CONCLUSIONS

1. The prepared nickel aluminate (NiAl,O4) nanoparticles were divided into four parts and calcinated at 700, 900, 1100
and 1300°C.

2. The X-Ray diffraction patterns authorize the establishment of single-phase cubic spinel structure with space group
Fd3m for all the samples except the sample calcinated at 700°C.

3. The average crystallite size and lattice parameter were found maximum in case of the sample calcinated at 700°C.
Both the parameters were found to be increased with the calcination temperature from 900 to 1300°C.

4. The average grain size was found increased with calcination temperature and it was found in the range of 142.80-
187.82 nm.

5. The average grain size was found in the range 142.80-187.37 nm whereas interplanar spacing was found in the range
0f 2.100-2.479 A. Both the parameters were found to be increased with calcination temperature.

6. The two absorption peaks related to octahedral and tetrahedral sites, in the range 499.5-511.1 and 719.4-729.1 cm™!
which confirmed the spinel cubic crystal structure and in good agreement with XRD results.

7.  The value of optical band gap (E,) was found in the range 4.2129-4.3115eV, and the band gap was increased with
the calcinated temperature.

Acknowledgements
The authors expressed their thankfulness to the Principal, INTUH University College of Engineering Rajanna Sircilla and the
Principal, Government Degree College Rajendranagar, for their constant encouragement and support in carrying out this research work.

ORCID

Katrapally Vijaya Kumar, https://orcid.org/0000-0001-6160-8632
Sara Durga Bhavani, https://orcid.org/0000-0001-9854-0061

REFERENCES

[11 Z. Yin, C. Huang, B. Zou, H. Liu, H. Zhu, and J. Wang, Ceramic International, 40(2), 2809 (2014).
https://doi.org/10.1016/j.ceramint.2013.10.033

[2] J.B. Wachtman, Mechanical Properties of Ceramics, (Wiley, New York, 1996)

[3] K. Konopka, M. Maj, and K.J. Kurzydtowski, Mater. Charact. 51, 335 (2003). https://doi.org/10.1016/j.matchar.2004.02.002

[4] C.C. Huang, C.C. Mo, T.H. Hsiao, G.M. Chen, S.H. Lu, Y.H. Tai, H.H. Hsu, et al., Results in Materials, 8, 100150 (2020).
https://doi.org/10.1016/j.rinma.2020.100150

[5] D.C.Kim, and S.K. Ihm, Env. Sci. Tech. 35(1), 222 (2001). https://doi.org/10.1021/es001098k

[6] C.Chaves, S.J.G. Lima, R.C.M.U. Araujo, M.A. Maurera, E. Longo, P.S. Pizani, L.G.P. Simdes, ef al., J. Solid-State Chem. 179,
985 (2006). https://doi.org/10.1016/j.jssc.2005.12.018

[71 K. Ahn, B.W. Wessels, and S. Sampath, Sensor Actuators B, 107(1), 342 (2005). https://doi.org/10.1016/j.snb.2004.10.020

[8] P. Lavela, J.L. Tirado, and C.V. Abarca, Electrochimica Acta, 52(28), 7986 (2007).
https://doi.org/10.1016/j.electacta.2007.06.066

[9] Y. Fan, X. Lu, H. Zhang, L. Zhao, J. Chen, and C. Sun, Environ. Sci. Technol. 44(8), 3079 (2010).
https://doi.org/10.1021/es9031437

[10] S. Chen, Y. Wu, P. Cui, W. Chu, X. Chen, and Z. Wu, J. Phys. Chem. C, 117(47), 25019 (2013).
https://doi.org/10.1021/jp404984y

[11] J. Ma, B. Zhao, H. Xiang, F.Z. Dai, Y. Liu, R. Zhang, and Y. Zhou, J. Adv. Cer. 11, 754 (2022). https://doi.org/10.1007/s40145-
022-0569-3

[12] S.Pokhrel, B. Jeyaraj, and K.S. Nagaraja, Mater. Lettrs. 57(22-23), 3543 (2003). https://doi.org/10.1016/S0167-577X(03)00122-8

[13] C. Peng, and L. Gao, J. Amer. Cer. Soc. 91(7), 2388 (2008). https://doi.org/10.1111/j.1551-2916.2008.02417.x

[14] R.J. Harrison, and A. Putnis, Surv. in Geophys. 19, 461 (1998). https://doi.org/10.1023/A:1006535023784

[15] Z.V. Marinkovic, L. Mancic, P. Vulic, and O. Milosevic, J. Euro. Cer. Soc. 25, 2081 (2005).
https://doi.org/10.1016/j.jeurceramsoc.2005.03.085

[16] Yunasfi, A. Mulyawan, Mashadi, D.S. Winatapura, and A.A. Wisnu, Applied Phys. A, 127, 763 (2021).
https://doi.org/10.1007/s00339-021-04907-w

[17] X. Niu, W. Du, and W. Du, Sensor Actuators B, 99, 405 (2004). https://doi.org/10.1016/j.snb.2003.12.007

[18] C. Jagadeeshwaran, and R. Murugaraj, J. Supercondu. and Novel Magn. 33, 1765 (2020). https://doi.org/10.1007/s10948-020-
05427-z



362
EEJP. 3 (2023) Katrapally Vijaya Kumar, et al.

[19] K.R. Krishna, K.V. Kumar, and D. Ravinder, Adv. in Mater. Phys. and Chem. 2(3), 185 (2012).
http://dx.doi.org/10.4236/ampc.2012.23028

[20] K.V.Kumar, and C.H.S. Chakra, Asian J. of Phys. and Chem. Sci. 2(2), 1 (2017). https://doi.org/10.9734/AJOPACS/2017/34683

[21] K. Vijaya Kumar, R. Sridhar, D. Ravinder, Int. J. of Nanopart. Res., 2(6), 1 (2018). https://escipub.com/Articles/IJIONR/IJNR-
2018-01-0302

[22] L.J. Berchmans, R.K. Selvan, and C.0. Augustin, Mater. Lettrs. 58(12), 1928 (2004).
https://doi.org/10.1016/j.matlet.2003.12.008

[23] Z. Yue, J. Zhou, L. Li, X. Wang, and Z. Gui, Mater. Sci. and Eng. B, 86(1), 64 (2001). https://doi.org/10.1016/S0921-
5107(01)00660-2

[24] N.M. Deraz, Int. J. Electrochem. Sci. 8, 5203 (2013). http://electrochemsci.org/papers/vol8/80405203.pdf

[25] A. Yamakawa, M. Hashiba, and Y. Nurishi, J. Mater. Sci. 24, 1491 (1989). https://doi.org/10.1007/BF02397091

[26] N.M. Deraz, Ceramic International, 38, 511 (2012). https://doi.org/10.1016/j.ceramint.2011.07.036

[27] N.M. Deraz, Int. J. Electrochem. Sci. 7, 4596 (2012). http://www.electrochemsci.org/papers/vol7/7054596.pdf

[28] A. Becheri, M. Durr, P. Lo Nostro, and P. Baglioni, J. Nanopart. Res. 10, 679 (2008). https://doi.org/10.1007/s11051-007-9318-

3

[29] J. Jacob, and M.A. Khadar, J. Appl. Phys. 107(11), 114310 (2010). https://doi.org/10.1063/1.3429202

[30] Y.B. Kannan, R. Saravanan, N. Srinivasan, and [. Ismail, J. Magn. and Magn. Mat. 423, 217 (2017).
https://doi.org/10.1016/j.jmmm.2016.09.038

[31] D. Venkatesh, K.V. Ramesh, and C.V.S.S. Sastry, AIP Conference Proceedings, 1859, 020035 (2017).
https://doi.org/10.1063/1.4990188

[32] F. Meyer, R. Hempelmann, S. Mathurband, and M. Veith, J. Mater. Chem. 9, 1755 (1999). https://doi.org/10.1039/A900014C

[33] Giedré Nenartaviciené, Darius Jasaitis, and Aivaras Kareiva, Acta Chim. Slov. 51, 661 (2004). https://acta-arhiv.chem-
soc.si/51/51-4-661.pdf

[34] M. Chroma, J. Pinkas, I. Pakutinskiene, A. Beganskiene, and A. Kareiva, Ceramic International, 31(8), 1123 (2005).
https://doi.org/10.1016/j.ceramint.2004.11.012

[35] J.J. Vijaya, L.J. Kennedy, G. Sekaran, and K.S. Nagaraja, Materials Research Bulletin, 43, 473 (2008).
https://doi.org/10.1016/j.materresbull.2007.02.030

[36] S. Angappan, L.J. Bechermans, and C.O. Augustin, Mater. Lett. 58, 2283 (2004). https://doi.org/10.1016/j.matlet.2004.01.033

[37] Z. Chen, E. Shi, W. Li, Y. Zheng, N. Wu, and W. Zhong, J. Am. Ceram. Soc. 85, 2949 (2002). https://doi.org/10.1111/j.1151-
2916.2002.tb00561.x

[38] M. Llusar, A. Forés, J.A. Badenes, J. Calbo, M.A. Tena, and G. Monrés, J. Eur. Ceram. Soc. 21(8), 1121 (2001).
https://doi.org/10.1016/S0955-2219(00)00295-8

[39] A.A. Verberckmoes, B.M. Weckhuysen, and R.A. Schoonheydt, Micropor. Mesopor. Mater. 22(1-3), 165 (1998).
https://doi.org/10.1016/S1387-1811(98)00091-2

[40] F. Matteucci, G. Cruciani, M. Dondi, G. Gasparotto, and D.M. Tobaldi, J. Solid State Chem. 180(11), 3196 (2007).
https://doi.org/10.1016/j.jssc.2007.08.029

[41] P. Jeevanandam, Yu. Koltypin, and A. Gedanken, Mater. Sci. Eng. B, 90(1-2), 125 (2002). https://doi.org/10.1016/S0921-
5107(01)00928-X

[42] M. Jestl, I. Maran, A. Kéck, W. Beinsting, and E. Gornik, Opt. Lett. 14(14), 719 (1989). https://doi.org/10.1364/0OL.14.000719

[43] A. Rahman, M.S. Charoo, and R. Jayaganthan, Materials Technology Adv. Perf. Mater. 30(3), 1 (2015).
https://doi.org/10.1179/1753555714Y.0000000211

[44] S.K. Sampath, D.G. Kanhere, and R. Pandey, J. Phys. Condens. Matter, 11, 3635 (1999). https://doi.org/10.1088/0953-
8984/11/18/301

[45] S. Suwanboon, T. Ratana, and T. Ratana, J. Sci. Technol. 4(1), 111 (2007).
https://wjst.wu.ac.th/index.php/wjst/article/view/129/111

[46] T. Takagahara, and K. Takeda, Phys. Rev. B, 46 15578 (1992). https://doi.org/10.1103/PhysRevB.46.15578

BILJINB TEMITEPATYPH KAJIBITMHAIIIE HA CTPYKTYPHI TA OIITUYHI BJIACTUBOCTI HAHOYACTHHOK
AJIIOMIHATY HIKEJIIO
Karpanauxi Bigzkas Kymap?, Capa dypra Bxasaui®
“Kageopa izuxu, Inocenepnuii koneorc ynisepcumemy JNTUH Rajanna Sircilla,
Aepaxapam, paiion Padocanna Cipuinaa, 505302, TS, Inois
”Ka(ﬁedpa ximii, Jlepotcasnuii koneoorc, Paoawcenopa Haeap, Xaiioapabao, 500001, TS, Inois

Hanowactuaku amominaty Hikemio (NiAl2O4) cHHTE30BaHO 307b-T€NIb METOJOM 3 aBTOCHATIOBAHHAM. [liIrOTOBICHI HAHOYACTHHKHI
OyJH po3fiieHi Ha YOTUPH YacTHHU Ta mpoxkaperi mpu 700, 900, 1100 1 1300°C i BuxopucTaHi ISl HEOTO TOCHIIKEHHS. 3aXOIUIeH]
HAHOYACTHHKH OyJIH OXapaKTepH30BaHI 3a JIONMOMOTOI0 ITOPOIIKOBOI peHTreHiBchkoi mudpakuii (XRD), ckaHyrouoi exekTpoHHOT
Mmikpockornii (SEM), eneprernunoi aucnepciinoi pentreHiBebkoi criekrpockorii (EDS), neperBopenns @yp’e ta indpauepronoi (FT-
IR) cniexrpockomii Ta ciekrpockomnii UV-Vis. PeHTreHiBChbKi 1udpakTorpaMu MiATBEPAMIN CTPYKTYPY LIITiHENI Ta IPOCTOPOBY IPYILY
Fd3m. ®opmyna lleppepa Oysia BUKOpHCTaHa AJsS PO3PaxyHKY po3Mipy KPHCTANITIB i OyJ10 3HaiIeHO po3Mip B Aiana3oHi Big 5,78 1o
20,55 HM, Tofi SIK MapaMeTp pelriTku OyB 3HaiineHuii B miamasowi Bix 8,039 mo 8,342 A. Cepenwiii posmip 3epHa 3HaXonUBCA B
nianasowi Bix 142,80 mo 187,37 HM, ToAi AK MKIUIOIMHEKI BiACTaHb 3HAXOAMBCA B AiamasoHi Bix 2,100 mo 2,479 A. Crexrpockormis
FTIR nokasajia IicTs CMyT HOMJIMHAHHA B Aianaszoni Bix 400 1o 3450 cm™! i migrepauna crpykrypy mminen. Illupuna 3a60poHeHOT
3onu (Eg) 3MeHIIyBanacs 3 TeMeparyporo npoapioBaHHs i 3HaxoxuiIacs B gianasoni 4,2129 - 4,3115 eB.
KonrouoBi cioBa: nanouacmunxu antominamy Hikenio;, mMemoo 301b-2elb A8MO32OPAHHA, MeMNepamypa npodiCaplOaHHs,; pPO3MIp
Kpucmanimy, posmip zepen,; eremenmuuil ananiz; [4 ma Y@-euouma cnexkmpockonis
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The paper studies the properties of surface and near-surface region of a single crystalline silicon sample doped with atoms of Ga (A™™)
and Sb (BY). n-type single-crystal Si wafers were chosen as substrates, and samples were size of 8x10x0.5 mm?. For diffusion into
silicon, Ga and Sb impurities were used with a purity of 99.999 and 99.998, respectively. The authors propose that a new heterostructure
might form in the near-surface region of silicon that could be engineered by applying a relatively cheap diffusion method. The
experimental and analysis results show that the composition and absorption spectrum of silicon start manifest certain changes, and can
be used in the future as a functional material for solar cells. The result showed that randomly located islands with an average diameter
of 1-15 um are formed on the substrate surface. X-ray diffraction analysis was carried out using a Rigaku diffractometer to study the
crystallographic parameters of islands formed with the participation of Ga and Sb atoms on the silicon surface. The energy spectrum
was studied on Nanofinder High End Raman spectrometer (LOTIS TII) in order to determine the presence of complexes of Ga and Sb
atoms within islands formed as a result of diffusion. The optical emission spectra in the new structure were studied using a Lambda
950 spectrophotometer. The measurements were carried out at room temperature, i.e., at 300°K. Having studied the results of X-ray
analysis, Raman spectroscopy, and optical spectroscopy, the authors have revealed that Ga and Sb atoms form new Sio.44(GaSb)o.s6 and
Si0.75(GaSb)o.2s-type binary compounds on Si surface.

Keywords: Silicon, Gallium; Antimony; Doping; Diffusion; Microsized islands

PACS: 61.72.uf, 68.43.Jk

1. INTRODUCTION

It is well known that silicon tends to be the main semiconductor material most commonly used in the field of electronics.
Despite a number of advantages such as the abundance of silicon raw material on earth, the availability of a standard
production technology, nevertheless, the main parameters of silicon, such as the band gap, charge carrier mobility, energy
band structure, cannot meet the requirements of the current rapidly developing field of electronics [1-3]. Therefore, today it
is of certain scientific and practical importance to study the effect of binary compounds on the crystal lattice, leading to a
substantial alteration in the properties of silicon [4-5]. GaSb layers were obtained on various substrates by the authors [6-7]
using the modern technique of molecular beam epitaxy, while their properties were studied by X-ray diffraction analysis [8],
Raman spectroscopy [9], transmission electron microscopy (TEM) [10-11]. The possibilities of manufacturing high-
precision electronic devices [ 12—14] and manufacturing infrared sensors [15—16] are shown. Previously unknown nanoscale
effects have been discovered in GaSb-based structures [17—19], where layers are limited across one, two, or even three
dimensions. However, the modern method of molecular beam epitaxy, which is currently used to obtain nanosized structures,
requires the availability of expensive equipment and complex technological processes [20].

While growing thin layers, the quality of crystallization strongly depends on the crystallographic parameters of the
base material, which means that the lattice constants of the substrate and growing crystals should be close to each
other [21]. An analysis of the literature shows that, in most cases, the degree of interaction between the resulting GaSb
layer and the substrate was not taken into account [22—24]. In this paper, we demonstrate that diffusion technology can
be used to form thin layers of GaSb transferred onto a Si substrate, and the parameters of the obtained samples are given
(Si and GaSb ~12% lattice mismatch).

2. MATERIALS AND METHODS
A Czochralski-grown n-type single-crystal Si wafer was chosen as the substrate, and several samples were made for
further cutting using a Machine STX-402 (diamond wire cutting machine STX-402) brand. Samples were cut out with a
size of 8x10x0.5 mm?. For diffusion into silicon, Ga and Sb impurities were used with a purity of 99.999 and 99.998,
respectively.
Before diffusion, the substrate surface was subjected to standard cleaning and degreasing with HF-acid at
1-2 minutes intervals. The diffusion process was carried out inside AOT-GLS-1750X-type Vacuum Tube Furnace for
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Laboratory Material Burning. The diffusion process lasted for 5 hours and started from room temperature (30°C) up to
1200°C, then it was carried out in a gas-phase medium of impurity atoms at this temperature. The image of the silicon
surface after diffusion was obtained using a DJ-SEM-type 150D-ST scanning electron microscope.

The result showed that randomly located islands with an average diameter of 1-15 pm are formed on the substrate
surface. X-ray diffraction analysis was carried out using a Rigaku diffractometer to study the crystallographic parameters
of islands formed with the participation of Ga and Sb atoms on the silicon surface. The energy spectrum was studied on
Nanofinder High End Raman spectrometer (LOTIS TII) in order to determine the presence of complexes of Ga and Sb
atoms within islands formed as a result of diffusion. The optical emission spectra in the new structure were studied using
a Lambda 950 spectrophotometer. The measurements were carried out at room temperature, i.e., at 300°K.

um
10 vy ll.0K High Vacuum BSE sP

Figure 1. SEM image of the surface of Si doped with Ga and Sb

3. RESULTS AND DISCUSSION
3.1. XRD analysis
The Figure 2 illustrates the comparative analysis of X-ray diffraction data of Si sample in which Ga and Sb atoms
were diffusely embedded and the values extracted from COD crystallographic open database. The spectrogram of X-rays
reflected from the surface of a silicon sample after diffusion shows 17 main peaks (Fig. 2-a). To identify the resulting
peaks, the lines were superimposed corresponding to 2 theta angles (Fig. 2-b, ¢) from the International Open
Crystallographic Database for GaSb and Si materials.

10°
a 12 doped Si sample
107!
10?2
10°
10+
= GaSb (No.: 96-900-8848)
< b . 10
2 S g
. ~ 3
s =l o _ - g 10
s =S S o g = I = 3 =
§ = - w | @ 10
=
N 100 - 10
Si (No.: 96-901-1999)
10| ¢
: =] —
102 - S a gl ©
107
10

20 30 40 50 60 70 80 90 100
2 theta, degree

Figure 2. X-ray pattern: a — Si sample doped with Ga and Sb atoms; b and ¢ — GaSb and Si semiconductor crystal databases from
the COD (Crystallography Open Database) No: 96-900-8848 and No: 96-901-1999 respectively
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One can judge that GaSb form on Si surface that is reflected by revealing peaks 25.25, 29.35, 41.89, 49.58, 60.78,
66.05, 67.5, 76.55, 82.25, 91.32, 96.82, 98.71, corresponding to crystallographic directions (111), (020), (202), (311),
(040), (313), (402), (242), (511), (404), (513), (060). In the general spectrum in Figure 2-a, of course, there are peaks
56.23, 69.41, 76.55, related to Si, corresponding to crystallographic planes (131), (040), (313). Peak analysis showed that
there were peaks No. 2, No. 9, which do not belong to either GaSb or Si. It's known that lattice constants of GaSb and Si
are a=6,09 A, a=5,34 A respectively [25-26].

The peaks of GaSb (242) in Figure 2-b and Si (313) in Figure 2-c overlap. The authors of [27] indicate that peak
No.4 belongs to Si (020). But since the No.2 and No.9 peaks are located between the GaSb 2 theta=25.25 (111) and Si 2
theta=28.45 (111) and GaSb 2 theta = 60.51 (040) and Si 2 theta = 69.25 (040) peaks, respectively, we can assume that
that the detected peaks No.2 (111) and peak No.9 (040) probably belong to the new Si,;..GaSb, structure. Using these
results, the lattice constant (a) and diffraction lattice constant (dn) of the GaSb binary compound formed on Si and its
surface were calculated using the following expressions 1 and 2, respectively (Table 1)

a=d, N+ +1 . (1)
A

dy =—"—,
"2 sing

2

where 0 is Bragg’s angle and A=0.15402 nm (wavelength of Cu - Ka).

Table 1. Values of the lattice constant and diffraction lattice constant of new crystals formed in the sample, calculated based on the
experimental results.

Crystal Peak No. 2 theta h| k|1 dw,/o; aw,,ﬁ’\
1 25.25 1111 3.52 6.10
3 2035 |0 |20 3.04 6.08
5 418 | 202 2.15 6.09
6 4958 | 3|1 |1 1.84 6.09
8 60.78 | 0] 4]0 1.52 6.09
10 6605 | 313 1.41 6.16

GaSb 11 67.5 41012 1.39 6.19
13 7655 | 2|42 124 6.09
14 8225 |5]1]1 1.17 6.08
15 9132 | 4|04 1.08 6.09
16 9.8 |5]1]3 1.03 6.09
17 98.71 0|60 1.01 6.09
4 3321 0210 2.69 539
S 7 56.23 1131 1.63 5.42
12 69.41 0l4]o0 1.35 541
13 7655 | 3|13 1.24 5.42
Si,_.(Gasb) 2 27.19 111 3.28 5.67
- ; 9 6155 | 0]4]0 1.50 6.02

3.2. Analysis of Raman spectroscopy

Raman spectrometry is the most useful method available for studying lattice vibrations and their interactions with other
excitations. Changes after implantation of type III-V semiconductors with ions were considered based on the study of Raman spectra
[28-30]. When Raman spectra are obtained at room temperature while samples were exposed to Ar laser with a wavelength of 5145 A,
the light penetration depth happened to be 1000 A [28-30]. Therefore, it is possible to estimate the properties of the near-surface
structure using the Raman spectrometry analysis [28-30]. Given that the Ga and Sb atoms in silicon are located at the sites of the crystal
lattice [28-30], we can expect changes in lattice vibrations. Detecting such changes by studying the Raman spectra is of both scientific
and practical importance. Therefore, during the study of Si samples doped with Ga and Sb atoms, the Raman spectrum was obtained
at 3 different points depending on the areas on the image of the sample surface (Fig. 3).

Figures 3-b, d, f represents an image of the surface of the sample, and also show the areas where laser light with a
wavelength of 532 nm and a power of 20 MW is incident. As seen in the pictures, the main surface is gray with white
islands and black closed-type curves. These three regions, which differ from each other, were chosen for exposer to laser
beam. A graphical representation of each selected point of the Raman spectrum is shown in Figures 3-4, c, e, respectively.
Analysis of the Raman spectrum obtained in the main gray area in Figure 3-a showed the presence of one peak at 519 cm,
the intensity of which was very high (intensity = 15000 a.u.). The fact that this peak belongs to Si has been confirmed in
literature [30]. However, figure 3-c shows the spectrum obtained at one of the points on the surface of the white island.
As can be seen from the figure, one peak was found in the spectrum at 225 cm! (intensity = 7000 a.u.), and it turned out
that this peak belongs to GaSb (LO) crystal. Figure 3-e shows the spectrum obtained above the black line, in this case
2 completely different peaks were obtained. When comparing the peak values with the data given in the literature, it was
found that the peak at 222.1 cm™! refers to GaSb, and the peak at 519 cm™ to Si. From the latest results obtained, we can
assume that the region with a black closed curve is a crystal with the composition Si(GaSb).
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Figure 3. Raman spectrum and image of Si sample surface doped with Ga and Sb impurity atoms

3.3. Spectroscopic analysis
It is known that the band gap of GaSb binary compound and Si semiconductor material is E;=0.726 eV,
1.12 eV (at T=300 K), respectively. The band gap of semiconductors with complex compounds can theoretically be

calculated using Vegard's law (expression 7)

=(1—x)‘Eg,A+x'Eg)B (7)

gsA(lfx)Bx
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Where E, , is the band gap of material 4, E, ;is the band gap of material B, E, Ao, is the band gap of the

compound material, x is the fraction of the material. Using expression 7, the band gap of the Si(;.,(GaSb), compound was
calculated. The results of the study showed that the band gap of Si(.,(GaSb), compound can be in the range of
0.726+1.12 eV.

A Si sample doped with Ga and Sb atoms was characterized by light reflection using a Perkin-Elmer Lambda 950-
type UV-visible spectrophotometer, available at the laboratory of the Solar Energy Institute at EGE University (Fig. 5).
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Figure 5. Reflective characteristic of a Si sample doped with Ga and Sb atoms

The Figure 5 shows the energies E;=0.72 eV, E;=0.896 eV and E;=1.02 eV. The energy E, is the band gap of the
GaSb semiconductor material, E, and E; are the band gap values of the material with Si(;..,(GaSb), compounds. Having
determined the ratio of Si and GaSb using the inverse calculation of Vegard's law (formula 7) and taking into consideration
that E»=0.892 eV is the band gap Eg of the material Si(;.(GaSb)., we calculate it in GFA as follows.

Eg,sl'(,_,‘,(cas;;)K = (1 - x) : Eg,Si +Xx- Eg,GaSb

if we substitute the energy values Es, Egsi, Eggasp into this equation, we get the following linear equation with one
unknown

0.896=(1-x)-1.12+x-0.726

This equation shows that x = 0.56. Thus, we can say that E, corresponds to energy of Sig44(GaSb)o s¢ newly formed
structure. Similarly, E; corresponds to the energy of Si75(GaSb)g s structure.

3.4. Discussion

In times of diffusion of more than one type of impurity element atoms into silicon, under certain thermodynamic
conditions, the formation of complex compounds can theoretically be predicted. In this work, to study diffusion into
silicon of elements with similar diffusion parameters, solubility, and diffusion coefficient, such as Ga and Sb, were chosen
as impurities. In addition, GaSb itself is a semiconductor material, the crystal parameters of which are fundamentally
different from those of Si. Its cost is 1.5 times greater than the cost of Si. The formation of GaSb crystals on the silicon
surface by diffusion of atoms of the elements Ga and Sb in Si without the use of a priori GaSb material was confirmed
by X-ray diffraction analysis.

The results of the experiments revealed the formation of a new type of crystal, consisting not only of GaSb crystals,
but also of components of Si and GaSb crystals. This is of great scientific and practical importance, since a new Si-based
material can be obtained by simple diffusion process. It can be assumed that the properties of the material might reflect
new previously unknown properties of Si and GaSb semiconductor materials. The graph of the comparative XRD and
Raman spectra shows the formation of a new peak. Based on the calculation results, we assumed that the newly formed
compound contains SiGaSb, and its lattice constant was equal to 5.67 A and 6.02 A. The properties of the new crystal
further expand the scope of Si, differing from the fundamental parameters of Si. Based on the results obtained, it can be
concluded that Si can also be widely used in optoelectronics.
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4. CONCLUSION
The formation of a new Si44(GaSb)o.ss and Sig75(GaSb)o2s -type crystal structures on the surface of a Si sample doped by

the diffusion method with impurity Ga and Sb atoms, was confirmed using three modern spectroscopic methods: X-ray phase
analysis, Raman spectroscopy, and UV-VIS-NIR spectroscopy. The results of the experiments showed that a new crystal
structure containing GaSb on the Si surface can be formed using an inexpensive and widely used diffusion doping technology.
The crystallographic parameters of the new crystal were presented for the first time on the basis of experimental results.
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AHAJII3 PEHTTEHOBCBHKOI TU®PAKIIIi TA PAMAHIBChbKA CIIEKTPOCKOIIIS IOBEPXHI Si, 3SBATAYEHOI
GaSb, COPMOBAHOI IIJISIXOM 3ACTOCYBAHHSI METOAY JU®Y3IMHOIO JET'YBAHHS
Xaamypar M. Liies?, Boaoaumup B. Omxkacs®, Cobip B. Icamor?, Bo6ip O. Icakos?, Baiipam6aii K. Icmaiiios?,

KyTty6 C. Aonos?, lllaxzondek I. Xampokysos?, Capsino3 O. Xacan6aesa®
“Tawkenmcovkutl OeporcasHuti mexHiunuil yHisepcumem, Y3oexucman, 100095, m. Tawkenm, 8yn. Yuisepcumemcoia, 2.
bBinopycvxuii depocasnuii ynisepcumem, 4220030 Mincox, Pecnybnixa Binopych
JlocTipkeHO BIIACTHBOCTI TIOBEPXHEBOI Ta IMIPUIIOBEPXHEBOI 00J1acTi 3pa3ka MOHOKPHCTAIIYHOTO KPEMHIO, JleroBaHoro aromamu Ga
(AIII) ta Sb (BV). Sk migxnanku Oyinu 0OpaHi IIACTHHA MOHOKPUCTAIIYHOIO KPEMHIKO N-THITY, po3Mip 3paskis 8x10x0,5 mm>. [lis
mugysii B KpeMHil BuKopuctoByBanu gomimku Ga i Sb 3 uucrororo 99,999 i 99,998 BinnosizHO. ABTOpH NPHIYCKalOTh, IO HOBA
TeTepOCTPYKTypa MOXKE YTBOPUTHUCS B IPHIIOBEpXHEBiH 001acTi KPEMHIIO, Ky MOXKHA CTBOPUTH IUISIXOM 3aCTOCYBAaHHS BiHOCHO
JenieBoro Metony Andysii. Pesynbrat ekcrniepuMeHTy Ta aHaizy NOKa3ykTb, O CKJIA[ i CIIEKTP MOTJIMHAHHS KPEMHII0 Ha MOYaTKy
3a3HAIOTh MEBHHUX 3MiH 1 MOXYTh BHKOPHCTOBYBATHCS B MalOyTHbOMY 5K ()YHKIIOHAIBHHI Marepiai AJisi COHSYHHX eJIEMEHTIB.
Pesynprar mokasas, 1[0 Ha MOBEPXHi MiIKIAJKH YTBOPIOIOTHCS XaOTHYHO PO3TAILOBaHi OCTPIBLI i3 cepepHiM miameTpoM 1-15 MKM.
PentrenoctpykrypHuii anani3 npoBoawiu Ha audppakromeTpi Rigaku mmst gocmimkeHHs KprcTanorpagiuHix mapamMeTpiB OCTPIBIIB,
YTBOpEHHX 3a y4acTio aTomiB Ga Ta Sb Ha moBepxHi kpeMHit0. EHepreTnuHuii ciekTp AocmiKyBanu Ha criekTpoMetpi Nanofinder
High End Raman (LOTIS TII) 3 MeToio Bu3Ha4eHHsI HAasBHOCTI KOMIUIEKCiB aroMmiB Ga i Sb B OCTpIiBIX, YTBOPEHUX B PE3YNbTATI
mugy3ii. CekTpy ONTHIHOI eMicii B HOBil CTpyKTypi HocmimKyBaimcs Ha criektpodoromerpi Lambda 950. BumiproBanHs nmpoBoamn
Ipy KiMHaTHIH Temnepatypi, 300°K. BuBunBIIm pe3ynbTaTi peHTI€HIBCHKOT0O aHai3y, CIIEKTPOCKOIIii KOMOIHAIIHHOTO PO3CilOBaHHS
Ta ONTHYHOI CIIEKTPOCKOMIil, BUsBHIICHO, 10 aromu Ga Ta Sb yTBOPIOIOTH HOBI OiHapHi crmomyku Thmy Sios4(GaSb)oss Ta

Sio,75(GaSb)o.2s Ha moBepxHi Si.
KuarouoBi cinoBa: kpemmniil, eaniii, cypma,; ne2y8anist; Oughysis,; MiKpoocmposu
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Nanocrystalline Lao.7Sr0.15Ca0.1sMnO3 (LSCMO) manganites were prepared by the combustion process and heated to various annealing
temperatures (Ta) to get various sized crystallites. The X-ray diffraction (XRD) patterns provided evidence that a Rhombohedral
structure with space group R3c was formed. Additionally, an increase in the size of the crystallites was observed, from 15.64 to
36.78nm, as the temperature (Ta) increased from 700°C to 1300°C. The FESEM micrographs revealed that homogeneous with porosity.
The FTIR spectra showed five absorption peaks. The Optical energy gap of LSCMO nanocrystalline is decreased from 3.51 to 3.28 eV
as annealed temperature raised, reveals that the LSCMO nanoparticles are semiconductor in nature. Room temperature Raman spectra
of LSCMO nanoparticles demonstrate a notable reliance on annealing temperature. When the Raman modes were analysed with respect
to Ta, it was observed that the Raman vibrational phonon mode below 200cm™ (A1g) and four modes (E;) in the range 200-800cm’!
displayed significant displacements and widening, which were associated with oxygen sublattice distortion. Considerable changes were
observed in both the intensity and full width half maximum (FWHM) of the five Raman modes as the annealing temperature increased.
Magnetic behaviour using M-H loop at room temperature were measured by the Vibrating sample magnetometer revealed that gradation
of saturation magnetization as the function of annealing temperature. Hence there is a remarkable crystallite size effect on optical and
magnetic properties of LSCMO nanocrystallites.

Keywords: Crystallite size; Optical band gap; FTIR spectra; M-H loop; Raman vibrational phonons

PACS: 61.46. +w; 75.50. Gg; 7840.-q; 78.30.-j

INTRODUCTION

Colossal magnetoresistance (CMR) materials are a highly important research topic in the scientific field due to their
exceptional properties in terms of structure, optical, and magnetism when compared to ordinary magnetic materials. These
materials have a wide range of applications, including magnetic recording, flash memory technologies, hyperthermia,
bioimaging, biosensor applications, and designing of semiconductor devices. Additionally, they can be utilized to create
cooling systems that are highly efficient in terms of cooling while being environmentally friendly, producing minimal
noise, and emitting no greenhouse gases [1,2].

Lanthanum doped perovskite manganite oxides with divalent alkaline earth ion substitution display interesting
properties such as drastically change of electrical resistance with the magnetic field response, which is called as colossal
magnetoresistance (CMR) and metal to insulating behaviour [3-7]. Substituting a divalent ion into La sites causes Mn™
ions to transform into Mn*, resulting in magnetic exchange (Double Exchange) arises between Mn"> and Mn™ ions
having in different oxidation states with electronic configurations of (3d*, t5.7e!s 1, S=2) and (3d3, t*5,1e% 1, S=3/2)
respectively. The double exchange consequences the materials, whether they are ferromagnetic, antiferromagnetic or
shows spiral magnetism. The magnetic properties of perovskite manganites are significantly influenced by the
Mn+3/Mn+4 ratio, Mn-O bond length, and Mn-O-Mn bond angles, as they impact the double exchange interaction [8].
This behaviour can be altered through the introduction of suitable ions at A and B sites, resulting in a significant change
in the characteristic behaviour of these manganites [9-14]. The method of preparation, magnitude, orientation of the unit
cell, dopant, etc., all have an impact on the structural features of manganites. [15-17]. Manganite’s transport and magnetic
properties are affected by their crystalline size [18,19]. The size of the grains can be impacted by the annealing
temperature, hence raising the Ta should result in the growth of the grains. [20,21]. The MI transition in La;«SryMnOs3
can be attributed to the double exchange (DE) interaction, which explains the high bandwidth [22,25]. Similarly, the DE
mechanism explains the small bandwidth of Metal Insulator transition and colossal magneto-resistance effect in La;_.Cay
MnO3[26,27]. Perovskite-type manganites doped with lanthanum are fascinating materials with unique characteristics
that make them highly sought after. To gain a thorough understanding of the complex properties of rare-earth manganites,
it is essential to examine the interrelationship between their structural, optical, and magnetic properties. As electronic
devices become increasingly integrated and miniaturized, these perovskite manganites are being produced at the nanoscale
level. In recent years, research on perovskite manganites with nanoscale particle sizes has expanded significantly, driven
by their intriguing properties, such as a significant ratio between surface area and volume and surface effects. Different
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optical and magnetic properties are obtained by combining La;«Sr,MnO3 with La;x CaxMnQOj in the appropriate ratio.
Calcium doped Strontium — Lanthanum manganite exhibit remarkable properties as a high magnetocaloric material among
divalent ions [28]. Raman spectroscopy is a widely recognized method that employs vibrational state data to offer insights
into the chemical and structural properties of various compounds. The Raman spectra of La0.7Ca0.15Sr0.15MnO3 can
provide insight into its vibrational modes, which are related to the material's structure and properties. The spectra would
display peaks at different wavenumbers corresponding to the different vibrational modes of the material. Compared to
bulk materials, nanoscale manganites exhibit novel characteristics that vary with particle size. Among several
investigations using La;«SrxMnOs3 and La;.x CaxMnOj; only a handful had revealed coexisting Ca and Sr systems.

In this study, the combustion preparation method was employed to create La0.7Sr0.15Ca0.15Mn0O3 (LSCMO)
nanoparticles due to its affordability, convenience, and ability to produce nanocrystals at modest annealing temperatures.
Additionally, this method enables the production of LSCMO nanoparticles in large quantities, down to a few tenths of a
gram. Various analytical tools were utilized to examine the structural, optical, and magnetic properties of the LSCMO
nanoparticles, and the results showed that these nanocrystals exhibited typical properties.

EXPERIMENTAL

We prepared Lags Srg5CapsMnO; (LSCMO) nanocrystallites using high-purity nitrate precursors of
La(NO3)3.6H20, Sr(NO3),,Ca(NO3),.4H>0 and Mn(NOs),.4H,0.The nitrate compounds were dissolved in de-ionised
water based on their stoichiometry and mixed to form a precursor solution. To this solution, citric acid (CsHgO7) was
added in a 1:3 molar ratio to the total moles of nitrate ions. The solution was stirred continuously until a white precipitate
was formed. Ammonia was then gradually added neutralize the pH of 7, resulting in a thick, brown solution. The mixture
was then heated at 60°C with continuous stirring for three hours, and ethylene glycol was added. The gelation agent was
ethylene glycol, and the chelating agent was citric acid. The resulting solution was heated at 100°C until it turned into a
gel, and then heated to 300°C until it was completely burned, resulting in a free dark powder [29]. The powder was then
finely ground and divided into four parts, each of which was annealed separately at 700, 900, 1100, and 1300°C (sample
code LSCMO7, LSCMO9, LSCMO11, LSCMO13) for four hours to produce nanocrystallites of various sizes.

The crystal structure, crystallite size, and phase identification of LSCMO nanocrystalline were identified using the
X-ray powder diffraction method with CuKa (A = 1.5418A) radiation using a Rigaku (Miniflex-II) diffractometer with
0.02°step size. Field Emission Scanning Electron Microscopy (FESEM) (CARLZESIS - Ultra 55) and Energy Dispersive
Spectroscopy (EDS) (OXFORD-INCAx-act) were used to evaluate the surface morphology, nanostructure, and elemental
composition. Fourier transform infrared spectroscopy (FTIR) (SHIMADU), UV-Vis spectroscopy (SYSTRONICS
DOUBLE BEAM), and Raman spectrometry (Lab RAM HR, HORIBA, France) were used to assess the optical
characteristics. The resolution of the FTIR measurements, which ranged from 400 to 4000cm™!, was 4cm!. To acquire the
optical absorbances, ultrasonic assisted dispersing of a small quantity of sample in distilled water was performed, and the
data was captured in the range of 100-800nm. Raman spectroscopic studies were carried out using laser light of A = 532nm
as the 1% illumination source with lcm! resolution, and the slit was adjusted to obtain data in the range of 100-800nm.

RESULT AND DISCUSSION
XRD, FESEM and EDS Analysis

In Figure 1, the X-ray powder diffraction (XRD) pattern of LSCMO7, LSCMO09, LSCMO11, and LSCMO13
nanocrystallites at room temperature is presented. The JCPDS# 51-0409 and Rietveld by Full Prof software were used to
match the XRD patterns as shown in the Figure 2, confirming the formation of pure and single-phase Rhombohedral structure
with space group R3c. The intensity of the prominent peak observed at around 32.8° for LSCMO13 perovskite structure was
substantially higher than that of the other samples, which can be attributed to the large crystalline size and high electron
density.
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Figure 1. X-ray diffraction patterns of LSCMO7, Figure 2. Rietveld refinement of LSCMO13 nanocrystallite

LSCMO9, LSCMO11, and LSCMO13 nanocrystallites
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The average crystallite size (D) relates to full width half maximum of Bragg’s peaks at different annealing
temperatures were calculated using Scherrer formula (1) [30].

K2

(D) = Pcos 6

O

Where K is the shape factor which is equal to 0.9.

It was observed that average crystallite size values were increased from 15.64 to 36.78 nm as a function of TA which
were shown in Figure 3. The structural parameters and crystallite sizes are depicted in Table 1.

FESEM images of the prepared LSCMO7, LSCMO9, LSCMO11, and LSCMO13 samples were shown in Figure 4.
The fluffy nature and voids powder can be ascribed to the significant amount of gases released during the reaction. The
average particle size changed from 42.23 nm to 327.5 nm as the annealing temperature was increased. The particles
seemed to be cluster together with no apparent shape at low annealing temperature. The crystal grains entirely solidified
at 1100 and 1300°C, generating homogeneous and independent nanoparticles. Better crystalline structure and very well
symmetry were reported at 1300°C. as a result, from the morphological studies, the crystal growths were consistent with
the XRD data.
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Figure 3. Variation of Crystallite Size as function of Annealing temperature of LSCMO7, LSCMO9, LSCMO11, and
LSCMO13 nanocrystallites

Figure 4. FESEM micrographs of (a) LSCMO7, (b) LSCMO®9, (c) LSCMO11, and (d) LSCMO13 nanocrystallites
Table 1. Structural parameters of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites

Sample code LSCMO7 LSCMO9 LSCMOL11 LSCMO13
Lattice Parameter (a, b) (nm) 0.54764 0.54896 0.54935 0.55944
Lattice Parameter (c) (nm) 1.33502 1.33333 1.33395 1.3442
Volume of Unit Cell (A%) 346.74 347.98 348.81 348.93
Crystallite Size D (nm) 15.64 19.46 23.18 36.78
Average particle size(nm) 42.23 107.20 166.44 327.5

To better understand the distribution of individual surface elements, EDX analysis of post annealed samples were
illustrated the results in Figure 5 and atomic percentages of individual elements were Table 2. The EDX revealed the
uniform distribution concerned elements on the nanostructure surfaces. This accurately depicts the stoichiometric
quantities utilized in the experiment.
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Figure 5. EDX patterns of (a) LSCMO7, (b) LSCMO9, (¢) LSCMO11, and (d) LSCMO13 nanocrystallites

Table 2. Atomic percentage of LSCMO7, LSCMO09, LSCMO11, and LSCMO13 nanocrystallites from EDX.

Sample code La Sr Ca Mn (0]

LSCMO7 14.75 1.83 1.79 | 21.53 60.1

LSCMO9 16.11 384 | 231 ] 1793 | 59.81

LSCMO11 13.04 1.66 3.4 18.88 | 63.02

LSCMO13 21.04 228 | 3.12 | 20.78 | 52.78
FTIR Spectra Analysis

The lattice phonon vibrations of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 after annealing were analyzed
using Fourier Transform Infrared (FTIR) spectroscopy and shown in the Figure 6.
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Figure 6. FTIR patterns of LSCMO?7,

LSCMO9, LSCMOL11,

and LSCMO13

nanocrystallites

Mn-O bond stretching vibration mode was observed in all the prepared
LSCMO samples, which was attributed to the JT effect, and a strong
absorption peak was seen at 597cm'[31]. The stretching vibration mode
frequency of metal-oxygen bond shifted towards high wave numbers (blue
shift) as the annealing temperature increased to 1300°C, indicating
additional deformation of the MnOs octahedron [32]. The absorption peak
at 1059cm™ confirmed the presence of carbonate and decreased with
increasing annealing temperature [33]. The C=0 bond symmetric stretching
vibration peak around 1631¢cm™! and the C=C bond antisymmetric stretching
vibration peak at 1360cm™ also decreased with increasing annealing
temperature. [34,35]. The O-H stretching vibration mode was confirmed by
the wide band observed at 3600cm™!, which originated from the ethylene
glycol solvent used in nanoparticle synthesis [34]. LSCMO13 showed less
intense peaks at 1059, 1360, 1631, and 3600cm™ due to weak vibrations,
indicating the formation of pure crystallinity. The presence of stretching and
bending modes in the transmission spectra confirmed the formation of the
LSCMO perovskite structure, which was consistent with the XRD results.

UV-Vis Spectroscopic Analysis
The optical characteristics of LSCMO7, LSCMOQ9, LSCMO11, and
LSCMO13 nanocrystals are defined by their energy gap and refractive index
as the main physical features. To investigate these properties, UV-Vis

absorption spectroscopy was conducted on the prepared samples and variation of absorption peaks with wavelength were
shown in Figure 7. A clear absorption edge was observed in the ultraviolet to visible range, with wavelengths ranging
from 447 to 468nm for all samples.



374
EEJP. 3 (2023) Mohd Abdul Shukur, et al.

0.45 = LSCMO13
|l ——LSCMO11

= LSCMO9

0.40 = LSCMO7

;-/ 0.35 2;
3 S
E 0.30 E
b
2025t %

0.20

0.15

200 300 400 500 600 700 800 3 4 5
Wave length (nm) Energy (eV)
Figure 7. UV-Vis absorbance spectra of LSCMO7, LSCMO?9, Figure 8. UV-Vis absorbance -Tauc plot: Variation of (ahv)?
LSCMOI11, and LSCMO13 nanocrystallites versus photon energy “hv”” of LSCMO7, LSCMO9,

LSCMOL11, and LSCMO13 nanocrystallites

The absorption coefficient (00) was calculated using equations (2), (3), and (4) [36,37].

I =Ipet @)
A=log® 3)
— 2303 A (4)

t

where ‘A’ and ‘t’ are the absorbance and thickness of sample respectively.
The band gap of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites was determined using Tauc’s
relation (5) and resulting Tauc plots [38].

(ahv)" = A(hv — E,) (6))

Equation (5) relates the band gap (E,), frequency (v), and refractive index (n) to the absorption coefficient (o),
Planck's constant (h), and photon energy (hv). Different values of n (1/2, 1, 3/2, and 2) were used to plot (¢hv)" against
photon energy. Variation of (ohv)? versus photon energy “hv” of LSCMO7, LSCMO09, LSCMO11, and LSCMO13
nanocrystallites is shown Figure 8 and a linear relationship was observed over a wide range of energy, indicating a direct
transition from higher to lower energy levels. The optical bandgap values for LSCMO7, LSCMO9, LSCMO11, and
LSCMO13 nanocrystallites were obtained by extending the linear section of the graph on the 'hv' axis. These values,
presented in Table 3, show that the optical band gap decreases from 3.51 eV to 3.28 eV with increasing annealing
temperature (Ta), due to increase in crystallite size as confirmed by XRD analysis. These results suggest that the prepared
nanocrystallites may be useful in photocatalytic applications based on their band gap energy values [39].

Table 3. Optical parameters of LSCMO7, LSCMO09, LSCMO11, and LSCMO13 nanocrystallites

Sample code LSCMO7 LSCMO9 LSCMOL11 LSCMO13
Absorption peak(nm) 447.2 448.7 448.9 468.8
Band gap (eV) 3.51 3.39 3.34 3.28
Refractive Index (By Moss Relation) 2.2680 2.2776 2.2974 2.3128
Refractive Index (By Herve and Vandamme) 2.2074 2.2396 2.2520 2.2682
Static dielectric constant (&) 7.4628 7.6476 8.0172 8.2944
High frequency dielectric constant (€x) 5.1438 5.1874 5.2780 5.3490

The refractive index of prepared LSCMO nanoparticles were measured by Moss relation (6) as well as Herve and
Vandamme relation (7) [40-43].

Eyn* = 95eV (6)
2
A
n=[1+(25) )

A=13 .6 eV, B=3.4¢V represents the hydrogen ionization energy constants. The static dielectric constant (g,) and
high frequency dielectric constant (g,) of all samples are determined using the following relation (8) and (9) [44].
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g, = 18.52 — 3.08E, (8)

£ =N? ©)

The theoretically measured values of n, &,, £, for LSCMO7, LSCMQO9Y9, LSCMO11, and LSCMO13 were posted in
Table 3, reveals that the refractive index rises as the annealing temperature rises and rate of rise appears to be depending
on the models utilized. The static dielectric constant (&,) and high frequency dielectric constant (g,) were also increased
with Ta.

Raman Spectroscopic Analysis

Several recent articles have argued that optical properties of perovskite type manganites were affected by “the Mn-
O bond length and symmetry of MnOs, which establishing the link between the optical phonon mode and Jahn Teller
mode” [45]. The Jahn-Teller effect impacts on the rhombohedral structure of manganite. In this structure, the dynamic
and incoherent distortion of MnOg is influenced by six identical Mn-O bond lengths. Despite this distorted configuration,
only five Raman-active modes related to the vibration and stretching of oxygen vibrations of MnO6 can typically be
observed [46,47]. Lag; Sro3sMnOs; nanocrystallites possess a thombohedral structure with space group D$;(R3c¢) and
Jahn-Teller phenomenon is a crucial factor in controlling “the dynamic and non-coherent deformation of MnOg. In the
rhombohedral distorted structure, only five Raman-active modes (1A, + 4E,) can be observed, which are associated with
MnOg vibrations and stretching oxygen vibrations [46]. Among these modes, two (1A + 1E,) “correspond to rotational
or tilt stretching mode, while one Eg mode is associated with the bending mode. The other two E, modes are related to
the anti-stretching of the MnOG6 octahedra and the vibration of A ions” [48]. “Previous studies have indicated that the
Raman spectra of La0.7 Sr0.3MnO3 nanoparticles exhibit two weak modes at 180 and 425cm-1, with the former being
an A, symmetry mode associated with an out-of-phase rotation, and the latter being an Eg symmetry mode related to the
bending mode of the MnO6 octahedra” [49].

The Raman spectra at room temperature of LSCMO7, LSCMO09, LSCMO11, and LSCMO13 nanocrystallites were
obtained in the spectrum of wave number 50-1500 cm™ and presented in Figure 9, shows that five vibration modes were
observed in the range 100-800cm™ for the all the samples, which correspond to the phonons of the rhombohedral structure
with space group D$4,Z = 2. “This particular structure can be derived from a simple cubic perovskite by rotating the
neighbouring MnQOg octahedra in opposite directions along the[111]. cubic direction”[50].
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Figure 9. Room temperature Raman spectrum of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites
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The position of peaks in the Raman spectra can be identified clearly by deconvolution of peaks using by the Lorentz
fitting, and five vibration modes were observed for all samples, which were shown in the Figure 10.

The positions of vibration modes of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites were shown
in Table 4. The vibration mode at lower frequencies occurs around 177, 184, 189, and 190 cm!' for LSCMO7, LSCMO9,
LSCMOL11, and LSCMO13 nanocrystallites respectively, which shows. The A;, phonon mode is associated with the
primary distortion of A-site cations (such as La, Sr, Na, or Ca) and the strength of the electron-phonon coupling [51, 52].
The peaks located at 343 and 430 cm! correspond to the E, symmetry mode, which represents an internal mode (i.e.,
bending of the MnOg octahedra). Moreover, the two highest peaks located at 550cm™! for LSCMO11 and at 613, 662, and
655 cm’! for LSCMO7, LSCMO9, and LSCMO13 nanocrystallites are attributed to the E, bands, which are related to the
vibration of oxygen in the MnOg octahedra. [53].
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Figure 10. Deconvolution fitting of Raman spectra of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites

Table 4. Raman vibrational modes of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites.

Raman modes LSCMO7 | LSCMO9 | LSCMOI1 | LSCMOI3
Arg(cm™) 177 184 189 190
Eq(cm) 293 291 298 213
Eo(cm) 343 343 335 310
Eo(cm) 428 437 417 433
Eq(cm) 613 662 600 655

The position of Raman modes of all samples changes with annealing temperature can be observed from the Figure 11
and clearly shows that the Ay mode is shifted from 177 to 190cm! (blue shift) with increase of annealing temperature
from700 to 1300°C and no significant change were observed for E, symmetry modes (around 343 and 430 cm™).
However, inverse effect was observed for the samples LSCMOL11, and LSCMOI13 in the E; bands around 298 and
600cm™!. From the Figure 11, it is evident that the Raman active phonon modes are greatly influenced by crystallite size.
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Vibration sample magnetometer was used to measure the
magnetic field dependence of magnetization of LSCMO7,
LSCMO9, LSCMOI11, and LSCMO13 nanocrystallites at room
temperature, ranging from -1.5 to 1.5T, and corresponding local M-
H hysteresis loops were displayed in Figure 12.

Figure 13 shows enlarged curves of M-H loops of all
samples gives the values of the saturation magnetization (Ms),
remanent magnetization (Mr), and coercive field (Hc) and
observed that all samples exhibit ferromagnetic behaviour.
Table 5 displays the characteristic parameters obtained from the
local M-H hysteresis loops. The saturation magnetization (Ms),
remanent magnetization (Mr), and coercive field (Hc) of all
samples increase with the annealing temperature, indicating that

the magnetic response increases with the increase in
crystallite size.
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Figure 13. Enlarged curves of M-H loops of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites
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Table 5. Magnetic parameters of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites.

Magnetic parameters LSCMO7 LSCMO9 LSCMO11 LSCMO13

Saturation magnetization (Ms) (emu/g) 13.875 30.166 44210 49.168

Remanent magnetization (M) (emu/g) 0.862 1.974 2.003 2.761

Coercive field (He) (Oe) 40.584 48.609 52.804 62.380
CONCLUSIONS

Lay7Sr0.15Ca0.1sMnO; nanocrystalline were effectively produced through combustion method and annealed at
different temperatures to obtain various sizes of crystals and endorsed the phase formation of thombohedral (R3c) with
no evidence of impurity peaks. The annealing temperature resulted in an increase in lattice parameters and crystalline
size. The morphology and element composition were confirmed by SEM and EDX. FTIR main absorption band verified
the presence of around 597c¢cm! showed that LSCMO nanoparticles form a perovskite structure. This frequency shifted
towards higher wave number to 613cm™!(blue-shift) as the annealing temperature was increased, suggested that additional
deformation of the MnOg octahedron. The results of the UV-vis spectroscopic analysis indicated that the LSCMO
nanocrystallites were semiconductors with a broad band gap. As the size of the particles increased, the values of the
optical band gap decreased from 3.51 eV to 3.25 eV. The Raman spectra of LSCMO showed that five vibration modes
are formed around. The A, mode is shifted from 177 to 190 cm™! (blue shift) with increase of annealing temperature from
700 to 1300°C. LSCMO nanocrystallites presents ferromagnetic properties, show increasing response with annealing
temperature. Hence, the structural, optical, and magnetic properties of Lag7Sro.15Cao1sMnO3 nanocrystalline are
significantly affected by the crystallite sizes.
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BIIJIMB PO3MIPY KPUCTAJIITY HA CTPYKTYPHI, OITUYHI TA MATHITHI XAPAKTEPUCTHKH
HAHOKPHUCTAJIIB Lao.7Sro.15Ca01sMnO3
Moxa Aoaya llykyp*P, Karpanaati Bimkas Kymap?, Fage Hapcinra Pao®
“Kagheopa @izuxu, Inocenepruil konedc ynisepcumemy JNTUH Padowcanna Cipivinia,
Aepaxapam, paiion Paodoicanna Cipiuinna, 505302, Tenaneana, Inois
bKagpeopa gizuxu, Jepocasnuii konedorc mucmeyms i nayku SRR (aemonomnuii), Kapimnazap, 505001, Tenaneana, Inois
‘Kagheopa ¢hizuxu, Incmumym mexrnonozii ma menedxrcmenmy Mappi Jlaxcman Peooi, [lanoiean, Xaiioapa6ao, Tenaneana, Inois
Hanoxkpucraniuni Manranitu Lao7Sro.15Cao.1sMnO3; (LSCMO) Oynu oTpuMani B IpoLeci CHAlIOBaHHS Ta HAarpiti 10 pi3HUX
Temmneparyp Binnany (TA), mo0 oTpumarti KpHCTaIiTH pizHOro po3mipy. Kaprunu penrreniBeskoi qudpakuii (XRD) nokasanu, 1o
yTBOpHIIAcs poMGOEIPHUHA CTPYKTYpa 3 MPOCTOPOBOIO rpynoto R3c. Kpim Toro, crioctepiranocs 36iaben s po3sMipy KPUCTATITIB 3
15,64 mo 36,78 um, xomu temneparypa (TA) 3pocna 3 700°C mo 1300°C. Mikpodororpadii FESEM mokazanu, mo ogHOpigHi 3
nopucricTio. Crnektpu FTIR mokasamu m'ste mikiB noriawHaHHA. ONTHYHAN €HEPreTHYHHH MPOMDKOK HaHokpuctaris LSCMO
3MeHmryetbess 3 3,51 no 3,28 eB i3 mimBumieHHAM TemIepaTypH Biamany, IO Ioka3ye, 1o HaHowacTuHkH LSCMO e
HaIiBIPOBITHUKOBUMH 3a CBO€I0 mpupoxoro. CrexTpn KoMOiHamiifHOTro po3citoBaHHS HaHodacTMHOK LSCMO mpu kimHaTHIM
TeMIIepaTypi AeMOHCTPYIOTh 3HAUHY 3aJISKHICTh Bl TeMnepaTtypu Bianany. Konu pamaniBcbki Moay aHai3yBajiH BigHocHO TA, Oyio
HOMIYEHO, 10 KOJMBaJIbHA (JOHOHHA MOJA PaMaHiBCLKOro posciroBanus uwkue 200 cm™' (Aig) i wortupu momu (Eg) B miamaszoni
200-800 cm™! mokazanu 3HauHi 3MiLIEHHS Ta PO3LIMPEHHS, SKi OyJIM OB’ A3aHi 3 BAKPMBIEHHAM KUCHEBOI miarparku. Crocrepiranucs
3HAYHI 3MiHH K B IHTCHCHBHOCTI, TaK i B HarliBMakcuMyMi ool mpuan (FWHM) n’situ Mo Pamana 31 301TbIICHHSIM TeMIIEpaTypu
Bignany. MarHiTHy moBeiHKy 3a mormomororo metii M-H mpu kiMHaTHIH TemIiepaTypi BUMIpsUIM MarHiTOMETPOM 3 BiOpauiitHuUM
3pa3koM i MOKa3aiH, IO Tpajallis HaMarHiYeHOCTi HACHYEHHA K (QYHKIIs TeMIeparypH Bimnany. TakuM YHHOM, iCHY€ MOMITHHN
BIUTUB PO3MipY KPHCTAJITIB HA ONTHYHI Ta MAaTHITHI BIacTUBOCTI HaHOKpHCcTaliTiB LSCMO.
KuarouoBi cnoBa: posmip kpucmanimy; onmuuna saboponena sona; cnekmpu FTIR; nemas M-H; pamaniscoxi korusanvhi gpononu
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One of the possible ways to obtain silicon with magnetic properties is the introduction of paramagnetic impurities into silicon: Cr, Mn,
Fe, Ni, and Co. In our opinion, silicon materials containing magnetic nanosized clusters are most suitable for spintronic devices. The
possibility of obtaining silicon with magnetic properties by diffusion doping was studied in this work. To obtain silicon doped with Cr,
Mn, Fe and Ni impurity atoms, p-type single-crystal silicon with a specific resistance of p = 5 Ohm-cm and p = 0.5 Ohm-cm was used,
and for doping with Co atoms, n-type silicon with resistivity p=10 Ohm-cm was used. The diffusion temperature and time were chosen
such that, after diffusion annealing, the samples with impurity Cr, Fe, and Mn atoms remained highly compensated p-type, and when
doped with impurity Co atoms, they remained high-resistance n-type. The results of the study showed that with decreasing temperature,
the value of the negative magnetoresistance Ap/p in the Si<Mn> samples increases and reaches its maximum value (about 800%) at
T =240 K, a further decrease in temperature leads to a decrease in the magnetoresistance, and at a temperature 7= 170 K, the sign of
the magnetoresistance is inverted. In Si <Cr> samples, with decreasing temperature, the positive magnetoresistance turns into a negative
one, the value of which increases with decreasing temperature, and is achieved at 7=100 K Ap/p = 45-50%. In Si<Fe> samples, with
decreasing temperature, the value of negative magnetoresistance increases monotonically and at 7=100 K its value is
Ap/p = (100+120) %. The study in Si<Co> samples showed that with decreasing temperature the value of positive magnetoresistance
increases and at 7=100 K it reaches Ap/p = (17+20) %. The study of magnetoresistance in samples - Si<Ni> showed that with decreasing
temperature the value of positive magnetoresistance increases and at 7=100 K it reaches Ap/p = (10+15) %. When studying the magnetic
properties of p-Si <B, Mn> samples at low temperatures (below 7=30 K), a ferromagnetic state was found, i.e. succeeded in obtaining
a magnetic semiconductor material by the method of diffusion of a paramagnetic impurity. In the overcompensated Si <B, Mn> (n-type)
samples, no magnetic hysteresis was found. This shows a significant effect on the magnetic properties of the manganese impurity in
silicon of its charge and, accordingly, spin state. Based on the results obtained, it can be argued that diffusion doping of silicon with
manganese can be used to obtain silicon with magnetic properties.

Keywords: Silicon, Manganese; Nickel; Nanocluster;, Magnetoresistance; Ferromagnetic, Hysteresis

PACS: 61.82.Fk, 66.10.Cb, 75.50Pp, 87,50Mn, 85.70.-w

INTRODUCTION

Obtaining magnetic semiconductor materials for modern spintronics [1-3] and studying their magnetic properties is
of great scientific and practical interest. One of the possible ways to obtain silicon with magnetic properties is the
introduction of paramagnetic impurities into silicon: Cr, Mn, Fe, Ni, and Co. The electronic structure and parameters of
these impurity atoms are presented in Table 1.

As can be seen from Table 1, these elements in the silicon lattice act as paramagnetic impurities with fairly high
spin values. The main disadvantage is the low limiting solubility in the electroactive state. It was established [5] that
chromium and manganese atoms are mainly located in interstitial positions in the silicon crystal lattice and act as donor
impurities. Ni, Fe, and Co atoms can be located both in interstices and in the nodes of the silicon crystal lattice [5]. The
concentration of electroactive atoms of these impurities, except for Ni and Co atoms [5], depends significantly on the
diffusion conditions and the cooling rate. At the maximum cooling rate of silicon samples, it is possible to obtain a
material in which all introduced impurity atoms (Cr, Mn, and Fe) are in an electroactive state [6].

In addition, the nonelectroactive part of the dissolved impurity in the silicon lattice in the form of interstitial atoms,
dimers, nanoclusters, microclusters, precipitates, and magnetic silicides can also have magnetic properties.

The magnetic properties due to microclusters, precipitates and silicides are unsuitable for spintronic devices due to
the strong inhomogeneity of the magnetic properties over the volume. An example of such an impurity is nickel, which
easily forms microclusters, precipitates, and silicides, due to which the nonelectroactive nickel concentration near the
surface reaches 102°-10%! cm™ [8, 9]. At the same time, the electroactive solubility of nickel does not exceed 10'® cm™;
therefore, doping with nickel hardly changes the resistivity of the samples [10].

In our opinion, silicon materials containing magnetic nanosized clusters (including those containing atoms of other
impurity elements — impurity complexes) are most suitable for spintronic devices. Such formations were found for

" Cite as: N.F. Zikrillayev, G.Kh. Mavlonov, L. Trabzon, S.V. Koveshnikov, Z.T. Kenzhaev, T.B. Ismailov, Y.A. Abduganiev, East Eur. J. Phys. 3, 380
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manganese impurities in the form of BMny4 nanoclusters in the silicon lattice [11]. In addition, ferromagnetic properties
have been found at room temperature in silicon containing boron and about 1% manganese atoms [2,12].

Table 1. Electronic structure and parameters of Cr, Mn, Fe, Ni, and Co impurity atoms in silicon [7].

Element Electronic Spin Total limiting solubility, | The electroactive part of the limiting solubility,| Energy levels
structure P cem cm3 in silicon
Cr 3d°4S! g 106 10t Ec-0.41
5 Ec—0.43
Mn 3d°48? - 2-1016 10'6 Ec—0.53
2 Ev+0.45
Ec-0.14
Fe 3d4S? 2 4-10' 2-10™ Ec—-0.51
Ec-0.40
3 Ev+0.53
74Q2 16 1015
Co 3d’4S 3 10 6-10 Ev +0.35
. Ev+0.35
84Q2 1017 1014
Ni 3d%4S 1 7-10 7-10 Ev +0.23

The formation of magnetic structures in semiconductors can be carried out by various methods: chemical vapor
deposition, molecular beam epitaxy, or ion implantation. Thus, the implantation of crystalline silicon with transition metal
ions (Co, Ni, and Fe) is used to create magnetic nanoclusters, as well as metal silicides [13—16].

In this work, the possibility of obtaining silicon with magnetic properties due to diffusion doping with Cr, Mn, Fe,
Ni, Co impurities was studied.

Project AL-202102215 is developing an integrated microfluidic system that captures circulating cancer cells with
ferromagnetic clusters in silicon.

TECHNOLOGY AND RESEARCH METHODS

To obtain silicon doped with Cr, Mn and Fe impurity atoms, we used p-type single-crystal silicon with a resistivity
p=5 Ohm-cm, and for doping with Co atoms, we used n-type silicon with a resistivity p=10 Ohm-cm. To obtain silicon
doped with Ni impurity atoms, p-type silicon with a resistivity p=0.5 Ohm-cm was used. The diffusion temperature and
time were chosen such that, after diffusion annealing, the samples with impurity Cr, Fe, and Mn atoms remained highly
compensated p-type, and when doped with impurity Co atoms, they remained high-resistance n-type.

Before and after diffusion, the samples were subjected to mechanical and chemical treatment (cleaning in an
ammonium peroxide solution and etching for 1 minute in a HF + HNO3 1:3 mixture) to remove impurities and remove
mechanical damage to the surface. The magnetoresistance of the obtained samples was measured on a setup that allows
you to adjust the magnitude of the magnetic field from 0.1 to 2 TI, as well as the electric field strength applied to the
sample from 0.1 to 1000 V/cm, in the temperature range 7=100-300 K [7].

Measurements of the magnetization of the samples at low temperatures were carried out on a SQUID magnetometer.

THE RESULTS OBTAINED AND THEIR DISCUSSION
The electrical parameters of the obtained samples are shown in Table 2.

Table 2. Electrical parameters of silicon doped with Cr, Mn, Fe, Co, and Ni atoms

Samples | p,Ohmeem | Conductivity type |, oiome FRE " earriors, emiN e
Si <Cr> (5:6) -10° P 3.8-10"2 250+270
Si <Mn> (5:8) 10 p 5.2-10"2 160200
Si <Fe> (5:7) 10 ) 4.2-107 200250
Si <Co> 10°+10° n 6.2:10'6.9-10" 9001000
Si <Ni> 0,5 P 4-10'6 250350

Table 3 shows the values of the magnetoresistance (Ap/p) of the samples at 7=300 K obtained with the same values

of the electric (E=200 V/sm) and magnetic fields (near 2 TI).

Table 3. Values of resistivity and magnetoresistance of samples at 7=300 K

. Type of magnetoresistance in the
Maximum value .
Samples p (Ohm-:cm) Ap/p, % range of magnetic fields,
’ (02 T1)
Si<Cr> 5-10° from -7 to +8 Weak negative and positive
Si<Mn> 5.3:10° -97 Big negative
Si<Fe> 5.5-10° -7 Weak negative
Si<Co> 5.1-10° 5 Weak positive
Si<Ni> 0.5 6 Weak positive
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It has been established that in samples doped with impurity Ni, Cr, and Co atoms, predominantly weak (less than
6%) positive magnetoresistance (PMS) takes place. At the same time, high (more than 100%) negative magnetoresistance
(NMR) is observed in Si<Mn> samples. In Si<Fe> samples, NMR is also observed, but the value of NMR is much less
than Ap/p = 5-7 %. It was found that the NMR value in the Si<Mn> samples increase significantly with an increase in
the applied electric (E) and magnetic (B) fields.

Interesting results were obtained in the study of the temperature dependence of the magnetic resistance Ap/p in the
temperature range 7=100+380 K.

Previously, it was found that in silicon samples doped with impurity manganese atoms (Si<Mn>), with decreasing
temperature, the value of the NMR increases and reaches its maximum value (Ap/p = 300%) at a temperature of
T7=235+240 K [17,18].

We have studied the magnetoresistance depending on temperature in the samples Si<Mn>, Si<Cr>, Si<Fe>, Si<Co>,
Si<Ni> in the field E=200 V/cm and B=2 T1 (Fig. 1).

1000 / T, 1/K 1000/ T, 1/K
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
T T T T T T T T T T T T T T T T
0 o0 06— 06 ——@ 4
20 |
W 5
-100
0
200
1 20
ap ,, 300 F
o % —, %40 |- 2
-400
60 |-
-500
80k
600 - —=— Si<Cr>
—A— Si<Fe>
|—v— Si<Ni>
-800 L 120 L

Figure 1. Temperature dependence of magnetoresistance for samples: 1- Si<Mn>, 2- Si<Cr>, 3- Si<Fe>, 4- Si<Co>, 5- Si<Ni> at
E=200 V/cm, B=2 TI.

The results of the study showed that with decreasing temperature, the NMR value in Si<Mn> samples increase and
reaches its maximum value (about 800%) at 7=240 K, further temperature decrease leads to a fairly rapid decrease in
NMR and at temperatures 7=160-+170 K there is an inversion of the sign of the magnetoresistance i.e. The NMR passes
to the PMR, the value of the PMR in this temperature range weakly depends on temperature. At a temperature of 7 >
380 K, a slight PMR is also observed.

In Si<Cr> samples, with decreasing temperature, the PMR transforms into NMR, the value of which grows quite
rapidly with decreasing temperature, and is reached at 7=100 K Ap/p = 45-50%. In this case, the NMR value increases
linearly with an increase in both the electric and magnetic field strengths.

In Si<Fe> samples, in contrast to Si<Mn> and Si<Cr>, with decreasing temperature, the value of the NMR increases
monotonically and at 7=100 K its value is Ap/p = (100+120) %. In these samples, the magnetoresistance sign inversion
is not observed in the studied temperature range; always observed only NMR.

The study of the magnetoresistance in Si<Co> samples showed that with decreasing temperature, the value of the
PMR increases and at 7=100 K it reaches Ap/p = (17+20) %. This quantity depends very weakly on the applied electric
and magnetic fields.

The study of the magnetoresistance in Si<Ni> samples showed that with decreasing temperature, the value of the
PMR increases and at 7=100 K it reaches Ap/p = (10+15) %.
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Figure 2. The dependence of the magnetization of the samples p-Si <B, Mn> and p-Si <B> on the magnetic field (hysteresis) at 7=30 K
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When studying the magnetic properties of p-Si <B, Mn> samples in the low temperature region, we found a
ferromagnetic state at 7=30 K (Fig. 2), i.e. succeeded in obtaining a new magnetic semiconductor material by impurity
diffusion. In the overcompensated Si <B, Mn> (n-type) samples, no magnetic hysteresis was found. This shows a
significant effect on the magnetic properties of the manganese impurity in silicon of its charge and, accordingly, spin
state.

Previous studies using the EPR method showed that only in p-Si<B, Mn> samples, nanoclusters of the BMn, type
with a high magnetic moment are formed [17-19]. Under optimal doping conditions, the concentration of such clusters
reaches N=10"° cm? [20, 21].

In the Si <Ni> samples, a ferromagnetic state was also found at 7= 300 K, which is probably due to the presence of
nickel precipitates [22-26] on the surface and in the bulk of the samples. This assumption is confirmed by the fact that
when the samples are etched to a depth of 100 um, the magnetization of the samples is greatly reduced.

On the basis of the obtained results, it can be argued that diffusion doping of silicon with manganese with the
formation of BMn4 nanoclusters can be used to obtain silicon with magnetic properties.

CONCLUSION
The high spatial homogeneity of the p-Si <B, Mn> samples with BMn4 nanoclusters and the ferromagnetic state
observed in them at T=30 K makes it possible to use this material in devices operating on the principle of spin polarization.
A significant NMR value, reaching 50% at room temperature, makes it possible to create sensitive magnetoresistive
sensors for magnetic measurements.
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MATHITHI BJACTUBOCTI KPEMHIIO 3 TOMIIIKAMUW TAPAMATHITHUX ATOMIB
Hypyaua ®. 3ikpimiaes?, Liiiocinain X. Masionos?, Jlesent Tpaozon®, Cepriii B. Kosemnikos?,
3oip T. Kenskaen?, Tumyp b. Iemaiinos®, Hoanomaini A. A6ayranies?
“Kaghedpa yughposoi enexmponixu ma mikpoerekmponixu TaukeHmcoKo20 0epicasH020 MeXHIUHO20 YHI6epCUumenmy
imeni Ienama Kapimosa, Tawxenm, Y3bexucman
b@axynomem mawunobyoysanns, Cmambynvcokuti mexuiunuii ynicepcumem, Cmambyn, Typeuuuna
‘Kageopa gizuxu nanienposionuxie Kapaxarnayvkozo depocasnozo ynisepcumemy imeni Bepoaxa, m. Hyxye, ¥Y30exucman

OIHMM i3 MOXJIMBUX LIISAXIB OTPUMaHHS KPEMHIIO 3 MarHiTHUMH BJIACTHBOCTSIMHU € BBEICHHS B KPEMHIH IMapaMarHiTHUX JOMIIIOK:
Cr, Mn, Fe, Ni ta Co. Ha nHarry gymKy, KpeMHi€BI MaTepiaiu, [0 MIiCTSITh MarHiTHI HAHOPO3MIpHI Ki1acTepH, HAHOLIBIIT IPUAATHI IS
MPUCTPOIB CHIHTPOHIKKA. Y poOOTI JOCHTIIKEHO MOJKJIMBICTH OTPHMAaHHS KPEMHII0 3 MArHITHUMH BJIACTHBOCTSMH IIISIXOM
mudysiitHoro neryBaHHs. [y oTpUMaHHS KpeMHiro, jieroBaHoro aomimkoBumu aromamu Cr, Mn, Fe Ta Ni, BHKOpUCTOBYBanmu
MOHOKPUCTATIYHHH KpPEMHIH p-THIy 3 OUTOMHM omopoM p = 5 Omem 1 p = 0,5 Om-cM, a mng neryBanHs atomamu Co
BHUKOPHCTOBYBABCSl KpeMHiH n-tuiy 3 muroMuM omopoM p=10 Om-cm. Temmeparypy Ta uac mudysii BuOupamu tak, mob micis
mu¢y3iHOTO Bimany 3pa3ku 3 qomimkoBumu aromamu Cr, Fe Ta Mn 3anummasnicst BHCOKOKOMIIEHCOBAHMMH P-THUILY, a TIPH JIETYBaHH1
JomimkoBuMu aromMamu Co 3ajMIIAINCS BUCOKOOMHHUMHM N-THIy. Pe3ynbTaTH JOCHIIUKEHHS MOKa3ajid, IO 31 3HIKEHHSIM
TeMIIepaTypH BEJIMYMHA BiJ’ €MHOTrO Maritoonopy Ap/p y 3paskax Si<Mn> 3pocTae i 1ocarae MakCUMaJIbHOTO 3HaueHHs (OIM3bKO
800%) mpu T = 240 K, momanpliue 3HWKSHHSI TEMIIEpaTypu NMPHU3BOJUTH [0 O 3MEHILCHHS MarHiToonopy, a MmpH TeMIeparypi
T = 170 K 3HaK Mar#itoonopy 3MiHIOETbCA. Y 3pazkax Si <Cr> 3i 3HIKCHHSAM TeMIIepaTypH MO3UTHBHHUN MarHiTOOMIp MePEXOIUTh Y
BiJ’€MHHH, BEJIMUYMHA SKOTO 3pOCTAE 31 3HIKEHHAM TeMIIepaTypH, i nocsraerbes mpu T=100 K Ap/p = 45-50%. V¥ 3paskax Si<Fe> 3i
3HIKCHHSM TEMIIEPaTypH BEJIWYMHA Bil’€MHOTO MarHiTOONOpYy MOHOTOHHO 3pocTae i mpu T=100 K ioro 3Ha4eHHS CTaHOBHTH
Ap/p =(100+120) %. HocmimkenHs Ha 3paskax Si<Co> moxaszano, MmO 31 3HWKEHHSAM TEMIIEpaTypH BEJIMUMHA ITO3UTHBHOTO
MarHitoomnopy 3poctae i mpu T=100 K nocsrae Ap/p = (17+20) %. JocnimxeHHs MarHiToonopy B 3paskax - Si<Ni> moka3sao, mo 3i
3HIDKCHHSIM TEMIIepaTypy BeJIMYMHA IO3MTHBHOro Marsitooropy 3poctae i mpu T=100 K nocarae Ap/p = (10+15) %. Ilpu
JOCIIIJUKEHHI MarHiTHUX BJIAaCTHBOCTEH 3paskiB p-Si <B, Mn> npu Hu3bkux Temneparypax (Hmwkue T=30 K) BusiBneno dpepomarsitHuit
ctaH, TOOTO BANOCA OTPHMMATH MATHITHHHA HAIMiBIOPOBITHUKOBHI Marepian metogoM audysii mapamMarHiTHOi JOMIMIKH. Y
HaJIKOMIIEHCOBaHHX 3pa3kax Si<B, Mn> (Tum n) Mar"iTHOro ricrepe3ucy He BusiBieHO. L{e CBiqUUTh PO iCTOTHUIA BIUTMB Ha MarHiTHI
BJIACTHBOCTI JOMIIIIKH MapraHIlo B KpeMHii HOTO 3apsI0BOro i, BIAMOBIAHO, CIIIHOBOTO cTaHy. Ha mificTaBi oTpuMaHuX pe3yJsbTaTiB
MOJKHa CTBEpIXKYBaTd, 10 IUQY3iliHE JeryBaHHA KPEMHII0 MapraHieM Moke OyTH BHKOPUCTaHE Ui OTPUMAaHHS KPEMHIIO 3
MAarHiTHUMH BIACTUBOCTSIMH.

Kuto4oBi ciioBa: kpemuiil; mapeaneyny,; Hikelb, HAHOKIACMED, MASHIMOONID, (epomacHemux, cicmepesuc
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The process of diffusion of labeled copper 1Cu atoms in p-CdTe<Pb> coarse-block films with a columnar grain structure has been
studied. The CdTe<Pb> film is a p-type semiconductor, where an increase in the Pb concentration in the composition of the CdTe films
increases the resistivity p of the structure. When the Pb concentration in CdTe changes from 10'® to 5-:10'? cm™, the hole concentration
decreases by more than 3 orders of magnitude at a constant operating level depth of Ev + (0.4 + 0.02) eV. This may indicate that the
concentration of acceptor defects, which are formed in the films due to self-compensation upon doping with a Pbca donor, exceeds the
number of the latter. Electrical measurements by the Hall method were carried out at a direct current and a temperature of 300 K.
As aresult, an increase in the temperature of films on a Mo-p-CdTe<Pb> substrate during annealing affects the electrical parameter
of charge carrier mobility p, it decreases significantly. X-ray diffraction analysis showed that on the diffraction patterns of samples
of p-CdTe<Pb> films, all available reflections correspond to the CdTe phase and up to x = 0.08 do not contain reflections of
impurity phases and have a cubic modification. Based on the results of the calculation, it was established that the low values of the
diffusion coefficient of Cu atoms are due to the formation of associates of the A type Cu; Pbgy, which are directly dependent on
the concentration of Pbcq atoms. Diffusion length Ly and lifetime ta of minority current carriers in large-block p-type cadmium
telluride films, which can also be controlled by introducing lead atoms into cadmium telluride.

Keywords: Diffusion; Associate; Lifetime; Film; Acceptor center; Radioactive isotope; Distribution; Mobility, Resistivity, Diffusion
coefficient; Enthalpy

PACS: 71.20. - b, 71.28. +d

INTRODUCTION

In recent years, significant progress has been made in the technology of manufacturing thin-film solar cells based
on A?B? semiconductor compounds [1-4]. Unfortunately, Cu,S — CdS(ZnCdS) and Cu,S — CdTe thin-film solar cells
tend to change their parameters during operation. The degradation of such solar cells is mainly associated with a change
in the heterojunction interface and shunting of the base thin CdS(ZnCdS) and CdTe layers due to the high diffusion rate
of copper atoms.

In [5], a hypothetical model was proposed - associations of doped Cu atoms with ionized acceptors of non-vacancy
origin, leading to a sharp decrease in the diffusion rate in cadmium telluride films.

However, the microparameters of these local acceptor centers are not specified, their nature is not disclosed, it is
only indicated that at the annealing temperature the Fermi level should be above the level of acceptor centers A’ of non-
vacancy origin. This condition allows acceptor centers A to be in a charged state and form an associate (complex) with
interstitial ions of copper atoms of the Cuj” A’ type.

The development of a controlled reproducible technology for producing thin-film solar cells and their modules using
layers of honey sulfide and telluride is mainly associated with the search for and determination of impurities that could
localize copper atoms in the space of crystal lattices of cadmium sulfide and telluride by forming stable complexes.

It was shown in work [6] that impurities of Sn, Ge and Pb atoms in cadmium telluride dissolve in high concentration
(up to 10"+10% cm™) and form levels, respectively, Ec — (0,6+0,9) €V; Eyv + 0,6 eV; Ey + 0,4 V.

Since Ge, Sn, and Pb impurities are located at the sites of the cadmium sublattice in cadmium telluride crystals, they
can, in principle, play the role of ionized acceptor centers leading to the formation of associates with doped copper atoms.
Among these impurities, Pb atoms have a certain advantage. Pb is highly soluble in CdTe, secondly, Pb can be doped at
relatively low temperatures (773+973 K), thirdly, Pb in CdTe gives a “shallower” level than impurities of Sn and
Ge atoms.

The aim of the authors is to study the diffusion of labeled copper atoms in p-CdTe large-block films with different
contents of Pb atoms in the temperature range 573+723K.

MATERIALS AND METHODS
The distribution profiles of the concentration of labeled **Cu atoms in polycrystalline p-CdTe films in the
temperature range 573+723 K are shown in Fig. 1.
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Figure 1. X-ray diffraction pattern of p-CdTe<Pb> films

The study showed that the concentration distributions of copper atoms over the thickness of the p-CdTe film in this
temperature range are described by the function erfc (Fig. 2).

The initial p-CdTe films were synthesized by the gas transport method in a quasi-closed volume in a flow of purified
hydrogen [7]. Pb atoms were introduced into a growing p-CdTe film during synthesis from a molybdenum substrate,
which had a lead layer with a thickness of d = 2 mm deposited by magnetron ion sputtering on the surface of
molybdenum [8]. Pb atoms were introduced into the growing p-CdTe film in the course of synthesis from a molybdenum
substrate. The content of Pb impurities was controlled by the neutron activation method [9]. The thickness of the grown
p-CdTe<Pb> films is 100+120 um, the working area S > 1 ¢m?. In such films, grains (crystallites) are oriented in the
direction of growth, and their dimensions are not less than the film thickness. The diffusion volume was =9 cm?. The
radioactive isotope **Cu was used as a diffusant. The sample weight in the ampoule was 2 mg, which corresponded to a
diffusant vapor pressure of 0,15+0,2 atm. Diffusion annealing was carried out in electric furnaces for 4 h, the temperature
was maintained with an accuracy of £3 K.

The composition of the p-CdTe<Pb> film samples obtained was monitored using a Jeol JSM-6380LV scanning
electron microscope equipped with an IN-CAx-sight X-ray spectral microanalysis of the elemental composition. X-ray
analysis of p-CdTe<Pb> films was carried out on a DRON-4-07 diffractometer with a step of 0.01° and exposure at a
point of 15 s (Fig. 1). The results of the indexing of the fingerprint comparison of the obtained results with a set of
reference X-ray patterns (ASTM) made it possible to determine the composition of the p-CdTe<Pb> films. film
composition, as predominantly homogeneous, cubic modification.

In samples, as a result of lead doping in all types of samples, the mobility pu decreases deeper into the thickness and
the value of resistivity p increases. Table 1 shows the parameters of mobility p and resistivity p of doped CdTe layers
during layer-by-layer removal of film thickness d at room temperature.

Table 1. Electrophysical parameters of p-CdTe<Pb> films at a temperature of 300K

No Film thifrlflness, d, Conductivity type Hali nnllzc;?\l/h?)], u, Regzggz; P,
1. 20 P 78 2.88-10*
2. 30 P 72 1.64- 10*
3. 40 P 66 7.76- 10*
5. 50 P 62 3.13+10°
6. 60 P 56 3.66 + 10°
7. 70 P 47 6.38- 10°
8. 80 P 41 1.86- 10°

The distribution profile of the concentration of labeled **Cu atoms in polycrystalline p-CdTe films with a columnar
grain structure was recorded using the activation analysis method [9], the CdTe layers doped with ®*Cu isotopes were
removed by chemical etching with Br:C,H>OH (1:5) bromomethyl. The activity of the removed layers was measured on
a gamma spectrometer for 1 h.

RESULTS AND DISCUSSION
The distribution profiles of the concentration of labeled ®*Cu atoms in p-CdTe polycrystalline films in the
temperature range 573+723 K are shown in Fig. 2.
The study showed that the concentration distributions of copper atoms over the depth of the p-CdTe film in this
temperature range are described by the erfc function (Fig. 3).
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Figure 2. The distribution profiles of the concentration ~ Figure 3. Calculated curves of the concentration distribution of impurity
of labeled *Cu atoms in p-CdTe polycrystalline films atoms over the thickness of the films at the constructed time t=4 h
depending on the diffusion coefficient

In this case, the concentration and diffusion coefficient of copper atoms on temperature are described by an
exponential dependence (Fig. 4) and the following analytical expressions

Neo(T) = 7,2 - 102 exp (— %) cm~3, (1)
Dey(T) = 6,7 107 exp (— %) cm? - cm™1, Q)

An analysis of the obtained results shows that the pre-exponential tallow factor Dy and the diffusion activation
energy Q correspond to the formula obtained in [10]:

Qo = Aexp (- ), 3)

KTmelt.

where T, 1s the melting point of the material;
) __AG
A = Pa?v exp( kT), 4)
P - dimensionless coefficient depending on the geometry of the unit cell of the crystal and the diffusion mechanism;

a is the period of the crystal lattice; v - Debye frequency; AG - Gibbs free energy of activation at a temperature equal to
Tmelt-

_ 10+
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o
d =
0 =
1w L at b
ID 12 |
o
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Figure 4. Temperature dependences of the concentration of doped impurity atoms (a), and the diffusion coefficient (b)

The numerical value of the coefficient A is determined by the impurity diffusion mechanism, A = 9.6-10"!" cm?-s™!
during the diffusion of copper atoms in large-block p-CdTe films. Approximately for semiconductor materials, according
to [11],
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Q=2.1-107*[10 4 1g (Dy, cm?/)] * Tyelt. ®

Substituting the experimental value of the pre-exponential factor Do = 6.7-10° cm?'s™! and Tmen(CdTe) = 1315 K
into (5), we find Q = 0.5 eV. The value of Q calculated in this way satisfactorily agrees with the value determined directly
from the experiment, which confirms the correctness of expression (3) in the calculation of the diffusion parameters of
labeled copper atoms in large-block p-CdTe<Pb> films.

The low values of the effective diffusion coefficient of copper atoms D(T) =2,7-1013+1.8:10"2cm?s! in the
temperature range 573+723 K show that Cu diffuses in p-CdTe polycrystalline films by a complex mechanism. The most
probable is diffusion with association [12]. This is also supported by the small value of A =9.6-10"cm? s in
expression (3). It shows that the associate between the ions of Cu and Pb atoms is stable even at the melting temperature
of cadmium telluride.

Assuming that the Pb acceptors are located in the cation sublattice, and the interstitial Cu atoms occupy tetrahedral
interstices in equilibrium, we obtain the shortest distance between ions r = 2,8 A. Assuming that only the Coulomb
interaction contributes to the enthalpy of the associate, we estimate AH by the formula [13]: AH = e¥/4n££0 = 0.50 eV,
where £ = 10.3 is the low-frequency (static) permittivity of cadmium telluride.

The associate enthalpy value Cu;Pbgy AH = 0.50 eV coincides with the diffusion activation energy Q = 0.49 eV of
Cu atoms in p-CdTe<Pb> coarse films. This result shows that all diffusing Cu atoms are completely bound in complexes
with ionized Pb¢y acceptor centers since N(Pbgq)>Cu; . Therefore, the activation energy Q of diffusion of copper atoms
is almost entirely determined by the binding energy of the Cuj Pbgy. associate. In this case, the rate of diffusion of
interstitial copper ions depends on the probability of decay of the associate, and the diffusion process itself consists of the
stages of decay and formation of Cu; Pbgy. The electronic structure of the ionized Pbgg. acceptor center probably plays
an important role in the formation of such an associate. This, probably, explains the sharp difference between the diffusion
coefficient of copper atoms D(T=160°C)=10® cm?'s' and the value of the pre-exponential factor Do = 1.4 cm?s!
obtained in [14,15], from our data.

The difference in the values of D(T) and Dy is most likely due to the thermodynamic state of the system, the associate.
Probably, in [16] an associate Cu; A, is formed, in which the atomic energy of atoms is high, therefore, in the process of
diffusion, when atoms pass into activated states, the change in entropy is large. Since Dy is related to the entropy AS by
the following relationship [17].

D, = avd? exp (Af:), (6)

then a noticeable change in AS leads to large values of Dy.

In the case of the formation of the Cu;Pbgy associate, the system is apparently in a more stable position, closer to
the equilibrium state. In such a material, diffusible Cu atoms rapidly dissolve; are mixed, and without much effort form
associates of the Cuj Pbgy type, which is facilitated by the Coulomb interaction between the Cu;” and Pbgy ions. In this
process, the change in the vibrational entropy can be neglected; therefore, the value of Dy is small, which is observed in
the experiment (see (6)).

Let us now consider the influence of the Pb content in p-CdTe on the diffusion parameters of Cu atoms. Pb
concentration in films is within N5, = 10'® + 10?cm™. Studies have established the dependence of the diffusion coefficient
of Cu atoms in p-CdTe on the concentration N24, which is clearly manifested at N3, <10' cm?. For example, when the
Pb concentration changes by two orders of magnitude, i.e., from 10?° to 10'® cm™, the diffusion coefficient increases from
2-103to 1,8-10 cm?'s”!, almost by four orders of magnitude, at 573 K. Moreover, the increase in DT is mainly provided
by increasing Dy, since the activation energy of diffusion of copper atoms in this case changes insignificantly, only by
0,07+0,08 eV, and becomes Q = 0,55+0,56 eV.

The presented experimental results confirm the correctness of the proposed model of diffusion of Cu atoms, i.e.,
diffusion mechanism with the association Cuj Pbg,. Indeed, at concentrations N3, <5-10'8 cm™ in p-CdTe films, extra
Cu atoms appear that are not bound in complexes, which begin to diffuse through other channels, among which
dissociative diffusion is most likely, since free vacancies of cadmium atoms V¢4 are formed.

Recombination parameters were determined on p-CdTe<Pb> samples with different Pb content: diffusion length L,
minority carrier lifetime t,, and surface recombination rate S.

To measure Lp in CdTe, a heterostructure with an upper optical window from a wide-gap semiconductor CdS was
formed by vacuum deposition in a quasi-closed volume with an area of 1 cm? according to the technology described
in [18]. The front contact, from the side of which illumination is provided, is made of indium deposited in a vacuum
of ~107 Torr in the form of a comb. In this case, the width of the contact strip was 0.8 mm, and the distance between the
strips was ~2 mm. The back contact was a molybdenum substrate. The deposited indium contact on CdS was connected
to the heterojunction in the blocking direction.

L, was measured by the diffusion method described in [19], as well as by the method [20], including the
measurement of the photocurrent depending on the absorption depth o at a constant intensity F in the region of the
intrinsic absorption spectrum. Both methods give almost identical results.
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At high concentrations of Pb (N = 5:10'°+10?° cm?) in p-CdTe<Pb>, the electron diffusion length reaches its
maximum value, =60 um. With a decrease in Npy, the value of L, also decreases at Np, = 10! cm, L, =14 um.

From the short-wavelength region of the photocurrent spectrum I;n(hv) (hv>2 eV), the surface recombination rate S
was determined for holes at the p-n junction boundary adjacent to the CdS wide-gap filter. The results show that S depends
on the Pb content in CdTe, and it increases with an increase in the Pb content, and S=10° cm's! is maximum at
Npp=5-10' cm?3. Further, as Npy, increases to 10%° cm 3, the surface recombination rate remains constant. Note that S for
holes has the lowest value of = 7-10° cm's’! in the absence of impurities of Pb atoms in the samples under study.

The lifetime 1, of minority current carriers was also determined on p-CdTe<Pb> samples by the phase difference
method. At the same time, a certain correlation between 1, and Np, was revealed. It has been established that tn reaches
its maximum value = 210 s at Np,==10?° cm, and at Npp=210'8 cm™ 7,=107s.

The mobility of minority carriers p, was calculated using the experimental values of L, and 7, using the known
formula L, = (kT/quata)". Found p, = 690 cm?/V:s at L, = 60 pm, 1, = 2:10° s and Np, = 5:10"°+10?° cm™. p, remains
practically constant in p-CdTe<Pb> samples with different contents of Pb impurities, so p, = 680 cm?/V s at L, =14 pm,
1, =107 s and Np,=5-10"8 cm.

Thus, the presence of Pb atoms in large-block p-CdTe films leads to the formation of recombination centers with
sharply different electron and hole capture cross sections, the ratio of which is directly dependent on the Np, concentration.
These results do not contradict the data obtained in [21].

The diffusion and recombination parameters of control samples of large-block p-CdTe films with p = 103-10* Q-cm,
in which there are no Pb atoms, have also been studied. The control p-CdTe films and the p-CdTe<Pb> films were
synthesized in identical technological modes, the only difference being that the control p-CdTe films were grown on mica
substrates, while the p-CdTe<Pb> films were grown on substrates with an impurity of Pb atoms, of which, during the
synthesis, Pb atoms were doped into growing films.

As for the recombination parameters, they are low in p-CdTe control samples and correspond to the literature data,
for example, L, = 0,5+0,6 mkm and 1, = 10® + 5-10” s coincides with the results [20].

CONCLUSIONS
Thus, by introducing impurities of Pb atoms, it is possible, firstly, to control the diffusion rate of copper Cu atoms
in p-CdTe films, this opens up wide opportunities for using thin-film solar cells with Cu,Te-CdTe and Cu,S-CdS (ZnCdS)
structures in terrestrial conditions. Secondly, the possibility of controlling the charge states of recombination centers in
large-block p-CdTe films by introducing atomic impurities. Pb makes it possible to obtain semiconductor base materials
with desired properties, i.c., given values of the microparameters Ln and tn, which is extremely important in materials
science, for the microelectronic and semiconductor industries, especially for the creation of thin-film solar cells.
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BILIUB JU®Y3Ii ATOMIB MIJI B ITOJIKPUCTAJITYHUX IIJIIBKAX CdTe, JETOBAHUX ATOMAMH Pb
lapiga b. Yramypanosa, llaxpyx X. daaie, Cyarannama A. My3apaposa, Kaxpamon M. ®aiizy/iiaeB
Incmumym ¢hizuxu nanienpogionuxie ma mixpoenexmpouixu npu Hayionanenomy ynisepcumemi Y36exucmany,

Tawkenm, Yzbexucman

Jocnimkeno npotec audysii Mivenux atomi Migi ®1Cu B kpynHoGnokoBux miiBkax p-CdTe<Pb> 3i cTOBMYACTOIO 3€PHUCTOIO
crpykrypoto. IlniBka CdTe<Pb> € HamiBIIPOBIIHUKOM p-THITy, e 30inblieHHs KoHueHTpawii Pb y ckiani mniBok CdTe 36unbiye
NUTOMHUIA omip p cTpykTypu. Ilpu 3mini konuentpauii Pb B CdTe Bix 10'® 1o 5-10'? cm™ koHUEHTpaLis AipOK 3MEHIIYETCS GLIbLI Hix
Ha 3 OPA/KY IIPH MOCTiHHIN rmbuHi pododoro piBai Ev + (0,4 + 0,02) eB. Lle Moske CBiquUTH PO Te, 110 KOHIEHTPALlis aKLIENTOPHUX
IedeKTiB, SIKi yTBOPIOIOTHCS B IUTIBKaX BHACIIIOK CAMOKOMIICHCAIIIT IPH JIETyBaHH1 JOHOPOM Pbcd, mepeBHUIy€e KiTbKiCTh OCTaHHBOTO.
EnextpuuHi BUMiprOBaHHS METOIOM XO0JUla MPOBOAWIN MPH MOCTiHHOMY cTpyMi Ta TemmepaTtypi 300 K. ¥V pesynprari migBumieHHS
TeMIepaTypH ITiBok Ha migxaanui Mo-p-CdTe<Pb> mix yac Bijgnany BIUIMBAE Ha €IEKTPHYHMIT HapaMeTp 3apsiLy. MOOUIBHICTE HOCIS
[, BOHA 3HAUYHO 3MEHINYETHCS. PeHTreHOCTpyKTypHHUII aHali3 mokas3aB, Mo Ha audpakTorpamax 3paskiB mriBok p-CdTe<Pb> yci
HasiBHI pediekcu BiamoinaoTk ¢paszi CdTe i mo x = 0,08 He MicTiTh pediekciB qominkoBux $a3 i MaroTe KyOiuHy Moaudikariro. 3a
pe3ysibTaTaMy po3paxyHKy BCTAHOBJICHO, IO HU3bKi 3Ha4YeHHs KoedimieHta nudysii atomiB Cu 3yMOBJIEHI YTBOPEHHSIM acoLiaTiB
tuny A Cuj Pbgy, sIKi 3HAXOATHCA B MPsAMiH 3a1eKHOCTI Bl KoHuenTpanii Pbeg. Judysiiina nosxuna Ln i yac 5KUTTS Tn HEOCHOBHUX
HOCIiB CTPyMy y BEIMKOOJIOYHHX IUIIBKax TEJIYPUIY KaJMil0 P-THUIy, SKUMH TaKOXX MOXKHA KEpyBaTH IUIAXOM BBEACHHS aTOMiB
CBHHLIO B TEIIYPH[] KaIMil0.

KuwouoBi cnoBa: ougysia; acoyitioganuil;, uac ocumms, nIi6Ka; aKYenmopHuti yeump, paodioakmueHuil i30mon, po3nooii;
pyxaugicms, numomuii onip, Koegiyienm oughysii; enmanvnis
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In the current study, concentrated Nd:YAG laser pulses at 500 mJ with a second radiation at 1064 nm (pulse width 9 ns) and
repetition frequency (6 Hz) for 300 laser pulses incident on the target surface were employed to coat glass substrates with MnO
thin films. Using an X-ray diffractometer (XRD), an atomic force microscope (AFM), and a UV-Vis spectrophotometer, the
structural, morphological, and optical characteristics of the films doped with different concentrations of Cu content (0.03, 0.05,
0.07, and 0.09) were examined. The results show that the films are polycrystalline, with the largest peak appearing at an angle of
35.31, or a reflection of (111). The crystalline size of the deposited thin films was calculated using Debye Scherer formula and
found to increase from 11.8 nm for undoped MnOz to 29.6 nm for doped (MnO) with the increase of Cu content from x=0 to x=0.09
at preferred orientation of (111). All the samples have a cubic structure. Also, the results showed that Cu content of the films affects
the surface morphology. From the results of AFM analysis, it was found that the roughness and average diameter change when
adding Cu to the structure, with the highest value occurring at Cu ratio 0.09 equal to 65.40 and 71.21 nm, respectively. UV—Vis
spectrophotometer was used to investigate the optical transmission. It was found that when Cu content of films increased, the
transmittance of films decreased. Hall Effect measurements show that all prepared films at RT have two type of conductivity P-
type and n-type. The electrical characteristics of the (MnO)1xCux/Si heterojunction Solar Cell have been studied and found that the
efficiency (n) decreases with the increase of Cu content.

Keywords: Cu Nanoparticles; MnO Thin Films; PLD Technique; Structural Properties; Optical Properties

PACS: 73.61.-1, 61.05.C-, 61.05.cc, 61.05.cf, 61.05.cj, 75.70.Ak, 78.20.Ci

1. INTRODUCTION

The use of thin film semiconductors has generated significant interest in a growing range of applications in
various electrical and optoelectronic devices due to their low production costs, and thin film technology has a major
position in basic research. An examination of the literature reveals that numerous research teams have studied thin-
film technology. As a result, a number of deposition processes have emerged, the majority of which depend on
continuous, high-temperature power sources [1]. Nanoparticles are the fundamental structures in nanotechnology,
which has many applications in different areas such as biosensor and electronic nanodevices [2]. An important class
of nanostructured materials are the metal oxide thin films. It is possible to create the thin film's nanomaterials and
grown using various methods. There are several widely used methods for depositing thin films onto a substrate,
including pulsed laser deposition [3], chemical vapor deposition [4-5] reactive magnetron sputtering [6], spray
pyrolysis [7], atomic layer deposition [8], chemical bath deposition [9] and so on. Manganese dioxide is one of the
most attractive inorganic transition metal oxide materials from environmental and economic stand points. It is widely
used in biosensors [10], catalysis [11], electrochromic multilayered nanocomposite thin films [12-13] and high-
performance electrochemical electrodes and energy storage [14]. Typically, MnO is a transparent semiconductor that
is conducting with an n-type carrier [15]. The pulsed laser deposition method involves ablating one or more targets
that have been irradiated by a focused pulsed laser beam in order to produce thin films. This approach was originally
used in 1965 by Smith and Turner [16]. Due to its outstanding chemical stability, transparency, low toxicity, low cost,
functional biocompatibility, excellent adsorption capacity, catalytic capabilities, and global availability,
nanostructured manganese dioxide (MnO) is a potential transition metal oxide [17]. The current study investigated the
synthesis and characterization of optically transparent (MnO) films doped with different concentrations of Cu
nanoparticles. The (MnO-Cu) thin films' structural, morphological, and optical characteristics were examined using
UV-visible spectroscopy, atomic force microscopy, and X-ray diffraction (XRD).

2. EXPERIMENTAL
2.1 Preparation of Samples
Various concentrations of Cu nanoparticles (0.03, 0.05, 0.07, and 0.09 were used) were mixed with 99.99% pure
MnO. In a gate mortar, the powder was mixed for five minutes. After that, it was compacted into pellets with a diameter
of 1 cm and a thickness of 0.2 cm using a hydraulic press for 10 minutes at a pressure of 5 tons. After an hour of 400 °C
sintering, the pellets were cooled to ambient temperature.

7 Cite as: D.T. Mohammed, G.H. Mohammed, East Eur. J. Phys. 3, 391 (2023), https://doi.org/10.26565/2312-4334-2023-3-42
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2.2 Deposition of Thin Films
The generated pellets were used to create thin films of (MnO)1-xCux on glass substrates with dimensions of
2.5%7.5 cm that had been cleaned employing an ultrasonic process and distilled water for 15 minutes. The pulsed laser
deposition method was applied to produce thin films with the Nd:YAG laser. It produced 500 mJ of energy for 300 laser
pulses that were incident on the target surface at a 45° angle and repeated at a frequency of 6 Hz. The deposition was
done at (1-10-1) mbar of chamber pressure. The distance between the target and the substrate was 1.5 cm. The layer
thickness of 200+5nm was estimated using the interference technique.

2.3 Measurements
By employing Cu-Ka (= 0.154 nm) throughout a 2-scan range of 10-80°, the structural properties of (MnO);x Cux
thin films were studied by an X-ray diffractometer (Philips PW1730). Atomic force spectroscopy (AFM) was used to
investigate the surface morphological characteristics of the film. Using a UV-Vis-NIR spectrophotometer with a
190-1100 nm wavelength range (Metertech SP8001), the optical characteristics of thin films were investigated.

3. RESULTS AND DISCUSSIONS
3.1 The X-rays Diffraction Results
Figure 1 displays the XRD patterns of different Cu concentrations in doped and undoped MnO thin films. The
outcomes demonstrated the polycrystalline nature of the films. This outcome is consistent with Zahan et al. [18].
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Figure 1. Shows the X-ray diffraction of Cu nanoparticles doped in different quantities in MnO

By comparing the results with ASTM card files (No. 96-900-6666), the diffraction peaks are identified. MnO-Cu thin
films were discovered to have a cubic structure. There are two strong peaks and three other smaller ones in the X-ray diffraction
spectra of MnO. It denotes the polycrystalline nature of the film. The strongest peak in the XRD pattern was at an angle of
35.31, which corresponds to a reflection of (111). It was observed that two additional strongest peaks developed at an angle of
40.85, which corresponded to a reflection of (200), when Cu with (0.05 and 0.07) content was added to the films. This
demonstrates the impact of copper content. The Debye-Scherer equation was used to determine the crystal's size (Cs) [19-21].

094
* PBcosO’

(M

Where: 6 the diffraction angle, f full width at half maximum (FWHM), and A wavelength of the X-ray are all given.

In accordance with the Debye-Scherer equation as well. For (111) and (200), the findings are shown in Table 1.
Average crystallite size, interplanar spacing, and the number of planes in the diffraction pattern of undoped and doped
MnO thin films with various Cu contents Table 1 results showed that the average crystallite size had increased along with
the increase in copper concentration. In contrast to earlier research, this study's findings revealed [18].
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Table 1. Lists the crystal size, FWHM, and interplaner distance for (MnO) thin films doped with various concentrations of Cu nanoparticles.

Cu % 20 (Deg.) FWHM (Deg.) dhkl Std.(A ) C.S (nm) hkl Phase

MnO 35.10 0.7055 2.5548 11.8 (111) Cubic MnO
MnO-Cu (0.03) 35.31 0.6349 2.5400 13.1 (111) Cubic MnO
MnO-Cu (0.05) 40.85 0.7760 2.2072 10.9 (200) Cubic MnO
MnO-Cu (0.07) 35.34 0.5643 2.5375 14.8 (111) Cubic MnO
MnO-Cu (0.09) 35.31 0.2822 2.5400 29.6 (111) Cubic MnO

3.2 Atomic force microscopic
Analysis of the surface morphology of films grown on glass substrates can be done by using 3D AFM images of
MnO thin films doped with various concentrations of Cu nanoparticles to calculate the mean diameter, mean roughness,
and mean square root (RMS). The fine morphology and roughness of the MnO films may be seen with various Cu
activators. Roughness and RMS change increased with the addition of Cu, with a Cu ratio of 0.09 producing the maximum
value. The 0.09 Cu ratio is the best among the other ratios, based on the findings of the XRD and AFM tests (it produced
the highest roughness and largest crystalline size).
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Figure 2. Shows 3D AFM images of
room-temperature-produced MnO thin
films doped with different amounts of
Cu nanoparticles
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Table 2. Granular content and total surface roughness of the produced films at room temperature

Sample Avg.Diameter (nm) Avg.Roughness (nm) R.M.S (nm) Peak-Peak (nm)
MnO 178.2 62.74 84.34 109.6
MnO-Cu (0.03) 44.17 37.40 4541 96.13
MnO-Cu (0.05) 131.1 7.446 13.48 73.38
MnO-Cu (0.07) 58.97 59.76 76.15 228.4
MnO-Cu (0.09) 71.21 65.40 84.71 200.4

3.3 The optical properties
Undoped and doped (MnO) thin films with varying concentrations of Cu (0.03, 0.05, 0.07, and 0.09% wt.) were
studied for transmission, absorption coefficient, extinction coefficient, refractive index, dielectric constant, and optical
energy gap in the wavelength range of 500—1100 nm.For (MnO-Cu) produced at RT, Figure 3 depicts the transmission
variation with wavelength. The image and Table 3 make it clear that the transmittance value is inversely proportional to
the Cu concentration; as the Cu content in MnO films increased, so did the transmittance value.
The relation [22, 23] can be used to get the absorption coefficient:

a=2303A/t. ()

where t is the sample's thickness and A is the absorbance. The following relation [24] can be used to compute the optical
energy gap's value:
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ahv=B(hv-Eg)r, (3)

where B is a constant inversely proportional to the degree of amorphousness, hv is the energy of the input photon, r is the
exponent denoting the kind of optical transitions in the material, and Eg is the optical bandgap.
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Figure 3. Shows the transmittance spectra of Cu nanoparticle-  Figure 4. Shows the absorption coefficient of thin films of MnO
doped MnO thin films at various concentrations doped with various concentrations of Cu nanoparticles

Band-to-band absorption causes a significant increase in an electron's absorption when it is moved up to the

conduction band from the valence band, producing a new pair of charge carriers (an electron and a hole). The bandgap
values for the various Cu contents are shown in Table 3. The absorbance increases as Cu concentration (x) increases and

Eg decreases.

Table 3. Shows the transmittance, absorption coefficient, and optical constant of (MnO) thin films at room temperature that are both
undoped and doped with (Cu) in the following ratios: 0.030.050.070.009.

Sample % a(em-1) Kk n er €l Eg (eV)
MnO 68.99 18561 0.074 2.257 5.088 0.333 2.69
MnO-Cu(0.03) 64.29 22085 0.088 2.370 5.609 0.417 2.6
MnO-Cu(0.05) 59.88 25640 0.102 2.463 6.057 0.503 2.4
MnO-Cu(0.07) 55.34 29585 0.118 2.543 6.454 0.599 2.23
MnO-Cu(0.09) 49.64 35018 0.139 2.614 6.815 0.729 2.19

Figure 5 shows that optical bandgap measurements fall from roughly 2.69 eV to 2.19 eV at room temperature when
the Cu content increases from 0% to 9%.

Figure 6 shows the connection between the extinction coefficient (k) and wavelength in the 500-1100 nm range for
samples made at room temperature, illustrating how the k values climb as the doping level increases. Table 3 provides an
illustration of the results. The values of k were calculated based on the relationship shown in [25].
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Figure 5. Shows the plot of (ahv)? as a function of (hv) for thin  Figure 6. Shows the MnO thin films doped with various
films of MnO doped with various concentrations of Cu concentrations of Cu nanoparticles and their extinction
nanoparticles coefficients (k)

extinction coefficients (k):
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Figure 7 and Table 3 Show how the refractive index changes with wavelength for undoped and doped MnO with
different amounts of Cu in the wavelength range of 500-1100 nm. It can be seen that the refractive index rises as the
doping increases.

3
25
2 \
1,5
MnO
1] X=0.03
X=0.05
X=0.07
05 X=0.09
0 T T T T T
500 600 700 800 900 1000 1100
A (nm)

Figure 7. Shows the refractive index of thin films of MnO doped with various concentrations of Cu nanoparticles.
The complicated optical refractive index of thin films is described by equation (5) [26]:
n*=n - ik (5)

where (n) and (k) are the real portion and imaginary part of a complex refractive index, respectively, and (n*) is the
complex refractive index. While the relationship [27] can be used to determine the simple refractive index:
1+R 4R
n=——+ —— -k’ (6)
I-R Y\ (1-R)

Figures 8 and 9 show the real and imaginary portions of the dielectric constant of undoped and doped (MnO) thin
films with different Cu concentrations (0.03, 0.05, 0.07, and 0.09), respectively, in the wavelength range (500—1100 nm)
at room temperature. Since (k2) is much smaller than (n2), part (per Equation 7) simply depends on the value of (n2).
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Figure 8. Shows the real component of the dielectric constant  Figure 9. Shows the imaginary portion of the dielectric constant
for thin films of MnO doped with various concentrations of Cu  for thin films of MnO doped with various concentrations of Cu
nanoparticles nanoparticles
The imaginary portion, however, is dependent on the value of (k) (see Equation 8). It was discovered that their
values increased as the doping and wavelength were raised, as indicated in Table 3. Applying the equations [28], the real
and imaginary components of the dielectric constant were computed.
g, =n"— k’ @)

g, =2nk (®

3.4 Hall Effect
Undoped and doped (MnO) thin films with varying Cu contents (0.03, 0.05, 0.07, and 0.09) wt were studied using
Hall Effect measurements. Table (4) shows that all samples exhibit a positive negative Hall coefficient (i.e., n-type
conductivity), with the exception of films doped at x = 0.05, 0.07, where the Hall coefficient sign has been transformed
to p-type due to the high concentration of carriers. Additionally, the results demonstrate that a drop in the values of charge
carriers (n) with a decrease in both the mobility (uy) and Hall coefficient (Ry) values causes an increase in the value of
electrical conductivity ().
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Table 4. Hall coefficient, Hall mobility, carrier concentration, and conductivity type for MnO films doped with various Cu at RT

Sample 6 (1/ 2 Cm) p (2 cm) Ru(cm?/c) nu(1/cm?) pa(cm?/v-sec) type
MnO 3.12E+00 3.205E-01 -4.21E+01 -1.48E+17 1.32E+02 N
MnO-Cu(0.03) 1.22E+01 8.197E-02 -5.85E+01 -1.07E+17 7.14E+02 N
MnO-Cu(0.05) 2.83E+01 3.533E-02 2.90E+02 2.15E+16 8.21E+03 P
MnO-Cu(0.07) 2.47E+01 4.048E-02 4.20E+01 1.49E+17 1.04E+03 P
MnO-Cu(0.09) 3.44E+00 2.907E-01 -8.12E+01 -7.69E+16 2.79E+02 N

3.5 Current-Voltage Characteristics Measurements at Illumination
Show the J-V characteristics of the (MnO);xCu,/Si heterojunction made by pulsed laser deposition at different Cu
concentrations (x = 0.03, 0.05, 0.07, and 0.09) under ambient lighting (100 mW/cm?2) at room temperature. The values of
J-V parameters (Voc , Isc, Vm , Im , F.F and 1) were tabulated in Table 5 . In general, it can be observed that the Isc
decreases as the cu content increases. It is noticed a decrease in the values of the fill factor and the efficiency value as the
Cu content increases and further result in a poor electrocatalytic performance this outcome is consistent with
Peng et al. [29].
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Figure 10. J-V characteristics under illumination by 100mW/cm? white light for MnO/p-Si at R.T.
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Figure 12. I-V characteristics under illumination by 100mW/cm? white light for (MnO)i-x Cux/n-Si with Cu content 5% at R.T.
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Figure 13. [-V characteristics under illumination by 100mW/cm2 white light for (MnO)1xCux/n-Si with Cu content 7% at R.T.

g i X=().09
9
< r
E 021
i : 4
7’
o 4
-0,3 -0,2 -0,1 0,1 0,2 0,3 0,4 0,5 0.6 of ?),7 ols
02 7 V(Volt)
ol ’
y -~
-0,4 -
r —
,.,----0,5';- i g
-’
J '
r -0,8
v B
1

Figure 14. [-V characteristics under illumination by 100mW/cm? white light for (MnO)1-xCux/p-Si with Cu content 9% at R.T.

Table 5. Photovoltaic characterization (Voc, Isc, Vm, and Im) of (MnO)1-xCux/p and n-Si heterojunctions illuminated by 100mW/cm?

white light with different Cu content prepared at RT

Sample Isc (mA) Im Voc Vm FF Pm (mW) Efficincy (n)
MnO 0.66 0.47 0.70 0.38 0.39 0.1786 0.18
MnO-Cu(0.03) 0.70 0.38 0.65 0.54 0.45 0.2052 0.21
MnO-Cu(0.05) 0.64 0.46 0.55 0.34 0.44 0.1564 0.16
MnO-Cu(0.07) 0.60 0.36 0.33 0.18 0.33 0.0648 0.06
MnO-Cu(0.09) 0.62 0.45 0.72 0.42 0.42 0.189 0.19

4. CONCLUSION
The impact of doping (MnO) thin films with various Cu contents on their structural, morphological, and optical

features was investigated in the current work. The films' polycrystalline nature was demonstrated by the XRD pattern,
which had the highest peak present at an angle of 35.31, which corresponded to a reflection of (111). The ratio of
0.09 percent Cu is the best among the other ratios, according to the XRD and AFM analyses (it produced the highest
crystalline size and the highest roughness). The absorbance coefficient rose for all samples as the doping ratio rose. It was
discovered that as the doping ratio grew, the refractive index, extinction coefficient, and dielectric constant (real and
imaginary parts) all increased. Hall Effect measurement showed that films have n-type to all samples except (0.03 and
0.05) in RT. J-V characteristic showed the maximum efficiency which was 0.21% at MnO-Cu (0.03) at RT and the value
of the filling factor decreases with doped Cu at (RT).

ORCID

Doaa T. Mohammed, https://orcid.org/0009-0001-7444-606X; “Ghuson H. Mohammed, https://orcid.org/0000-0002-7401-3539

(1]
(2]
(3]

REFERENCES
P.U. Asogwa, S.C. Ezugwu, F.I. Ezema, “Variation of optical and solid state properties with post deposition annealing in PVA-Capped
MnO: thin films,” Superficies y Vacio, 23(1) 18-22 (2010). https://www.fis.cinvestav.mx/~smcsyv/supyvac/23_1/SV2311810.pdf
D.K. Naser, A.K. Abbas, and K.A. Aadim, “Zeta potential of Ag, Cu, ZnO, CdO and Sn nanoparticles prepared by pulse laser
ablation in liquid environment,” Iraqi Journal of Science, 2570-2581 (2020). https://doi.org/10.24996/ijs.2020.61.10.13
J. Medina-Valtierra, J. Ramrez-Ortiz, V.M. Arroyo-Rojas, and F. Ruiz, “Cyclohexane oxidation over Cu20—CuO and CuO thin
films deposited by CVD process on fiberglass,” Applied Catalysis A, 238, 1-9 (2003). https://doi.org/10.1016/S0926-
860X(02)00074-1



398

EEJP. 3 (2023) Doaa T. Mohammed, et al.

(4]

[11]

[12]

[21]

(22]
(23]

(24]

R. Naeem, R. Yahya, A. Pandikumar, N.M. Huang, M. Misran, Z. Arifin, and M. Mazhar, ‘“Photoelectrochemical properties of
morphology-controlled manganese, iron, nickel and copper oxides nanoball thin films deposited by electric field directed aerosol
assisted chemical vapor deposition,” Materials Today Communications, 4, 141-148 (2015).
https://doi.org/10.1016/j.mtcomm.2015.06.004

Z.S. Mahdi, and G.H. Mohammed, “Structural and Optical Properties of GO-doped (TiO2: MoS2) Films Prepared by Pulsed Laser
Deposition,” Journal of Survey in Fisheries Sciences, 10(3S), 5658-5668 (2023).
https://sifisheriessciences.com/journal/index.php/journal/article/view/1954/2010

F.K. Allah, S.Y. Abe, C.M. Nunez, A. Khelil, L. Cattin, M. Morsli, J.C. Bernede, et al., “Characterisation of porous doped ZnO
thin films deposited by spray pyrolysis technique,” Applied Surface Science, 253, 9241-9247 (2007).
https://doi.org/10.1016/j.apsusc.2007.05.055

O. Nilsen, H. Fjellvag, A. Kjekshus, “Growth of manganese oxide thin films by atomic layer deposition,” Thin Solid Films, 444,
44-51 (2003). https://doi.org/10.1016/S0040-6090(03)01101-5

H. Unuma, T. Kanehama, K. Yamamoto, K. Watanabe, T. Ogata, M. Sugawara, “Preparation of thin films of MnO: and CeO2 by
a modified chemical bath (oxidative-soak-coating) method,” Journal of Materials Science, 38, 255-259 (2003).
https://doi.org/10.1023/A:1021197029004

M.A. Abood, and B.A. Hasan, “A Comparison Study the Effect of Doping by Ga203 and CeOz On the Structural and Optical
Properties of SnO2 Thin Films,” Iraqi Journal of Science, 64(4), 1675-1690 (2023). https://doi.org/10.24996/ijs.2023.64.4.10

S. Liang, F. Teng, G. Bulgan, R. Zong, and Y. Zhu, “Effect of Phase Structure of MnO2 Nanorod Catalyst on the Activity for CO
Oxidation,” Journal of Physical Chemistry C, 112, 5307-5315 (2008). https://doi.org/10.1021/jp0774995

M. Nakayama, Y. Kashiwa, and K. Suzuki, “Electrochromic Properties of MnO»-Based Layered Polymer Nanocomposite,”
Journal of the Electrochemical Society, 156, D125-D130 (2009). http://dx.doi.org/10.1149/1.3072896

N. Sakai, Y. Ebina, K. Takada, and T. Sasaki, “Electrochromic Films Composed of MnO2 Nanosheets with Controlled Optical
Density and High Coloration Efficiency,” Journal of the Electrochemical Society, 152, E384-E389 (2005).
https://doi.org/10.1149/1.2104227

D. Yuping, M. He, L. Xiaogang, L. Shunhua, and J. Zhijiang, “The microwave electromagnetic characteristics of manganese
dioxide with different crystallographic structures,” Physica B, 405, 1826-1831 (2010).
https://doi.org/10.1016/j.physb.2010.01.055

AK.M. Farid ul Islam, R. Islam, and K.A. Khan, “Studies on the thermoelectric effect in semiconducting MnOz thin films,”
Journal of materials science: Materials in electronics, 16, 203-207 (2005). https://doi.org/10.1007/s10854-005-0766-1

H. Xia, W. Xiao, M.O. Lai, and I. Lu, “Facile Synthesis of Novel Nanostructured MnO>Thin Films and Their Application in
Supercapacitors,” Nanoscale Res. Lett. 4, 1035-1040 (2009). https://doi.org/10.1007/s11671-009-9352-4

R.K. Jamal, M.A. Hameed, and K.A. Adem, “Optical properties of nanostructured ZnO prepared by a pulsed laser deposition
technique,” Materials Letters, 132, 31-33 (2014). https://doi.org/10.1016/j.matlet.2014.06.047

K. Tian, M. Prestgard, and A. Tiwari, “A review of recent advances in nonenzymatic glucose sensors,” Mater. Sci. Eng. C, 41,
100-118 (2014). https://doi.org/10.1016/j.msec.2014.04.013

Z. Muslima, and J. Podder, “Structural, optical and electrical properties of Cu: MnO2 nanostructured thin films for glucose
sensitivity measurements,” SN Applied Sciences, 2, 385-396 (2020). https://doi.org/10.1007/s42452-020-2191-8

K.A. Aadim, R.A. Alansary, and S.A. Alhady, “Effect of Mn concentration on the structural and optical properties of SnO2 thin
films prepared by pulse laser deposition,” Journal of Research and Method in Education (IOSR-JRME), 4(4), 12-19 (2014).
https://www.doi.org/10.9790/7388-04441219

G.A. Al-Dahash, Q.M. Salman, and S.F. Haddawi, “Study the Effect of Copper (Cu) Doping on the Structure Properties of Zinc
Oxide (ZnO) Prepared by Using Pulsed Laser Deposition (PLD),” J. Univ. Kerbala, 15(2), 87-95 (2017).
https://iasj.net/iasj/pdf/f612004da9aae7d2

G.K. Williamson, and R.E. Smallman, “III. Dislocation Densities in Some Annealed and Coldworked Metals from Measurements
on the X-Ray Debye-Scherrer Spectrum,” Philos. Mag.: A journal of experimental and applied physics, 1(1), 34-46 (1956).
https://doi.org/10.1080/14786435608238074

H. Kim, and C.M. Gilmore, “Transparent conducting aluminum-doped zinc oxide thin films for organic light-emitting devices,”
Appl. Phys. Lett. 76(3), 259-261 (2000). https://doi.org/10.1063/1.125740

S. Sami, S.S. Chiad, K. Haneen, T. Mubarak, N.F. Habubi, M.K. Mohammed, and A. Khadyair, “Fabrication and study the
structure, optical and dispersion parameters of PMMA with InCls additive,” J. Glob. Pharma Technol. 11(4), 369-374 (2019).
M.G. Hutchins, O. Abu-Alkhair, M.M. El-Nahass, and K. Abd El-Hady, “Structural and optical characterisation of thermally
evaporated  tungsten trioxide (WOs) thin  films,” Mater. Chem. Phys. 98(2-3), 401-405 (2006).
https://doi.org/10.1016/j.matchemphys.2005.09.052

M. Thakurdesai, N. Kulkarni, B. Chalke, and A. Mahadkar, “Synthesis of CdSe Films by Annealing of Cd/Se Bilayer,”
Chalcogenide Lett. 8(3), 223-229 (2011). http://chalcogen.ro/223 Thakurdesai.pdf

S. Sonmezoglu, A. Arslan, T. Serin, and N. Serin, “The effects of film thickness on the optical properties of TiO2—SnO2 compound
thin films,” Phys. Scr. 84(6), 65602, 2011. https://doi.org/10.1088/0031-8949/84/06/065602

A. Gultekin, “Effect of Au Nanoparticles Doping on The Properties of TiO2 Thin Films,” Materials Science (Medziagotyra),
20(1), 1392-1320 (2014). https://doi.org/10.5755/j01.ms.20.1.3709

D. Na, L. Satyanarayana, G.-P. Choi, Y.-J. Shin, and J.S. Park, “Surface morphology and sensing property of NiO-WOs3 thin films
prepared by thermal evaporation,” Sensors, 5(12), 519-528 (2005). https://doi.org/10.3390/s5120519

A. Peng, Y. Gao, Q. Yang, X. Zuo, H. Tang, and G. Li, “MoC/MnO composite materials as high efficient and stable counter
electrode catalysts for dye-sensitized solar cells,” Journal of Materials Science: Materials in Electronics, 31, 1976-1985 (2020).
https://doi.org/10.1007/s10854-019-02717-8



399
Investigation of Structural, Optical and Electrical Properties of MnO Doped with Cu... EEJP. 3 (2023)

JOCJIJKEHHA CTPYKTYPHUX, ONTUYHUX TA EJEKTPHYHHUX BJACTUBOCTEM JIETOBAHOI'O MnO
3 MIJHUMH TOHKIMHU ITIJIIBKAMMU, HNIAT'OTOBJEHUMMH 3A TEXHIKOIO PLD
JJIS1 BACTOCYBAHHS Y COHAYHUX EJTEMEHTAX
Hoaa T. Moxammen, I'ycon X. Moxammesn
Daxynomem ¢hizuxu, Haykosuil konedac, bazoadcvkuii ynisepcumem, baeoao, Ipax

VY mnoro4yHOMy MOCIHIDKeHHI KOHIeHTpoBaHi jJasepHi immynsen Nd:YAG npu 500 m/[x 3 apyrum BHnpoMiHioBaHHSM npu 1064 HM
(mmpuHa iMmynscy 9 He) 1 wacrororo moBtopeHHS (6I'm) s 300 masepHHX IMIYJBCIB, IO IMAAlOTh HA IOBEPXHIO MIiIlIeHI,
BUKOPHCTOBYBAJIHCS JUISl TIOKPUTTS CKITHUX MiJKJIaJ0K TOHKMMHM IutiBkamMu MnO. 3a 10moMOroro peHTreHiBChbKOro audpakToMerpa
(XRD), aromno-cuioBoro Mikpockona (ACM) ta cnekrpodoromerpa UV-Vis BH3HAYEHO CTPYKTYpHi, MOP(QOJIOriyHi Ta ONTHYHI
XapaKTepHCTUKH IUTIBOK, JieroBaHux pisHumu kouueHtpauisimu Cu (0,03; 0,05; 0,07; i 0,09). Pe3ynpratu nokasyooTb, IO ILTBKH €
MOJIKPUCTAIYHAMY, 3 HAHOLIBIINM MKOM, 1110 3’ IBISETHCS i KyToM 35,31, a6o a3epkanbaum (111). Kpucraniunuit po3amip ocamkeHUX
TOHKHX IUTIBOK OYyB po3paxoBaHHMii 3a gomomororo ¢popmyiu [ebas-Illepepa, i Oyno BusBiIeHO, M0 BiH 30iubIIyeTses Bin 11,8 HM ms
HeneroBanoro MnQOz 10 29,6 aM s neroarnoro (MnO) 3i 36inbmenssM BMicty Cu Bing x=0 no x=0,09 3a nepeBakHoi opienTamii (111).
VYci 3pasku MaroTh KyOidHy cTpyKTypy. Kpim Toro, pesynpraru nmokasanm, mo BmicT Cu B IUTiBKax BIUTMBAE Ha MOP(QOJIOTio ITOBEpXHi. 3a
pesynpratamu ACM-aHanizy Oyino BHSBICHO, IO INOPCTKICTH 1 CepemHil JiamMeTp 3MIHIOIOThCs mpH poxaBaHHi Cu 10 CTPYKTypH,
NpUYOMy HaiOinblIe 3HaueHHs crocrepiraetbes npu criBBimHomenHi Cu 0,09, mo mopiBHioe 65,40 i 71,21 uM BigmosixHo. J{is
JIOCJTI/DKEHHS! ONITHYHOTO TIPOITyCKaHHsI BUKOPUCTOBYBaU criektpodoromerp UV-Vis. Byio BusiBieHo, 1o npu 30utsnienHi BMicty Cu
B IUTIBKaX MPOITyCKHA 3[aTHICTh IUIIBOK 3MEHIIyeThCs. BuMiproBanms edexkty Xoiuia MOKa3yroTh, IO BCI MArOTOBJICHI IUIIBKH MPH
KIMHATHIH TeMnepaTypi MaloTh ABa TUIM MPOBIAHOCTI: pP-THUIl i n-Tum. Byno BuBueHo enektpuyni xapaktepuctuku (MnO)ixCux/PSi
COHSYHOI OaTapei 3 reTeponepexoIoM i BHSBICHO, 10 epeKTHBHICTS (1) 3MEHIITY€ThCS 31 301UIbIIeHHAM BMicTy Cu.

Kurouosi cioBa: nanouacmunxu Cu; mouxi nuieku MnQO; mexnika PLD; cmpykmypHi énacmuocmi, Onmu4Hi 61acmugocmi





