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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 
Poሷ schl-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 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 Schr𝑜ሷdinger 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 Schrödinger 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 
Schrödinger 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 Schrödinger 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 Schrödinger 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 Schrödinger 
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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 Pöschl-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, Rolle𝑠̀ 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 Ζ : (0,∞ሻ → 𝑅, the 
generalized fractional derivative of order 0 ൏ 𝛼 ൑ 1 of Ζሺ𝑡ሻ at ൐ 0 is defined as 

 𝐷ீி஽Ζሺ𝑡ሻ = lim
ఌ→଴

୾ቀ௧ା
౳ሺഁሻ

౳ሺഁషഀశభሻ
ఌ௧భషഀቁି୾ሺ௧ሻ

ఌ
; 𝛽 ൐ െ1,𝛽 𝜖 𝑅ା  (1) 

The properties of the generalized fractional derivative are, 

I. 𝐷ఈሾ Ζ௡௟ሺ𝑡)] = 𝑘ଵ 𝑡ଵିఈ Ζሗ ௡௟(𝑡),  (2) 

II. 𝐷ఈሾ 𝐷ఈ Ζ(𝑡ሻ] = 𝑘ଵ
ଶ [(1- αሻ 𝑡ଵିଶ ఈ Ζሗ ௡௟(𝑡ሻ + 𝑡ଶିଶ ఈ  Ζ௡௟

ᇱᇱ(𝑡)], (3) 

where, 𝑘ଵ = 
୻ሾఉሿ

୻ሾఉିఈାଵሿ
, with 0 ൏ α ൑ 1, 0 ൏  𝛽 ൑ 1  

III. 𝐷ఈ 𝐷ఉ 𝑡௠ = 𝐷ఈାఉ𝑡௠ for function derivative of Ζሺ𝑡ሻ = 𝑡௠ , m 𝜖 𝑅ା  

IV. 𝐷ீி஽(ΧΥሻ = Χ𝐷ீி஽ሺΥሻ +Υ𝐷ீி஽ሺΧሻ where Χ,Υ be 𝛼 െ differentiable function  

V. 𝐷ீி஽( 
எ

஌
ሻ = 

஌஽ಸಷವሺஎሻିஎ ஽ಸಷವሺ஌ሻ

஌మ
 where Χ,Υ be α- differentiable function  

VI. 𝐷ఈ 𝐼ఈΖሺ𝑡ሻ = Ζሺ𝑡ሻ for ൒ 0 and Ζ is any continuous function in the domain. 

 
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] 

 𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ఛതሺ௦ሻ

ఙሺ௦ሻ
𝐷ఈ𝜓(𝑠ሻ + 

 ሺ௦ሻ

ఙమ
 𝜓(𝑠ሻ = 0, (4) 

where  , 𝜎ሺ𝑠) and 𝜏̅ሺ𝑠ሻ are polynomials of 2𝛼 െth, 2𝛼 െth and 𝛼 െth degree.  
where,  

 𝜋ሺ𝑠ሻ ൌ
஽ഀఙሺ௦ሻିఛതሺ௦ሻ

ଶ
േ ටቀ

஽ഀఙሺ௦ሻିఛതሺ௦ሻ

ଶ
ቁ
ଶ
െ  ሺ𝑠ሻ ൅ 𝐾 𝜎ሺ𝑠ሻ , (5) 

and  

 𝜆 ൌ 𝐾 ൅ 𝐷ఈπሺsሻ, (6) 

𝜆 is constant and 𝜋ሺ𝑠ሻ is 𝛼 െ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  

 𝜏(s) = 𝜏̅ሺ𝑠ሻ + 2 𝜋ሺ𝑠ሻ, (7) 

the derivative of 𝜏 should be negative [28], since 𝜌ሺ𝑠ሻ ൐ 0 and 𝜎ሺ𝑠ሻ ൐ 0 then this is solution. If 𝜆 in Eq. (6) is  

 𝜆 = 𝜆௡= - n 𝐷ఈ  𝜏 - 
௡ሺ௡ିଵሻ

ଶ
𝐷ఈሾ 𝐷ఈ𝜎ሺ𝑠ሻሿ. (8) 

The hypergeometric type equation has a particular solution with degree 𝛼. Eq. (4) has a solution which is the product of 
two independent parts 



250
EEJP. 3 (2023) M. Abu-Shady, et al.

 𝜓(𝑠ሻ = 𝜙(s) 𝑦ሺ𝑠ሻ, (9) 
where, 

 𝑦௡ሺ𝑠ሻ = 
஻೙
ఘሺ௦ሻ

 ሺ𝐷ఈሻ௡( 𝜎ሺ𝑠ሻ௡ 𝜌௡ሺ𝑠ሻሻ, (10) 

 𝐷ఈ[𝜎ሺ𝑠ሻ 𝜌ሺ𝑠ሻሿ = 𝜏(s) 𝜎ሺ𝑠ሻ, (11) 

 
஽ഀథሺୱሻ

థሺୱሻ
 = 

 గሺ௦ሻ

ఙሺ௦ሻ
 (12) 

 
2.2. Second Order Parametric Generalized Differential Equation 

The following equation is a general form of the Schrödinger equation which can be obtained by transforming into a 
second-order parametric generalized differential equation. 

 𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ఈభିఈమ ௦ഀ

 ௦ഀሺଵିఈయ ௦ഀሻ
𝐷ఈ𝜓(𝑠ሻ +

ି కభ ௦మഀାకమ ௦ഀିకయ
 ሺ௦ഀሺଵିఈయ ௦ഀሻሻమ

 𝜓(𝑠ሻ = 0. (13) 

 𝜏̅ሺ𝑠ሻ ൌ 𝛼ଵ െ 𝛼ଶ 𝑠ఈ , (14) 

 𝜎ሺ𝑠ሻ= 𝑠ఈሺ1 െ 𝛼ଷ 𝑠ఈሻ, (15) 

 𝜎ුሺ𝑠ሻ ൌ െ 𝜉ଵ 𝑠ଶఈ ൅ 𝜉ଶ 𝑠ఈ െ 𝜉ଷ.  (16) 

Substituting these into Eq. (5), we obtain  

 𝜋 = 𝛼ସ+ 𝛼ହ 𝑠ఈ േ ඥሺ𝛼଺ –  K 𝛼ଷሻ 𝑠ଶఈ  ൅ ሺ𝛼଻ ൅  Kሻ  𝑠ఈ ൅ 𝛼଼ , (17) 

where, 
 𝛼ସ = 

ଵ

ଶ
 ( 𝑘ଵ𝛼 -𝛼ଵ) (18) 

 𝛼ହ = 
ଵ

ଶ 
 (𝛼ଶ – 2 𝛼ଷ 𝑘ଵ𝛼) (19) 

 𝛼଺ = 𝛼ହଶ + 𝜉ଵ  (20) 

 𝛼଻ = 2 𝛼ସ 𝛼ହ - 𝜉ଶ  (21) 

 𝛼଼ = 𝛼ସ ଶ+ 𝜉ଷ  (22) 

In Eq. (17), the function under square root must be the square of a polynomial according to the NU method, so that  

 𝐾 = - (𝛼଻ ൅ 2 𝛼ଷ𝛼଼) േ 2 ඥ𝛼଼𝛼ଽ, (23) 

where,  

 𝛼ଽ = 𝛼ଷ 𝛼଻ + 𝛼ଷଶ 𝛼଼ +𝛼଺.  (24) 

In case 𝐾 is negative in the form  

 𝐾 = - (𝛼଻ ൅ 2 𝛼ଷ𝛼଼) - 2 ඥ𝛼଼𝛼ଽ (25) 

So that 𝜋 becomes  

 𝜋 = 𝛼ସ+ 𝛼ହ 𝑠ఈ – [ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) 𝑠ఈ- ඥ𝛼଼] (26) 

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

 𝜏 = 𝛼ଵ + 2 𝛼ସ – (𝛼ଶ – 2 𝛼ହ) 𝑠ఈ – [ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) 𝑠ఈ- ඥ𝛼଼] (27) 

From Eqs. (2) and (27), we get, 

 𝐷ఈ 𝜏 = 𝑘ଵ [- 𝛼 ሺ𝛼ଶ – 2 𝛼ହ) – 2 𝛼 ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) ] = 𝑘ଵ [- 2 𝛼ଶ 𝛼ଷ- 2 𝛼 ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼)]൏ 0 (28) 

From Eqs. (6, 8), we get the equation of the energy spectrum 

 n 𝑘ଵ  𝛼 𝛼ଶ – (2n +1) 𝑘ଵ  𝛼 𝛼ହ + (2n+1) 𝑘ଵ  𝛼 ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) + n (n-1) 𝑘ଵ 
ଶ 𝛼ଶ 𝛼ଷ +𝛼଻ + 2 𝛼ଷ 𝛼଼ + 2 ඥ𝛼଼𝛼ଽ = 0 (29) 

If 𝛼=1=𝛽 then 𝑘ଵ ൌ 1, we get the classical equation of the energy eigenvalue as Ref. [25] 

 n 𝛼ଶ – (2n +1) 𝛼ହ + (2n+1) ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) + n (n-1) 𝛼ଷ +𝛼଻ + 2 𝛼ଷ 𝛼଼ + 2 ඥ𝛼଼𝛼ଽ = 0. (30) 

from Eq. (11), we get  
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𝜌ሺ𝑠ሻ = 𝑠
ഀభబషഀ
ೖభ  ሺ1 െ  𝛼ଷ 𝑠ఈሻ

ഀభభ
ഀ ೖభ  ഀయ

ି 
ഀభబ
ഀ ೖభ  

ି 
భ

 ೖభ (31)
From Eq. (10), we get 

𝑦௡ = 𝑃௡
ሺ
ഀభబషഀ
ೖభ 

,
ഀభభ

ഀ ೖభ  ഀయ
 ି 

ഀభబ
ഀ ೖభ  

ି 
భ

 ೖభ 
ሻ
ሺ1 െ  2 𝛼ଷ 𝑠ఈሻ (32)

where,  

𝛼ଵ଴ = 𝛼ଵ + 2 𝛼ସ +2 ඥ𝛼଼  (33) 

𝛼ଵଵ = 𝛼ଶ – 2 𝛼ହ ൅2 ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) (34)

From Eq. (9), the generalized solution of the wave function becomes, 

𝜓(𝑠ሻ = 𝑠
ഀభమ
ೖభ  ሺ1 െ  𝛼ଷ 𝑠ఈሻ

షഀభయ
ഀ ೖభ  ഀయ

ି 
ഀభమ
ഀ ೖభ  𝑃௡

ቀ
ഀభబషഀ
ೖభ 

,
ഀభభ

ഀ ೖభ  ഀయ
ି 

ഀభబ
ഀ ೖభ  

ି 
భ

 ೖభ 
ቁሺ1 െ  2 𝛼ଷ 𝑠ఈሻ  (35) 

where, 
𝑃௡

ሺఊ,ఋሻ are Jacobi polynomials. 

𝛼ଵଶ = 𝛼ସ +ඥ𝛼଼ (36)

𝛼ଵଷ = 𝛼ହ െ  ሺඥ𝛼ଽ+𝛼ଷ ඥ𝛼଼) (37)

Some problems, in case 𝛼ଷ = 0. 

lim
ఈయ→଴

𝑃௡
ሺ
ഀభబషഀ
ೖభ 

,
ഀభభ

ഀ ೖభ  ഀయ
ି 

ഀభబ
ഀ ೖభ  

ି 
భ

 ೖభ 
ሻ
ሺ1 െ  𝛼ଷ 𝑠ఈሻ = 𝐿௡

ഀభబషഀ
ೖభ (

ఈభభ
ఈ ௞భ  

𝑠ఈ) (38)

lim
ఈయ→଴

ሺ1 െ  𝛼ଷ 𝑠ఈሻ
షഀభయ

ഀ ೖభ  ഀయ
ି 

ഀభమ
ഀ ೖభ   = 𝑒

ഀభయ
ഀ ೖభ 

௦ഀ
(39) 

Eq. (35), becomes 

𝜓(𝑠ሻ = 𝑠
ഀభమ
ೖభ  𝑒

ഀభయ
ഀ ೖభ 

௦ഀ
𝐿௡

ഀభబషഀ
ೖభ (

ఈభభ
ఈ ௞భ  

𝑠ఈ). (40)

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

𝐾 = - (𝛼଻ ൅ 2 𝛼ଷ𝛼଼) + 2 ඥ𝛼଼𝛼ଽ (41)

then, the wave function is, 

𝜓(𝑠ሻ = 𝑠
ഀభమ

∗

ೖభ  ሺ1 െ  𝛼ଷ 𝑠ఈሻ
షഀభయ

∗

ഀ ೖభ  ഀయ
– 
ഀభమ

∗

ഀ ೖభ  𝑃௡
൬
ഀభబ

∗షഀ
ೖభ 

,
ഀభభ

∗

ഀ ೖభ  ഀయ
–
ഀభబ

∗

ഀ ೖభ  
ି 

భ
 ೖభ 

൰ൈሺ1 െ  2 𝛼ଷ 𝑠ఈሻ (42)

The generalized solution of the energy eigenvalue is, 

 n𝑘ଵ 𝛼 𝛼ଶ–2n 𝑘ଵ 𝛼 𝛼ହ+(2n+1)𝑘ଵ 𝛼ሺඥ𝛼ଽ െ 𝛼ଷඥ𝛼଼)+n(n-1)𝑘ଵ 
ଶ𝛼ଶ𝛼ଷ+𝛼଻+2 𝛼ଷ𝛼଼  െ2ඥ𝛼଼𝛼ଽ ൅ 𝑘ଵ 𝛼 𝛼ହ = 0 (43) 

where, 

𝛼ଵ଴∗  ൌ  𝛼ଵ  ൅  2 𝛼ସ  െ 2 ඥ𝛼଼,

𝛼ଵଵ∗ ൌ 𝛼ଶ – 2 𝛼ହ ൅ 2 ൫ඥ𝛼ଽ െ 𝛼ଷ ඥ𝛼଼൯ 𝛼ଵଶ∗ ൌ  𝛼ସ  െඥ𝛼଼,

𝛼ଵଷ∗  ൌ  𝛼ହ െ  ൫ඥ𝛼ଽ െ 𝛼ଷ ඥ𝛼଼൯.

ൢ (44)

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]. 

𝑉ሺ𝑟ሻ ൌ 𝑎𝑟ଶ ൅ 𝑏 𝑟 െ  
஼

௥
, (45) 

The radial Schrodinger equation where, the interaction potential is the extended Cornell potential defined as in 
Ref. [29] and 𝑠 ൌ 𝑒ିఒ ௥that we get, 

ௗమோ

ௗ௥మ
 +
ଵ 

௦

ௗோ

ௗ௥
+

ଵ

௦మሺଵି௦ሻమ
ሼെ𝜉ଵ𝑠ଶ ൅ 𝜉ଶ𝑠 െ 𝜉ଷሽ𝑅ሺ𝑠ሻ  ൌ  0 (46)
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where, 

𝜉ଵ  =െ
ଶ ఓ ா

ℏమఒమ
+ 𝑡ଵ, 𝜉ଶ = െ

ସ ఓ ா

ℏమఒమ
+ 𝑡ଶ, 𝜉ଷ = െ

ଶ ఓ ா

ℏమఒమ
+ 𝑡ଷ, (47)

with, 

𝑡ଵ  ൌ  
12 𝜇 𝑎
𝜆ସℏଶ

 ൅
6 𝜇 𝑏
𝜆ଷℏଶ

,

𝑡ଶ  ൌ  
8 𝜇 𝑎
𝜆ସℏଶ

 ൅
6 𝜇 𝑏
𝜆ଷℏଶ

െ
2 𝜇 𝑐
𝜆 ℏଶ

,

𝑡ଷ  ൌ  
2 𝜇 𝑎
𝜆ସℏଶ

 ൅
2 𝜇 𝑏
𝜆ଷℏଶ

െ
2 𝜇 𝑐
𝜆 ℏଶ

൅ 𝑙ሺ𝑙 ൅ 1ሻ,⎭
⎪
⎬

⎪
⎫

(48)

and we get the generalized fractional radial part of the Schrödinger equation is 

𝐷ఈሾ 𝐷ఈ𝑅(𝑠ሻ] + 
ଵି௦ഀ 

௦ഀሺଵି௦ഀሻ
𝐷ఈ𝑅(𝑠ሻ + 

 ିకభ ௦మഀାకమ௦ഀିకయ
ሺ௦ഀሺଵି௦ഀሻሻమ

𝑅(s) = 0, (49) 

By using the following parameters, we get 

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  1,𝛼ଷ  ൌ  1,  𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ 1ሻ,

𝛼ହ  ൌ  
1
 2

 ሺ1 െ 2𝑘ଵ 𝛼ሻ,𝛼଺  ൌ
1
4

 ሺ1 െ 2𝑘ଵ 𝛼ሻଶ െ
2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଵ,

𝛼଻  ൌ  
1
2
ሺ𝑘ଵ 𝛼 െ 1ሻሺ1 െ 2𝑘ଵ 𝛼ሻ ൅

4 𝜇 𝐸
ℏଶ𝜆ଶ

 െ  𝑡ଶ,

𝛼଼  ൌ  
1
4
ሺ𝑘ଵ 𝛼 െ 1ሻଶ  െ

2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଷ,𝛼ଽ  ൌ
1
4
𝑘ଵ 

ଶ 𝛼ଶ  ൅ 𝑡ଵ െ 𝑡ଶ ൅ 𝑡ଷ,

𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ 
1
4
ሺ𝑘ଵ 𝛼 െ 1ሻଶ  െ

2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଷ,

𝛼ଵଵ  ൌ  2 𝑘ଵ 𝛼 ൅  2 ሺඨ
1
4
𝑘ଵ 

ଶ 𝛼ଶ  ൅ 𝑡ଵ െ 𝑡ଶ ൅ 𝑡ଷ  ൅  ඨ
1
4
ሺ𝑘ଵ 𝛼 െ 1ሻଶ  െ

2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଷሻ,

𝛼ଵଶ  ൌ  
1
2
ሺ𝑘ଵ 𝛼 െ 1ሻ  ൅ඨ 

1
4
ሺ𝑘ଵ 𝛼 െ 1ሻଶ  െ

2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଷ,

𝛼ଵଷ  ൌ  
1
2
ሺ1 െ 2𝑘ଵ 𝛼ሻ  െ  ሺඨ

1
4
𝑘ଵ 

ଶ 𝛼ଶ  ൅ 𝑡ଵ െ 𝑡ଶ ൅ 𝑡ଷ  ൅  ඨ
1
4
ሺ𝑘ଵ 𝛼 െ 1ሻଶ  െ

2 𝜇 𝐸
ℏଶ𝜆ଶ

൅  𝑡ଷሻ,
⎭
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎫

(50)

We get, the generalized fractional of the energy eigenvalue is 

𝐸 ൌ 
ℏమఒమ

ଶ ఓ
(𝑡ଷ ൅

ଵ

ସ
ሺ𝑘ଵ 𝛼 െ 1ሻଶ)- 

ℏమఒమ

ଶ ఓ
 ൮

௧భି௧యି൭ቀ௡ା
భ
మቁ௞భ ఈାට

భ
ర
௞భ 

మ ఈమ ା௧భି௧మା௧య൱

మ

ଶ൭ቀ௡ା
భ
మቁ௞భ ఈାට

భ
ర
௞భ 

మ ఈమ ା௧భି௧మା௧య൱

൲

ଶ

(51)

where, t = 𝑡ଵ െ 𝑡ଶ ൅ 𝑡ଷ, 
The generalized fractional of the wave function is, 

𝜓 ሺ𝑠ሻ =A 𝑠

భ
మሺೖభ ഀషభሻ శට 

భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟య

ೖభ ሺ1𝑠ఈሻ

ష൭
భ
మሺభషమೖభ ഀሻష ቆට

భ
రೖభ 

మ ഀమ శ೟శ ට 
భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟యቇ൱

ೖభ ഀ 
 ି

భ
మሺೖభ ഀషభሻ శට 

భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟య

ೖభ ഀ 

𝑃௡
ሺ
షഀశೖభ ഀ శ మ ට 

భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟య

ೖభ 
,
మ ೖభ ഀ శ మ ሺට

భ
రೖభ 

మ ഀమశ ೟శ ට 
భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟యሻ

ೖభ ഀ
ି
ೖభ ഀ శ మ ට 

భ
రሺೖభ ഀషభሻమ ష

మ ഋ ಶ
ℏమഊమ

శ ೟య

ೖభ ഀ 
ି

భ
ೖభ 

ሻ
ൈ ሺ1 െ 2 𝑠ఈሻ (52) 

where A is a normalization constant. 
If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [29]. as 

follows 

𝐸 ൌ 
ℏమఒమ

ଶ ఓ
𝑡ଷ- 

ℏమఒమ

ଶ ఓ
 ൮

௧భି௧యି൭ቀ௡ା
భ
మቁାට

భ
ర

 ା௧భି௧మା௧య൱

మ

ଶ൭ቀ௡ା
భ
మቁାට

భ
ర

 ା௧భି௧మା௧య൱

൲

ଶ

(53) 

𝜓 ሺ𝑠ሻ =A 𝑠
ට ି

మ ഋ ಶ
ℏమഊమ

ା ௧య ሺ1 െ 𝑠ሻ
భ
మ
ାට

భ
ర

 ା௧
𝑃௡

ሺ ଶ ට ି
మ ഋ ಶ
ℏమഊమ

ା ௧య,ଶ ට
భ
ర
ା ௧ሻ

 ሺ1 െ 2𝑠ሻ (54)
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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. 

𝑉ሺ𝑟ሻ = 𝑉଴ ሺ
௥

௥బ
െ

௥బ
௥
ሻଶ , (55) 

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

After transformation 𝑠 ൌ 𝐴ଶ𝑟ଶ, where (𝐴 ൌ 1 ሺ𝑒𝑉ሻሻ, we get the generalized fractional radial part of the 
Schrödinger equation is  

𝐷ఈሾ 𝐷ఈ𝑅(𝑠ሻ] + 
ଷ/ଶ

 ௦ഀ
𝐷ఈ𝑅(𝑠ሻ +

ି ఊమ௦మഀାఌ ௦ഀିఉ

௦మഀ
 𝑅(𝑠ሻ = 0. (56) 

where, the following dimensionless parameters 

𝛾ଶ  ൌ  
𝑉଴ 𝜇

2 𝑟଴ଶ 𝐴ସ ℏଶ
,

𝜀 ൌ  
𝜇

ℏଶ𝐴ଶ
 ሺ𝐸௡,௟ ൅ 2 𝑉଴ሻ

𝛽 ൌ  
𝜇
ℏଶ

 ሺ 𝑉଴𝑟଴ଶ  ൅  
𝐿ሺ𝐿 ൅ 1ሻℏଶ

2𝜇
ሻ,
⎭
⎪⎪
⎬

⎪⎪
⎫

(57)

by using the following parameters, 

𝜉ଵ  ൌ  𝛾ଶ, 𝜉ଶ  ൌ  𝜀, 𝜉ଷ  ൌ  𝛽,

𝛼ଵ  ൌ  
3
2

,𝛼ଶ  ൌ  0,𝛼ଷ  ൌ  0,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  3/2ሻ,

𝛼ହ  ൌ  0,𝛼଺  ൌ  𝛾ଶ,𝛼଻  ൌ  െ 𝜀,𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 3/2ሻ ଶ ൅  𝛽,

𝛼ଽ  ൌ  𝛾ଶ,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 3/2ሻ ଶ ൅  𝛽,𝛼ଵଵ  ൌ  2 𝛾,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  3/2ሻ ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 3/2ሻ ଶ ൅  𝛽,𝛼ଵଷ  ൌ  െ 𝛾,
⎭
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎫

(58)

We get, the generalized fractional of the energy eigenvalue is, 

𝜀 = (2n+1) 𝛾 𝑘ଵ 𝛼 + 2 ට
ଵ

ସ
 ሺ𝑘ଵ 𝛼 െ 3/2ሻ ଶ ൅  𝛽, (59)

And, the generalized fractional of the wave function is, 

𝜓ሺ𝑠ሻ  ൌ  𝑠
ଵ
௞భ 

ቆ
ଵ
ଶ ቀ௞భ ఈ –

ଷ
ଶቁା ට

ଵ
ସ ቀ௞భ ఈ ି

ଷ
ଶቁ

మ
ା ఉቇ

 𝑒
ି ఊ
௞భ ఈ

 ௦ഀ

𝐿௡
ଵ
௞భ 

ቆ௞భ ఈ ା ଶ ට
ଵ
ସ ቀ௞భ ఈ ି

ଷ
ଶቁ

మ
ା ఉቇିఈ

 ሺ
2 𝛾
𝑘ଵ 𝛼

𝑠ఈሻ,
⎭
⎪
⎬

⎪
⎫

(60)

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25]. 

𝜀 = ((2n+1) + 2 ට
ଵ

ଵ଺
 ൅  𝛽 ) 𝛾, (61)

𝜓(𝑠ሻ = 𝑠
ቆ
షభ
ర
ା ට

భ
భల

 ା ఉቇ
𝑒ି ఊ ௦ 𝐿௡

ቆ ଶ ට
భ
భల

 ା ఉቇ
 (2 𝛾 𝑠ሻ, (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] 

𝑉ሺ𝑟ሻ = 𝑉଴ (
ଵ

ଶ
ቀ
௔

௥
ቁ
ଶ
െ

 ௔

௥
) (63)
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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, ሺ𝐴 ൌ 1𝑒𝑉ሻ, we get the generalized fractional radial part of the Schrödinger equation is 

 𝐷ఈሾ 𝐷ఈ𝑅(𝑠ሻ] + 
ଶ

 ௦ഀ
𝐷ఈ𝑅(𝑠ሻ +

ఌమ௦మഀିఉ ௦ഀିఊ

௦మഀ
 𝑅(𝑠ሻ = 0. (64) 

where, the following dimensionless parameters: 

𝜀ଶ  ൌ  
2 𝜇
ℏଶ𝐴ଶ

 𝐸௡,௟ ,

𝛽 ൌ  െ
2 𝜇
ℏଶ𝐴

 𝑉଴𝑎,

𝛾 ൌ  
2 𝜇
ℏଶ

 ቆ 
1
2
𝑉଴𝑎ଶ  ൅  

𝐿ሺ𝐿 ൅ 1ሻℏଶ

2𝜇
ቇ .
⎭
⎪⎪
⎬

⎪⎪
⎫

 (65)

By using the following parameters, 

𝜉ଵ  ൌ  െ𝜀ଶ, 𝜉ଶ  ൌ  െ𝛽, 𝜉ଷ  ൌ  𝛾,

𝛼ଵ  ൌ  2,𝛼ଶ  ൌ  0,𝛼ଷ  ൌ  0,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  2ሻ,

𝛼ହ  ൌ  0,𝛼଺  ൌ  െ𝜀ଶ,𝛼଻  ൌ  𝛽,𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 2ሻ ଶ ൅  𝛾

𝛼ଽ  ൌ  െ𝜀ଶ,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 3/2ሻ ଶ ൅  𝛾,

𝛼ଵଵ ൌ  2 ඥെ𝜀ଶ ,𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  2ሻ ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 2ሻ ଶ ൅  𝛾,

𝛼ଵଷ  ൌ  െ ඥെ𝜀ଶ . ⎭
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎫

 (66)

The generalized fractional of the energy eigenvalue is given,  

 െ𝜀ଶ = 𝛽ଶ ሺሺ2n ൅ 1ሻ𝑘ଵ 𝛼 ൅ 2 ට
ଵ

ସ
 ሺ𝑘ଵ 𝛼 െ 2ሻଶ ൅  𝛾ሻିଶ, (67) 

The generalized fractional of the wave function is, 

 𝜓(𝑠ሻ = 𝐴 𝑠
భ
ೖభ 

ቆ
భ
మ

 ሺ௞భ ఈ –ଶሻା ට
భ
ర

 ሺ௞భ ఈ ିଶሻమା ఊቇ
 𝑒

ష ೔ ഄ
ೖభ ഀ

 ௦ഀ
 𝐿௡

భ
ೖభ 

ቆ௞భ ఈ ା ଶ ට
భ
ర

 ሺ௞భ ఈ ିଶሻమା ఊቇିఈ
(
ଶ ௜ ఌ

௞భ ఈ
𝑠ఈሻ, (68) 

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25]. 

 𝜀ଶ = െ𝛽ଶ ሺ2n ൅ 1 ൅ඥ1 ൅  4𝛾ሻିଶ (69) 

 𝜓(𝑠ሻ = 𝐴 𝑠
షభ
మ
ା
భ
మඥଵା ସఊ 𝑒ି௜ ఌ ௦𝐿௡

ඥଵା ସఊ (2 𝑖 𝜀 𝑠ሻ, (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] 

 𝑉ሺ𝑟ሻ ൌ  𝐷௘ ሺ
௥ି௥೐
௥
ሻଶ (71) 

After transforming 𝑠 ൌ 𝑟 𝐴,𝐴 ൌ 1𝑒𝑉 the generalized fractional radial part of the Schrödinger equation is 

 𝐷ఈሾ 𝐷ఈ𝑅(𝑠ሻ] + 
ଶ

 ௦ഀ
𝐷ఈ𝑅(𝑠ሻ +

ఌమ௦మഀିఉ ௦ഀିఊ

௦మഀ
 𝑅(𝑠ሻ = 0, (72) 

where, the following dimensionless parameters 

𝜀ଶ  ൌ  
2𝜇ሺ𝐸௡ି 𝐷௘ ሻ

𝐴ଶℏଶ
,

𝛽 ൌ  
െ4 𝜇 𝐷௘ 𝑟௘
𝐴 ℏଶ

,

𝛾 ൌ  
2 𝜇ሺ𝐷௘  𝑟௘ଶ ൅

𝑙ሺ𝑙 ൅ 1ሻℏଶ
2𝜇 ሻ

ℏଶ
,⎭
⎪⎪
⎬

⎪⎪
⎫

 (73)
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By using the following parameters, 

𝜉ଵ  ൌ  െ𝜀ଶ, 𝜉ଶ  ൌ  െ𝛽, 𝜉ଷ  ൌ  𝛾,

𝛼ଵ  ൌ  2,𝛼ଶ  ൌ  0,𝛼ଷ  ൌ  0,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  2ሻ,

𝛼ହ  ൌ  0,𝛼଺  ൌ  െ𝜀ଶ,𝛼଻  ൌ  𝛽,𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 2ሻ ଶ ൅  𝛾

𝛼ଽ  ൌ  െ𝜀ଶ,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 2ሻ ଶ ൅  𝛾,

𝛼ଵଵ ൌ  2 ඥെ𝜀ଶ ,𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  2ሻ ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 2ሻ ଶ ൅  𝛾,

𝛼ଵଷ  ൌ  െ ඥെ𝜀ଶ , ⎭
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎫

(74)

the generalized fractional solution of eigenvalue is given,  

െ𝜀ଶ = 𝛽ଶ ሺሺ2n ൅ 1ሻ𝑘ଵ 𝛼 ൅ 2 ට
ଵ

ସ
 ሺ𝑘ଵ 𝛼 െ 2ሻଶ ൅  𝛾ሻିଶ, (75)

The generalized fractional of the wave function is, 

𝜓ሺ𝑠ሻ  ൌ  𝐴 𝑠
ଵ
௞భ 

ቆ
ଵ
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ଵ
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𝐿௡
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ଵ
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 ሺ
2 𝑖 𝜀
𝑘ଵ 𝛼

𝑠ఈሻ,
⎭
⎪
⎬

⎪
⎫

(76)

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [25] 

െ𝜀ଶ = 𝛽ଶ ሺ2n ൅ 1 ൅ඥ1 ൅  4𝛾ሻିଶ (77)

𝜓(𝑠ሻ = A 𝑠
షభ
మ
ା
భ
మඥଵା ସఊ 𝑒ି௜ ఌ ௦𝐿௡

ඥଵା ସఊ (2 𝑖 𝜀 𝑠ሻ, (78)  

Case (5): Harmonic Oscillator Potential 
Harmonic Oscillator Potential function is as in Ref. [35] 

𝑉 ሺ 𝑟ሻ ൌ 
ଵ

ଶ
 m 𝜔ଶ 𝑟ଶ , (79) 

where, 𝜔 is the angular frequency of the oscillator. 
The generalized fractional radial part of the Schrödinger equation is 

𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵ

 ଶ ௦ഀ
𝜓ఈ𝑅(𝑠ሻ +

ି௦మഀାఉమ ௦ഀି௟ሺ௟ାଵሻ

ସ ௦మഀ
 𝜓(𝑠ሻ = 0. (80) 

where, 

𝛽ଶ = 
ଶ ா

ℏఠ
  (81) 

By using the following parameters, 

𝜉ଵ  ൌ  
1
4

, 𝜉ଶ  ൌ  
1
4

 𝛽ଶ, 𝜉ଷ  ൌ  
1
4
𝑙 ሺ𝑙 ൅ 1ሻ,

𝛼ଵ  ൌ  
1
2

,𝛼ଶ  ൌ  0,𝛼ଷ  ൌ  0,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  
1
2
ሻ,

𝛼ହ  ൌ  0,𝛼଺ ൌ  
1
4

,𝛼଻  ൌ  
െ1
4

 𝛽ଶ,𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ
1
2
ሻ ଶ ൅  

1
4
𝑙 ሺ𝑙 ൅ 1ሻ,

𝛼ଽ  ൌ  
1
4

 ,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  ඥሺ𝑘ଵ 𝛼 െ 1/2ሻ ଶ ൅  𝑙 ሺ𝑙 ൅ 1ሻ,𝛼ଵଵ ൌ  1,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  
1
2
ሻ  ൅  

1
2

 ඨ ሺ𝑘ଵ 𝛼 െ
1
2
ሻ ଶ ൅  𝑙 ሺ𝑙 ൅ 1ሻ,𝛼ଵଶ  ൌ  

െ1
2

,
⎭
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎫

(82)

the generalized fractional eigenvalue is given, 

𝐸 ൌ  ℏ 𝜔 [ ሺ2 𝑛 ൅ 1ሻ 𝑘ଵ 𝛼 + ඥሺ𝑘ଵ 𝛼 െ 1/2ሻ ଶ ൅  𝑙 ሺ𝑙 ൅ 1ሻ] (83)
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The generalized fractional wave function is  

 𝜓ሺ𝑠ሻ  ൌ 𝑠
భ
ೖభ 

ቆ ሺ௞భ ఈሻାටቀ௞భ ఈ ି
భ
మቁ
మ
ା ௟ ሺ௟ାଵሻቇ

𝑒
ష భ
ೖభ ഀ

 ௦ഀ
ൈ 𝐿௡

భ
ೖభ 

ቀ௞భ ఈ ାଵ/ଶ ඥሺ௞భ ఈ ିଵ/ଶሻ మା ௟ ሺ௟ାଵሻቁି
ഀ
ೖభ ሺ

 ଵ

௞భ ఈ
 𝑠ఈሻ (84) 

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as Ref. [35] 

 𝐸 ൌ  ℏ 𝜔 [ ሺ2 𝑛 ൅ 1ሻ + ට
ଵ

ସ
൅  𝑙 ሺ𝑙 ൅ 1ሻ] (85) 

 𝜓 ሺ𝑠ሻ = 𝑠
ቆ ଵାට

భ
ర
ା ௟ ሺ௟ାଵሻቇ

𝑒ି ௦ 𝐿௡
ቆଵ/ଶ ට

భ
ర
ା ௟ ሺ௟ାଵሻቇ

ሺ𝑠ሻ. (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] 

 𝑉ሺ𝑟ሻ ൌ 𝐷଴ ሺ1 െ  𝑒ି ఋ ௥ሻଶ (87) 

where 𝐷଴ is dissociation energy and 𝛿 is the range of the potential. After transforming the generalized fractional radial 
part of the Schrödinger equation is 

 𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵ

 ௦ഀ
𝐷ఈ𝜓(𝑠ሻ +

ି ௉ ௦మഀାொ ௦ഀିோ

 ௦మഀ
 𝜓(𝑠ሻ = 0. (88) 

where,  

 𝜀௡ଶ = 
ି ଶ ఓ ா

ℏమ
, 𝛾 = 

ଶ ఓ ஽బ
ℏమ

, P = 
ఊ

ఋమ
, 𝑄 ൌ 

ଶ ఊ

ఋమ
, 𝑅 ൌ 

ఌ೙మାఊ

ఋమ
, (89) 

By using the following parameters, 

𝜉ଵ  ൌ  P, 𝜉ଶ  ൌ  𝑄, 𝜉ଷ  ൌ  𝑅,

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  0,𝛼ଷ  ൌ  0,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 –  1ሻ,

𝛼ହ  ൌ  0,𝛼଺ ൌ  P,𝛼଻  ൌ  െ𝑄,𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝑅

𝛼ଽ  ൌ  P,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝑅,𝛼ଵଵ  ൌ  2 √𝑃,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝑅,𝛼ଵଷ ൌ  െ √𝑃,
⎭
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎫

 (90)

the generalized fractional of the energy eigenvalue is given, 

  𝐸 ൌ  𝐷଴ - 
ℏమఋమ

଼ ఓ
 [ - ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ + ሺሺ2 n ൅ 1ሻ 𝑘ଵ 𝛼 –  2 ට

ଶఓ஽బ
ℏమఋమ

ሻଶ] (91) 

The generalized fractional of the wave function is 

 𝜓 ሺ𝑠ሻ=ℕ௡ 𝑠

భ
మ ሺೖభ ഀ ష భሻశ ට

భ
ర ሺೖభ ഀ షభሻమశ ೃ

ೖభ  𝑒
൬
ష √ು
ೖభ ഀ

൰௦ഀ
𝐿௡

ೖభ ഀ శ మ ට
భ
ర ሺೖభ ഀ షభሻ మశ ೃషഀ

ೖ భ  ቀ
ଶ √௉

௞భ ఈ
𝑠ఈቁ (92) 

where, ℕ௡ is a normalization constant, 
If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [36]. 

 𝐸 ൌ  𝐷଴ - 
ℏమఋమ

଼ ఓ
 [ሺሺ2 n ൅ 1ሻ –  2 ට

ଶఓ஽బ
ℏమఋమ

ሻଶ] (93) 

 𝜓 ሺ𝑠ሻ = ℕ௡𝑠√ோ 𝑒൫ି √௉൯௦ 𝐿௡
ଶ √ ோ ൫2 √𝑃  𝑠൯  (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] 

 𝑉ሺ𝑟ሻ = 
ି௏బ

ଵା ௘
ೝషೃబ
ೌ  

  (95) 
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where 𝑉଴ is the potential depth, 𝑅଴ is width of the potential, 𝑟 െ 𝑅଴ ≡ 𝑟 and 
ଵ

௔
 = 2 𝜆 

After transforming the generalized fractional radial part of the Schrödinger equation is 

𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵି௤ ௦ഀ 

௦ഀሺଵି௤ ௦ഀሻ
𝐷ఈ𝜓(𝑠ሻ +

ିఌ ௤మ ௦మഀାሺଶ ఌ ௤ିఉ ௤ሻ ௦ഀା ఉିఌ

ሺ௦ഀሺଵି௤ ௦ഀሻሻమ
 𝜓(𝑠ሻ = 0. (96) 

where,  

𝜀 ൌ  
ି ௠ ா

ଶ ℏమ ఒమ
 ൐ 0,   𝛽 ൌ 

௠ ௏బ
ଶ ℏమ ఒమ

, (97)

By using the following parameters, 

𝜉ଵ  ൌ  𝜀 𝑞ଶ, 𝜉ଶ  ൌ  2 𝜀 𝑞 െ 𝛽𝑞, 𝜉ଷ  ൌ  𝜀 െ 𝛽,

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  q,𝛼ଷ  ൌ  q,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ,

𝛼ହ  ൌ  
1
2

 q ሺ1 െ 2𝑘ଵ 𝛼 ሻ,𝛼଺  ൌ  
1
4

 𝑞ଶ ሺ1 െ 2𝑘ଵ 𝛼 ሻଶ  ൅  𝜀 𝑞ଶ,

𝛼଻  ൌ  
1
2

 q ሺ1 െ 2𝑘ଵ 𝛼 ሻ ሺ𝑘ଵ 𝛼 െ  1ሻ  െ  2 𝜀 𝑞 െ 𝛽𝑞,

𝛼଼  ൌ  
1
4
ሺ𝑘ଵ 𝛼 െ  1ሻଶ  ൅  𝜀 െ 𝛽,𝛼ଽ  ൌ  

1
4
𝑞ଶ 𝑘ଵ 

ଶ𝛼ଶ,

𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4
ሺ𝑘ଵ 𝛼 െ  1ሻଶ  ൅  𝜀 െ 𝛽,

𝛼ଵଵ  ൌ  3 𝑘ଵ 𝛼 q ൅  2 q ඨ
1
4
ሺ𝑘ଵ 𝛼 െ  1ሻଶ  ൅  𝜀 െ 𝛽,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ ൅  ඨ
1
4
ሺ𝑘ଵ 𝛼 െ  1ሻଶ  ൅  𝜀 െ 𝛽,

𝛼ଵଷ  ൌ  
1
2

 q ሺ1 െ 2𝑘ଵ 𝛼 ሻ – ሺ
1
2

 𝑘ଵ 𝛼 q ൅  q ඨ
1
4
ሺ𝑘ଵ 𝛼 െ  1ሻଶ  ൅  𝜀 െ 𝛽ሻ.

⎭
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎫

(98)

The generalized fractional of the energy eigenvalue is given, 

𝜀 =െ
ଵ

ସ
 ሺ𝑘ଵ 𝛼 െ  1ሻଶ + 

ఉ

ଶ
 +

ఉమ

ሺଶሺ௡ାଵሻ௞భ ఈሻమ
+ቀ

ሺ௡ାଵሻ௞భ ఈ

ଶ
ቁ
ଶ
, (99)

The generalized fractional of the wave function is,  

𝜓ሺ𝑠ሻ =ℕ௡ 𝑠
భ
ೖభ 

ቆ
భ
మ

 ሺ௞భ ఈ ି ଵሻା ට
భ
ర
ሺ௞భ ఈ ି ଵሻమ ା ఌିఉቇ

 ሺ1 െ

 𝑞 𝑠ఈሻ 
൮
షሺ 

భ
మ ౧ ሺభషమೖభ ഀ ሻ– ቆ

భ
మ ೖభ ഀ ౧ శ ౧ ට

భ
రሺೖభ ഀ ష భሻమ శ ഄషഁቇሻ

ೖభ ഀ ౧ 
ି

భ
మ ሺೖభ ഀ ష భሻశ ට

భ
రሺೖభ ഀ ష భሻమ శ ഄషഁ

ೖభ ഀ
൲

ൈ

𝑃௡
ቌ
షഀశೖభ ഀ శ మ ට

భ
రሺೖభ ഀ ష భሻమ శ ഄషഁ

ೖభ 
,
య ೖభ ഀ ౧ శ మ ౧ ට

భ
రሺೖభ ഀ ష భሻమ శ ഄషഁ

ೖభ ഀ ౧
 ି
ೖభ ഀ శ మ ට

భ
రሺೖభ ഀ ష భሻమ శ ഄషഁ

ೖభ ഀ 
ି

భ
ೖభ 

ቍ

ൈ ሺ1 െ 2 𝑞 𝑠ఈ) (100)

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

𝜀 = 
ఉ

ଶ
 +

ఉమ

ሺଶሺ௡ାଵሻሻమ
+ቀ

ሺ௡ାଵሻ

ଶ
ቁ
ଶ
, (101)

𝜓 ሺ𝑠ሻ =ℕ௡ 𝑠ඥ ఌିఉ ሺ1 െ 𝑠ሻ 𝑃௡
ሺଶඥ ఌିఉ,ଵሻ ሺ1 െ 2𝑠ሻ (102)

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

𝑉ሺ𝑟ሻ = െ
௉

௣
 

ଵ

௘
ೝ
೛ ିଵ

, (103)

where, 𝑃,𝑝 are the strength and the range parameter of the potential function. 
After transforming the generalized fractional radial part of the Schrödinger equation is 
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 𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵି ௦ഀ 

௦ഀሺଵି ௦ഀሻ
𝐷ఈ𝜓(𝑠ሻ +

ିሺ஺ା஻ሻ௦మഀାሺଶ ஺ା஻ି஼ሻ ௦ഀି஺

ሺ௦ഀሺଵି ௦ഀሻሻమ
 𝜓(𝑠ሻ = 0. (104) 

where,  

 𝐴 ൌ 
ିଶ ఓ ா ௣మ

ℏమ
, 𝐵 ൌ 

ଶ ఓ ா ௣ ௉

ℏమ
, 𝐶 ൌ 𝑙ሺ𝑙 ൅ 1ሻ. (105) 

By using the following parameters, 

𝜉ଵ  ൌ  𝐴 ൅ 𝐵 , 𝜉ଶ  ൌ  ሺ2 𝐴 ൅ 𝐵 െ 𝐶ሻ, 𝜉ଷ  ൌ  𝐴,

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  1,𝛼ଷ  ൌ  1,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ,

𝛼ହ  ൌ  
1
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ,𝛼଺ ൌ
1
4

 ሺ1 െ 2 𝑘ଵ 𝛼 ሻଶ  ൅ 𝐴 ൅ 𝐵,

𝛼଻  ൌ
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ ሺ1 െ 2 𝑘ଵ 𝛼 ሻ െ 2 𝐴 െ 𝐵 ൅ 𝐶 𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝐴,

𝛼ଽ  ൌ  
1
4

 𝑘ଵ 
ଶ 𝛼ଶ  ൅ 𝐶,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝐴,

𝛼ଵଵ  ൌ  2 𝑘ଵ 𝛼 ൅ 2 ሺඨ
1
4

 𝑘ଵ 
ଶ 𝛼ଶ  ൅ 𝐶 ൅ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝐴ሻ,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ  ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝐴,

𝛼ଵଷ  ൌ  
1
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ  െ ሺඨ
1
4

 𝑘ଵ 
ଶ 𝛼ଶ  ൅ 𝐶 ൅ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝐴 ሻ.
⎭
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎫

 (106)

The generalized fractional of the energy eigenvalue is given  

 𝐸௡ = 
ି ℏమ

଼ ఓ௣మ
 {
ቈ
మ ഋ ೛ ು
ℏమ

ି௟ሺ௟ାଵሻି 
ೖభ ഀ
మ ቆ௞భ ఈାට ௞భ 

మ ఈమ ାସ ௟ ሺ௟ାଵሻቇି௡ ௞భ ఈቆ
ሺ೙శభሻ
మ

௞భ ఈାට ௞భ 
మ ఈమ ାସ ௟ ሺ௟ାଵሻቇ቉

మ

ିሺ ௞భ ఈିଵሻమሽ

ቈ௡௞భ ఈା
భ
మ

 ሺ௞భ ఈାට ௞భ 
మ ఈమ ାସ ௟ ሺ௟ାଵሻሻ቉

మ  (107) 

The generalized fractional of the wave function is 

𝜓 ሺ𝑠ሻ = ℕ௡𝑠
భ
ೖభ 

ቆ 
భ
మ

 ሺ௞భ ఈ ି ଵሻ ା ට
భ
ర

 ሺ௞భ ఈ ିଵሻ మା ஺ቇ
 ሺ1 െ 𝑠ఈሻ

షቆ
భ
మ ሺభషమ ೖభ ഀሻ షሺට

భ
ర ೖభ 

మ ഀమ శ಴శට
భ
ర ሺೖభ ഀ షభሻ మశ ಲ ሻቇ

ೖభ ഀ
ି

భ
మ ሺೖభ ഀ ష భሻ శ ට

భ
ర ሺೖభ ഀ షభሻ మశ ಲ

ೖభ ഀ  

𝑃௡

ቆೖభ ഀ శ మ ට
భ
ర ሺೖభ ഀ షభሻ మశ ಲቇషഀ

ೖభ 
,
మ ೖభ ഀ శమ ሺට

భ
ర ೖభ 

మ ഀమ శ಴శට
భ
ర ሺೖభ ഀ షభሻ మశ ಲ ሻ

ೖభ ഀ
ି
ೖభ ഀ శ మ ට

భ
ర ሺೖభ ഀ షభሻమశ ಲ

ೖభ ഀ
ି

భ
ೖభ  ሺ1 െ 2 𝑠ఈሻ (108) 

If α = β =1 then 𝑘ଵ ൌ 1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [26] 

 𝐸௡ = 
ି ℏమ

଼ ఓ௣మ
 {
ቂ
మ ഋ ೛ ು
ℏమ

ି௟ሺ௟ାଵሻି 
భ
మ
ሺଵାඥ ଵ ାସ ௟ ሺ௟ାଵሻି௡ ቀ

ሺ೙శభሻ
మ

ାඥ ଵ ାସ ௟ ሺ௟ାଵሻቁቃ
మ
ሽ

ቂ௡ା
భ
మ

 ሺଵାඥ ଵ ାସ ௟ ሺ௟ାଵሻሻቃ
మ   (109) 

 𝜓ሺ𝑠ሻ =ℕ௡ 𝑠√ ஺ ሺ1 െ 𝑠ሻ
ିቆ

షభ
మ

 ିሺට
భ
ర

 ା஼ା√ ஺ ሻቇି√஺
 𝑃௡

ଶ √ ஺,ଶ ሺ√஼ ሻ  ሺ1 െ 2 𝑠ሻ (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] 

 𝑉ሺ𝑟ሻ ൌ 
௏భ

ଵା௤ ௘షమഀ∗ೝ
െ  𝑉ଶ𝑞

௘షమഀ
∗ೝ

൫ଵା௤ ௘షమഀ∗ೝ൯
మ (111) 

After transformingെ𝑠 ൌ 𝑒ିଶఈ
∗௥ the generalized fractional radial part of the Schrödinger equation is 

 𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵି௤ ௦ഀ 

௦ഀሺଵି௤ ௦ഀሻ
𝐷ఈ𝜓(𝑠ሻ +

ିఌ ௤మ ௦మഀାሺଶ ఌ ௤ାఉ ௤ିఊሻ ௦ഀିሺఉାఌሻ

ሺ௦ഀሺଵି௤ ௦ഀሻሻమ
 𝜓(𝑠ሻ = 0. (112) 

where,  
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𝜀 = 
ି ఓ ா

ଶఈ∗మℏమ
, 𝛽 = 

 ఓ ௏భ ௤

ଶఈ∗మℏమ
, 𝛾 = 

 ఓ ௏మ ௤

ଶఈ∗మℏమ
, (113)

By using the following parameters, 
𝜉ଵ  ൌ  𝜀 𝑞ଶ , 𝜉ଶ  ൌ  ሺ2 𝜀 𝑞 ൅ 𝛽 𝑞 െ 𝛾ሻ, 𝜉ଷ  ൌ  ሺ𝛽 ൅ 𝜀ሻ,

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  𝑞,𝛼ଷ  ൌ  𝑞,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ,

𝛼ହ  ൌ  
𝑞
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ,𝛼଺ ൌ  
𝑞ଶ

4
 ሺ1 െ 2 𝑘ଵ 𝛼 ሻଶ  ൅  𝜀 𝑞ଶ,

𝛼଻  ൌ  
𝑞
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ ሺ1 െ 2 𝑘ଵ 𝛼 ሻ െ 2 𝜀 𝑞 െ 𝛽 𝑞 ൅ 𝛾

𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅ 𝛽 ൅ 𝜀,

𝛼ଽ  ൌ  
𝑞ଶ

4
 𝑘ଵ 

ଶ 𝛼ଶ  ൅ 𝛾 𝑞,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝛽 ൅ 𝜀,

𝛼ଵଵ  ൌ  2 𝑘ଵ 𝑞 𝛼 ൅ 2 ሺඨ
1
4

 𝑘ଵ 
ଶ𝑞ଶ 𝛼ଶ  ൅ 𝛾 𝑞  ൅ 𝑞 ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝛽 ൅ 𝜀 ሻ,

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ  ൅  ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝛽 ൅ 𝜀,

𝛼ଵଷ  ൌ  
𝑞
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ  െ ሺඨ
1
4

 𝑘ଵ 
ଶ𝑞ଶ 𝛼ଶ  ൅ 𝛾 𝑞 ൅ 𝑞ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝛽 ൅ 𝜀ሻ,
⎭
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎫
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we get, the generalized fractional of the energy eigenvalue is, 

𝜀 = 
ିଵ

ସ
 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ െ

ఉ

ଶ
 +

ఉమ

൭ሺଶ ௡ାଵሻ௞భ ఈାට௞భ 
మ ఈమ ା

రം
೜

 ൱

మ +
ଵ

ଵ଺
 ቆሺ2 𝑛 ൅ 1ሻ𝑘ଵ 𝛼 ൅ ට𝑘ଵ 

ଶ 𝛼ଶ  ൅
ସఊ

௤
 ቇ
ଶ

(115) 

The generalized fractional of the wave function is, 

𝜓 ሺ𝑠ሻ = 𝑠

భ
మ ሺೖభ ഀ ష భሻ శ ට

భ
ర ሺೖభ ഀ షభሻ మశ ഁశഄ

ೖభ  ሺ1 െ 𝑞 𝑠ఈሻ
షቆ 

೜
మ ሺభషమ ೖభ ഀሻ షሺට

భ
ర ೖభ 

మ೜మ ഀమ శം ೜శ೜ට
భ
ర ሺೖభ ഀ షభሻ మశ ഁశഄ ሻቇ

ೖభ ഀ ೜
ି

భ
మ ሺೖభ ഀ ష భሻ శ౧ ට

భ
ర ሺೖభ ഀ షభሻ మశ ഁశഄ

ೖభ ഀ

𝑃௡
ሺ
ೖభ ഀ శ మ ට

భ
ర ሺೖభ ഀ షభሻమశ ഁశഄషഀ

ೖభ 
,
మ ೖభ ೜ ഀ శమ ቆට

భ
ర ೖభ 

మ ഀమ శം ೜ శ೜ ට
భ
ర ሺೖభ ഀ షభሻమశ ഁశഄ ቇ

ೖభ ഀ ೜
ି
ೖభ ഀ శ మ ට

భ
ర ሺೖభ ഀ షభሻమశ ഁశഄ

ೖభ ഀ
ି

భ
ೖభ 

ሻ
 ሺ1 െ 2 𝑞 𝑠ఈ)  (116) 

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [25] 

𝜀 = െ
ఉ

ଶ
 +

ఉమ

൭ሺଶ ௡ାଵሻାටଵ ା
రം
೜

 ൱

మ +
ଵ

ଵ଺
 ቆሺ2 𝑛 ൅ 1ሻ ൅ ට1 ൅

ସఊ

௤
 ቇ
ଶ

,  (117) 

𝜓 ሺ𝑠ሻ = 𝑠ඥ ఉାఌ ሺ1 െ 𝑞 𝑠ሻ
భ
మ൬ଵାටଵ ା

రം
೜

 ൰
𝑃௡

ሺଶ ඥ ఉାఌ,ටଵ ା
రം
೜

 ሻ
 ሺ1 െ 2 𝑞 𝑠) (118)

Case (10): P𝐨ሷ schl-Teller Potential 
Poሷ schl-Teller Potential used to describe bound state of die-atomic molecules and it is given in the following form 

as in Refs. [42-43] 

𝑉ሺ𝑟ሻ ൌ െ 4𝑉଴
௘షమഀ

∗ೝ

൫ଵା௤ ௘షమഀ∗ೝ൯
మ (119) 

After transforming െ𝑠 ൌ 𝑒ିଶఈ
∗௥, the generalized fractional radial part of the Schrödinger equation is 

𝐷ఈሾ 𝐷ఈ𝜓(𝑠ሻ] + 
ଵି௤ ௦ഀ 

௦ഀሺଵି௤ ௦ഀሻ
𝐷ఈ𝜓(𝑠ሻ +

ିఌమ ௤మ ௦మഀା൫ଶ ఌమ ௤ିఉమ൯ ௦ഀିఌమ

ሺ௦ഀሺଵି௤ ௦ഀሻሻమ
 𝜓(𝑠ሻ = 0. (120) 

where,  
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 𝜀ଶ = 
ି ఓ ா 

ଶఈ∗మℏమ
, 𝛽ଶ = 

ଶ ఓ ௏బ 

ఈ∗మℏమ
 (121) 

By using the following parameters, 
𝜉ଵ  ൌ  𝜀ଶ 𝑞ଶ , 𝜉ଶ  ൌ  ሺ2 𝜀ଶ 𝑞 െ 𝛽ଶሻ, 𝜉ଷ  ൌ  𝜀ଶ,

𝛼ଵ  ൌ  1,𝛼ଶ  ൌ  𝑞,𝛼ଷ  ൌ  𝑞,𝛼ସ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ,

𝛼ହ  ൌ  
𝑞
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ,𝛼଺ ൌ  
𝑞ଶ

4
 ሺ1 െ 2 𝑘ଵ 𝛼 ሻଶ  ൅  𝜀ଶ 𝑞ଶ,

𝛼଻  ൌ  
𝑞
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ ሺ1 െ 2 𝑘ଵ 𝛼 ሻ െ 2 𝜀ଶ 𝑞 ൅ 𝛽ଶ 𝛼଼  ൌ  
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅ 𝜀ଶ,

𝛼ଽ  ൌ  
𝑞ଶ

4
 𝑘ଵ 

ଶ 𝛼ଶ  ൅ 𝛽ଶ 𝑞,𝛼ଵ଴  ൌ  𝑘ଵ 𝛼 ൅  2 ඨ
1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅ 𝜀ଶ,

𝛼ଵଵ  ൌ  2 𝑞 𝑘ଵ 𝛼 ൅ 2 ሺඨ
1
4

 𝑘ଵ 
ଶ𝑞ଶ 𝛼ଶ  ൅ 𝛽ଶ 𝑞  ൅ 𝑞 ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅ 𝜀ଶሻ

𝛼ଵଶ  ൌ  
1
2

 ሺ𝑘ଵ 𝛼 െ  1ሻ  ൅  ඨ
1
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 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅  𝜀ଶ,

𝛼ଵଷ  ൌ  
𝑞
2

 ሺ1 െ 2 𝑘ଵ 𝛼ሻ  െ ሺඨ
1
4

 𝑘ଵ 
ଶ𝑞ଶ 𝛼ଶ  ൅ 𝛽ଶ 𝑞 ൅ 𝑞ඨ

1
4

 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ ൅ 𝜀ଶሻ,
⎭
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
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the generalized fractional of the energy eigenvalue is given, 

 𝜀 ൌ 
ିଵ

ସ
 ሺ𝑘ଵ 𝛼 െ 1ሻ ଶ െ

ଵ

ସ
 ൭ሺ2 𝑛 ൅ 1ሻ𝑘ଵ 𝛼 ൅ ට𝑘ଵ 

ଶ 𝛼ଶ  ൅
ସ ఉమ

௤
 ൱. (123) 

The generalized fractional of the wave function is given, 

𝜓 ሺ𝑠ሻ = 𝑠

భ
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భ
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ೖభ ഀ ೜
ି
ೖభ ഀ శ మ ට

భ
ర ሺೖభ ഀ షభሻమశ ഄమ
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భ
ೖభ 

ሻ
 ሺ1 െ 2 𝑞 𝑠ఈ) (124)  

If 𝛼 = 𝛽 =1 then 𝑘ଵ =1, so that we get the energy eigenvalue and the corresponding wave function as in Ref. [25]. 

 𝜀 ൌ  െ
ଵ

ସ
 ൭ሺ2 𝑛 ൅ 1ሻ ൅ ට1 ൅

ସ ఉమ

௤
 ൱, (125) 

 𝜓 ሺ𝑠ሻ = 𝑠ఌ ሺ1 െ 𝑞 𝑠ሻ
భ
మ

 ሺଵାට ଵ ା
రഁమ

೜
 ሻ
 𝑃௡

ሺଶఌ,ටଵ ାସ
ഁమ

೜
  ሻ

 ሺ1 െ 2 𝑞 𝑠) (126) 
 

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 𝛼 ൌ 𝛽 ൌ 1 as in Ref. [25]. We 
get a solution of the Schr𝑜ሷdinger 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 Pöschl-Teller Potential. At 𝛼 ൌ 𝛽 ൌ 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.  
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ПАРАМЕТРИЧНИЙ УЗАГАЛЬНЕНИЙ ДРОБОВИЙ МЕТОД НІКІФОРОВА-УВАРОВА ТА ЙОГО ЗАСТОСУВАННЯ 
М. Абу-Шадіa, Х.М. Фатх-Аллахb 

aКафедра математики та комп’ютерних наук, факультет природничих наук, Університет Менуфія, Єгипет 
bВищий інженерно-технологічний інститут, Менуфія, Єгипет 

За допомогою узагальненої дробової похідної введено параметричний узагальнений дробовий метод Нікіфорова-Уварова 
(НУ). Параметричне узагальнене диференціальне рівняння другого порядку точно розв’язується у дробовій формі. Отримані 
результати застосовано до розширеного потенціалу Корнелла, песудогармонійного потенціалу, потенціалу Мі, потенціалу 
Кратцера-Фюса, потенціалу гармонічного осцилятора, потенціалу Морзе, потенціалу Вудса-Саксона, потенціалу Хюльтена, 
деформованого потенціалу Розена-Морса. і потенціалу Пошля-Теллера, які відіграють важливу роль у галузях молекулярної 
та атомної фізики. Особливі класичні випадки отримані з дробових випадків α = β = 1, які узгоджуються з останніми 
роботами. 
Ключові слова: нерелятивістські моделі; узагальнена дробова похідна; молекулярна фізика; адронна фізика 



263
EAST EUROPEAN JOURNAL OF PHYSICS. 3. 263-270 (2023)

DOI:10.26565/2312-4334-2023-3-23 ISSN 2312-4334

FIRST-PRINCIPLES CALCULATION OF STRUCTURAL, ELECTRONIC, AND OPTICAL 
PROPERTIES OF CUBIC PEROVSKITE CsPbF3

† 

Zozan Y. Mohammed§, Sarkawt A. Sami‡, Jalal M. Salih* 
Department of Physics, College of Science, University of Duhok, Kurdistan Region-Iraq 

§e-mail:  zozan.abde@uod.ac; ‡e-mail:  sarkawt@uod.ac
*Corresponding Author e-mail: jalal@uod.ac

Received February 16, 2023; revised March 7, 2023; accepted March 9, 2023 

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 CsPbF3 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 CsPbF3 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]. 
CsPbF3 has a cubic perovskite (Pm3m), according to a preliminary analysis of the diffraction pattern at room 
temperature [12]. CsPbF3, 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 CsPbF3. 

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 R3c 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 
CsPbF3-yIy (y = 0, 1, 2), and the exchange and correlation were handled by both the GGA and HSE06 functionals [15]. 

Also, the structural and optoelectronic properties of Cs-based fluoroperovskites CsMF3 (M = Ge, Sn or Pb) were 
studied and used (DFT) method with (GGA-PBE)[16]. 
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The aim of this study is the investigation of the structural, electronic, and optical properties of cubic perovskite 
CsPbF3 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, CsPbF3. 

 
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 
0.0 0.0 0.0, 0.5 0.0 0.5, 0.5 0.5 0.0, 0.5 0.0 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 14×14×14 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 CsPbF3 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, Etot, and pressure, P, for various values of a (hence, 

unit cell volume). Figure (2) shows the total energy Etot plot versus lattice constant a, from which the optimized value 
of a for the cubic CsPbF3 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, Vo, was calculated, see Table (1). 

  

Figure 2. Total energy, Etot, versus lattice parameter, a, of cubic 
CsPbF3 

Figure 3. Pressure versus the corresponding unit cell volume of 
cubic CsPbF3 
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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 4.80652c,4.800a, 4.777b,4.773f,4.653b,4.90h 4.795a,e 4.774b, 4.7748f,g 

Etot (eV) 4569.8241 60201.5279 b n.a* 
Bo (GPa) 39.013 52 b, 27.19 d,39.035f n.a 

Bo` 4.811 5.11b, 5.765f n.a 

Vo (A3) 118.022986 109.041b,116.02f 108.864 b, g 

Bond length (A) 
Cs-F 3.469 3.98b n.a 
Pb-F 2.453 2.33b n.a 

* Here and below the notation, “n.a.” stands for “not available”. 
a Ref. [29], b Ref [3], c Ref. [14], d Ref. [30], e Ref. [10], f Ref. [15], g Ref. [12].h Ref.[16] 

The change of pressure P with the unit cell volume V of the cubic CsPbF3 was fitted to the  second-order Birch-
Murnaghan equation of state [27]: 

 𝑃ሺ𝑉ሻ ൌ
ଷ஻బ
ଶ
൤ቀ
௏బ
௏
ቁ
଻/ଷ

െ ቀ
௏బ
௏
ቁ
ହ/ଷ
൨ ൤1 ൅

ଷ

ସ
ሺ𝐵௢ᇱ െ 4ሻ ൜ቀ

௏బ
௏
ቁ
ଶ/ଷ

െ 1ൠ൨, (1) 

where Bo and Bo′ are the zero-pressure value of bulk modulus and its pressure derivative, respectively. 
From the fitting, the values of Bo and Bo′ 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 CsPbF3 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  along the 
symmetry lines RM . 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 CsPbF3 has a direct fundamental energy band gap at the symmetry 
point R, Eg

RR. The energy gaps at k points R, ,  and M were calculated and are given in Table (2) along with other 
available theoretical results. 

 

Figure 4. Band structure of cubic CsPbF3 

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

CsPbF3 𝐸𝑔ோିோ 𝐸𝑔௰ି௰ 𝐸𝑔௑ି௑ 𝐸𝑔ெିெ 
Present work 2.99336 7.77865 5.18326 4.71271 

Theoretical works 
2.55 a, d, 2.62c,2.642 d, 

2.98e n.a. 5.9 b 5.7 b 

a Ref. [29], b Ref. [3], c Ref. [14], d Ref. [15], e Ref.[16]. 

The present work reveals that the PBE-GGA value of the fundamental energy gap, Eg
RR, is 2.99336 eV, see 

Table (2). It is also clear from Table (2) that the present calculated energy band gaps of the cubic CsPbF3 using the PBE-
GGA method are consistent with other available theoretical studies. The calculated Eg

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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Eg
RR, the GW method on energies and wavefunctions was used. The obtained corrected value of Eg

RR 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 Eg
RR computed using PBE-GGA and GW along with results of other works 

CsPbF3 
Eg

RR (eV) 

PBE-GGA value 
Actual value 

GW Other methods
Present work 2.99336 4.052 ---
Theoretical 2.98f, 2.55 e, d, 2.62c, 2.642 d n.a 3.8a, 3.92b, 2.42c,2.642d, 3.707d, 
Experimental n.a n.a

a Ref. [3],b Ref. [30],c Ref. [14],d Ref. [15],e Ref. [29],f 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 CsPbF3 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. 

Figure 5. Total density of state (TDOS) of cubic CsPbF3 

a B c

Figure 6. Partial density of states (PDOS) for the atoms (a) Cs, (b) Pb, and (c) F 

The band structure of the cubic CsPbF3 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-2p5 and Pb-6p2, 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].  

 

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(ω), extinction coefficient 
k(ω), reflectivity R(ω), and absorption coefficient (ω). These characteristics can be calculated using [31]: 
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and 
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respectively, where 1(ω) and 2(ω) are the real and imaginary components of the dielectric function : 

 𝜀ሺ𝜔ሻ ൌ 𝜀ଵሺ𝜔ሻ ൅ i𝜀ଶሺ𝜔ሻ (6) 

The real component 1 of the dielectric function indicates the retaining ability of the material while the imaginary 
component 2 determines its absorptive ability. As much as solar cells are concerned, 1 determines the ability of the cell 
to store energy, and 2 determines its absorption limitations and, thus, capability to gain energy [32]. 
It is clear from Eqs. (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 Eqs. (2)(5). The computed real and imaginary components 
of the dielectric function, n, k, R, and  spectra are shown in Figure (8). 

Figure (8a) reveals that the value of the zero-frequency limit 𝜀1(0), known also as the static dielectric constant, for 
cubic CsPbF3 is 3.14. The knowledge of the value of the static dielectric constant is important in optoelectronic and 
photovoltaic technology. The higher the 1(0) value, the greater the potentiality of the material for designing 
optoelectronic devices [34]. The figure shows that starting from the zero-frequency limit 𝜀1(0), 𝜀1(𝜔) 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 CsPbF3 has a dielectric behavior 
(1(ω) > 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 (1(ω) < 0). The negative 1(ω) 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 CsPbF3: (a) Real 1 and imaginary 2 parts of the dielectric function, 
(b) Refractive index n and extinction coefficient k, (c) Reflectivity R, and (d) Absorption coefficient .

The ε2(ω) 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 𝜀2(𝜔) 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, 𝜀2(𝜔) 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(𝜔) and extinction coefficient k(𝜔) follow the same 
pattern as 𝜀1 and 𝜀2, respectively. The n(𝜔) increases from its zero-frequency limit n(0), 1.77, and reaches its maximum 
value of 2.38 at 4.65 eV. The k(𝜔) spectrum indicates that the maximum extinction coefficient is 1.37 and occurs at 
14.94 eV. Beyond 24.41 eV, k(𝜔) almost vanishes. For incident photons having energies greater than 15.67 eV, the 
refractive index n(𝜔) becomes less than one which implies that the group velocity, g = 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 𝜀1(𝜔) has the largest negative value, see 
Fig. (8a and 8b). 

Figure (8c) represents the computed frequency-dependent reflectivity R(𝜔). 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(𝜔) 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 𝜀1(𝜔) and transition of n(𝜔) value to less than 
one, both, occur at the same photon energy, 16.5 eV, and coincide with the maximum value of R(𝜔). This implies that, 
at that energy, cubic CsPbF3 becomes superluminal, a common behavior in perovskites [36], [37]. 

The computed absorption coefficient (𝜔) is presented in Fig. (8d). (𝜔) 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 220.23106 m–1 at 16.16 eV. 
Figures (8a) and (8d) reveal that absorption is higher for energies at which 𝜀1(𝜔) is negative and maximum absorption 
occurs where 𝜀1(𝜔) has a maximum negative value. The significant values of (𝜔), 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 CsPbF3 
perovskite is a promising material for a variety of optical and optoelectronic devices. 

CONCLUSIONS 
The structural, electronic, and optical properties of cubic CsPbF3 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 CsPbF3 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, ,  and M are in good agreement with those of other theoretical studies. The calculated value 
of the fundamental energy band gap, 4.025 eV, 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 CsPbF3 to be used in optoelectronic devices for such regions of 
electromagnetic radiation. 
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ПЕРШОПРИНЦИПИ РОЗРАХУНКУ СТРУКТУРНИХ, ЕЛЕКТРОННИХ І ОПТИЧНИХ ВЛАСТИВОСТЕЙ
КУБІЧНОГО ПЕРОВСКІТУ CsPbF3 

Зозан Ю. Мохаммед, Саркаут А. Самі, Джалал М. Саліх 
Департамент фізики, Науковий коледж, Університет Духок, Курдистан, Ірак 

Перовскіти галогенідів свинцю привернули значну увагу як один із найбільш перспективних матеріалів для оптоелектронних 
застосувань. Структурні, електронні та оптичні властивості кубічного перовскіту CsPbF3 були вивчені з використанням теорії 
функціоналу густини в поєднанні з плоскими хвилями, псевдопотенціалами, що зберігають норму, і узагальненим 
градієнтним наближенням Пердью-Берг-Ерценгофа. Отримані структурні параметри добре узгоджуються з експериментально 
виміряними та іншими теоретично прогнозованими значеннями. Отримана електронна структура зон показала, що кубічний 
CsPbF3 має пряму фундаментальну заборонену зону в точці R 2,99 еВ. Розраховані енергетичні заборонені зони в точках 
високої симетрії узгоджуються з іншими доступними теоретичними результатами. Метод GW адаптовано для корекції 
заниженого значення фундаментальної енергетичної щілини до 4,05 еВ. Внесок різних смуг аналізувався з повної та часткової 
щільності станів. Електронна густина показує, що Cs і F мають міцні іонні зв’язки, тоді як Pb і F мають міцні ковалентні 
зв’язки. Оптичні властивості CsPbF3 розраховано з використанням теорії збурень функціоналу густини та співвідношень 
Крамерса-Кроніга. Широка та пряма заборонена зона та розраховані оптичні властивості означають, що кубічний CsPbF3 
можна використовувати в оптичних та оптоелектронних пристроях для високочастотного видимого та низькочастотного 
ультрафіолетового електромагнітного випромінювання. 
Ключові слова: CsPbF3; перовскіт; структурні властивості; заборонена зона; оптоелектронні властивості; метод 
першопринципів 
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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 TiO2, ZnO, 
Fe2O3, Ta2O3, CuO, NiO, Cr2O3, RuO2, 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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© N.M. Nemma, Z.S. Sadeq, 2023 

https://orcid.org/0000-0002-7697-2143
https://orcid.org/0000-0003-1450-785X
https://doi.org/10.26565/2312-4334-2023-3-24
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334


272
EEJP. 3 (2023) Noorullah Mohammed Nemma, et al.

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 (AgNO3), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 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 AgNO3 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 AgNO3. 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)2 · 6H2O) 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 6H2O) 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 =  (େబ – େ  )େబ  ×  100% =   (୅బ – ୅  )୅బ  ×  100% (1)

C0, C, A0, 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 2θ = 35.2°, 43°, 67°, and 74.8° for the Aloe vera, and 
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diffraction peaks with 2θ = 35°, 46.4°, 65°, and 72.2° for Hibiscus sabdariffa respectively. Which both can be corresponded 
to the (1 1 1), (2 0 0), (2 2 0) 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 AgNO3 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 2θ = 31.96°, 34.6°, and 36.52°, corresponding to 
Braggs planes of (100), (002), and (101), respectively, while the other peaks at 2θ =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]. 

  
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. 

   
a b c 

   
d e f 

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 (c & 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. 

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. 

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−1) can be calculated by 
estimating the slope of the lines in Figure (5). 

 
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 ln (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.  

 

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 H2O 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 →  𝑒ି(𝐶𝐵) ൅ ℎା(VB) (2) 

 𝐴𝑔ା ൅ 𝑒ି(𝐶𝐵) → 𝐴𝑔 (3) 

 𝑒(஼஻)ି ൅ 𝑂ଶ(௔ௗ௦௢௥௕௘ௗ) →  𝑂ଶ. ି (4) 

 ℎ(௏஻)ା ൅  𝐻ଶ𝑂(௔ௗ௦௢௥௕௘ௗ) →  OH ∙  ൅𝐻ା (5) 

 ℎ(௏஻)ା ൅  OHି →  OH (6) 

 𝑂ଶ. ି ൅ MB dye → degradation products  (7) 

 OH ∙  ൅ MB dye → degradation products (8) 
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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-1) 
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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ЕКОЛОГІЧНО ЧИСТИЙ ЗЕЛЕНИЙ СИНТЕЗ, ТА ФОТОКАТАЛІЗАТОРНА АКТИВНІСТЬ НАНОКОМПОЗИТУ Ag-ZnO 
Нуруллах Мохаммед Немма, Зейнаб Сабіх Садек 

Факультет фізики, Науковий коледж, Багдадський університет, Багдад, Ірак 
Дослідження успішно синтезувало наночастинки Ag, наночастинки ZnO та нанокомпозити Ag/ZnO, використовуючи простий, 
економічний та стійкий екологічний синтетичний підхід. Мета синтезу нанокомпозитів Ag/ZnO з використанням двох різних 
рослинних екстрактів полягала у дослідженні їх фотодеградаційної активності на барвнику метиленового синього (MB). 
(XRD) дифракційний аналіз підтвердив наявність розміру кристалів Ag і гексагональної структури вюрциту ZnO. Результати 
(FE-SEM) показали сферичність, нанострижні та наявність кластеризації НЧ неправильної форми. Отримані нанокомпозити 
метал/напівпровідник оксид володіли унікальними характеристиками фотодеградації, які були відсутні в окремих 
наночастинках Ag і наночастинках ZnO. 
Ключові слова: наночастинки; нанокомпозит; очищення стічних вод; каталізатор 
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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 α-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. 
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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. 
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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 μm, 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 YОх 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 12Х18Н9Т (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 Id, A If, A Ub, V PN, Pa h 
1 

100 0.5 -200 
0.08 

1 2 0.2 
3 0.55 

Note: Id – arc current, If – focus coil current, Ub – 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-Kα radiation (λ = 1.54060 A˚, 45 kV and 40 mA) using a graphite monochromator in the secondary beam. 
Diffraction spectra were taken in the scheme of θ-2θ 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: Lc1 is the formation of the first chevron crack at the bottom and diagonal cracks at the edges 
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of the scratch; Lc2 is the formation of a group of chevron cracks at the bottom of the scratch; Lс3 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; Lс5 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 1а 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.  

  
a b 

Figure 1. SEM images of the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Ра (series no. 3): 
surface (а) 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 

Series No 
Element 

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 
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a b
Figure 2. 3D AFM surface images of multicomponent (TiZrSiY)N coatings obtained at nitrogen pressure: 

0.08 Ра (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 α-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 ε = 4.66∙10-3. The α-Ti 
lattice in the coating has the following lattice parameters: a = 0.2968 nm, and c = 0.4757 nm, which exceeds the values 
known from the scientific sources (a = 0.29505 nm, and c = 0.4697 nm) [20]. Therefore, the α-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 α-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 ε = 4.27∙10-3. The lattice parameters of the α-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 3c), 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 ε = 3.79∙10-3.  
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It is known that the value of the texture coefficient TС(hkl) is proportional to the number of crystallites (grains) that 
are oriented in a certain crystallographic direction. In cases of TС(hkl) > 1, a large number of crystallites are oriented to a 
certain crystal plane. When TС(hkl) ≤ 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 
(TС(hkl) = 3.50 for the coating obtained at nitrogen pressure of 0.08 Pa, and TС(hkl) = 4.99 for the coating obtained at 
nitrogen pressure of 0.2 Pa).  

 
a b 

Figure 3. X-ray diffraction patterns of multicomponent 
(TiZrSiY)N coatings obtained at different nitrogen pressures: 
0.08 Pa (а), 0.2 Pа (b), and 0.55 Pа (c) 

c  

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 (H3/E2) are shown in Table 4.  
Table 4. Mechanical characteristics of multicomponent (TiZrSiY)N coatings 

Series 
No. 

Vickers 
hardness Н, 

GPa  

Elastic 
modulus Е, 

GPa 

 
Н/Е 

 
Н3/Е2 

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.  
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Figure 4. The graph of wear parameters obtained for the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Ра 
(series no. 3): the coefficient of friction КТ (red line, left scale), the amplitude of acoustic emission АЕ (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 Pа is presented in Figure 5.  

Lc1 Lc2 Lc3 

Lc4 Lc5 

Lc1=7.61 N 

Lc2=16.08 N 

Lc3=24.02 N 

Lc4=42.61 N 

Lc5=65.12 N 

Figure 5. Microscopic images of the scratch at different critical loads for multicomponent (TiZrSiY)N coating obtained at nitrogen 
pressure of 0.55 Pа (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 (Lc1-Lc5) compared to other 
coatings. 
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Table 5. Critical load values (N) for multicomponent (TiZrSiY)N coatings 

Series No.  Lc1 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, H3/E2, friction coefficient and critical loads, the presented 
multicomponent (TiZrSiY)N coatings can be very attractive for tribological application.  
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БАГАТОКОМПОНЕНТНІ ПОКРИТТЯ НА ОСНОВІ СИСТЕМИ (TiZrSiY)N,  
ОТРИМАНІ МЕТОДОМ ВАКУУМНО-ДУГОВОГО ОСАДЖЕННЯ 

В’ячеслав М. Береснєвa, Сергій В. Литовченкоa, Микола О. Азарєнков a,б, 
Ольга В. Максаковаa, Денис В. Горохa, Богдан О. Мазілінa 

аХарківський національний університет імені В.Н. Каразіна, майдан Свободи 4, 61022, м. Харків, Україна 
бНаціональний науковий центр «Харківський фізико-технічний інститут», вул. Академічна, 1, 61108, м. Харків, Україна 

Вивчено вплив тиску реакційного газу (азоту) на структурно-фазовий стан та властивості вакуумно-дугових нітридних 
покриттів системи (TiZrSiY)N. На поверхні покриттів спостерігається значна кількість краплинної фракції та затверділих 
макрочастинок розпорошеного катода, що є характерним для вакуумно-дугових конденсатів, які осаджують з 
несепарованих плазмових потоків. В усіх зразках у покритті зафіксовано нітрид титану з кубічними ГЦК-гратами. У зразках 
покриттів, осаджених при тисках азоту РN 0,08 Па і 0,2 Па, також ідентифікована фаза α-Ti, при цьому вимірюваний 
параметр гратів цієї фази дозволяє припустити, що ця фаза є твердим розчином азоту в титані. Коефіцієнт текстури 
багатокомпонентного покриття, сформованого при потенціалі зміщення -200 В і РN = 0,55 Па має високе значення 
TС(hkl) = 5,95 в порівнянні з іншими зразками. Мікротвердість багатокомпонентних покриттів зростає залежно від 
парціального тиску азоту від 25,0 до 36 ГПа. Найвищу адгезійну міцність також має покриття, сформоване при найбільшому 
використаному тиску азоту РN = 0,55 Па. 
Ключові слова: вакуумно-дугові покриття; багатокомпонентні нітридні покриття; парціальний тиск азоту; текстура; 
мікротвердість; адгезійна міцність 
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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 
 = 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 Т=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 

 = 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 
2×5×10 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 TCu ~ 1400 K. Simultaneous diffusion of nickel and copper into silicon was carried 
out in vacuum (10-5 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 
(10-4 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 

† Cite as: N.A. Turgunov, E.Kh. Berkinov, R.M. Turmanova, East Eur. J. Phys. 3, 287 (2023), https://doi.org/10.26565/2312-4334-2023-3-26 
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effect method, the surface of the samples had dimensions of 1.8×5×5 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 = 104 Ohmcm. Such growth values of  
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 /0 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  (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  by 
approximately 50% (curve 2, Fig.1). With a further increase in time, the curve of this dependence slightly decreases and the 
value of  of the samples is 1.3∙104 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 /0 on the annealing time in n-Si<Ni,Сu> 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 /0 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 /0 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 /0 decreases by approximately 40%. 

The most significant increase in the dependence curve of /0 on annealing time in n-Si<Ni,Сu> samples is 
observed under the action of TA at Т = 1473 K (curve 5, Fig.1). During the initial 10 minutes, the value of /0 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 /0 values on 
time in n-Si<Ni,Сu> 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 earlier and the growth rate of the curves increases significantly. 
With a subsequent increase in the annealing time, the values of /0 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 /0 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,Сu> 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,Сu> samples using the Superprobe 
JXA-8800R electron probe analyzer, the probe excitation depth was 15–20 µm. 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 ~103 cm-2. 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. 

  

Figure 1. Dependence of the value of /0 on the annealing time 
in n-Si<Ni,Cu> samples at TA: 

1 – 673 К; 2 – 873 К; 3 – 1073 К; 4 – 1273 К; 5 – 1473 К 

Figure 2. Micrographs of impurity nanoaccumulations in 
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 Т=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 Т=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 
n-Si<Ni,Cu> samples after TA at T=1273 K 

Figure 4. Micrographs of impurity nanoaccumulations in 
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 Т=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 NixSiy, CuxSiy, or NixCuySiz in the electrically neutral state 
gradually becomes predominant, which leads to a significant decrease in the resistivity of the samples. 
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ВПЛИВ ТЕРМІЧНОГО ВІДПАЛУ НА ЕЛЕКТРОФІЗИЧНІ ВЛАСТИВОСТІ ЗРАЗКІВ n-Si<Ni, Cu> 
Нозімжон А. Тургунов, Ельмурод Х. Беркінов, Раймаш М. Турманова 

Інститут фізики напівпровідників та мікроелектроніки Національного університету Узбекистану, Ташкент, Узбекистан 
У даній роботі представлені результати досліджень впливу ізотермічного відпалу при температурах T = 6731473 K до в інтервалі 
часу 560 хвилин на електричні властивості кремнію, одночасно легованого нікелем і міддю. Зразки n-Si<Ni,Cu> були отримані на 
основі вихідного матеріалу - монокристалічного кремнію, вирощеного за методом Чохральского з початковим питомим опором 
 = 0,3 Омсм дифузію проводили при температурі 1523 K до протягом 2 годин. Після цього зразки охолоджували зі швидкістю 
0,1 K/s. Морфологічні параметри кластерів атомів домішок нікелю і міді, що утворилися в об'ємі кремнію, були виміряні методом 
електронно-зондового мікроаналізу на сучасній установці Superprobe JXA-8800R. як виявилося, в об'ємі зразків n-Si<Ni,Cu> 
утворюються кластери атомів домішки різної геометричної форми, розміри яких досягають до 500 нм. Електричні властивості 
зразків вивчали методом ефекту Холла за допомогою приладу Ecopia HMS-7000. Виявлено, що під впливом термічного відпалу 
(TA) при T ≥ 1273 до відбувається розкладання кластерів домішок, що призводить до збільшення питомого опору зразків 
n-Si<Ni, Cu>. Після впливу ТА при T = 1273 до протягом 15 хвилин щільність наноакумуляцій домішок голчастої і лінзоподібної 
форм в обсязі зразка різко зменшується. Під впливом ТА при T = 1473 до протягом 10 хвилин в обсязі зразка спостерігається 
розпад домішкових нанокластерів сферичної форми. Також представлені результати зміни щільності кластерів домішок, а також 
структурні аналізи зразків до і після впливу термічного відпалу. 
Ключові слова: кремній; нікель; мідь; домішка; термічний відпал; нанокластери; розпад 
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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  𝑀𝑛ସ𝑆𝑖଻ − 𝑆𝑖 < 𝑀𝑛 > − 𝑀𝑛ସ𝑆𝑖଻ 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 𝑀𝑛ସ𝑆𝑖଻ 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 Ω ∙ 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 µ𝑚. 
The conductivity of the resulting HMS layer was p-type (charge carriers holes), and their concentration 𝑝  ≈ 10ଵଽ ÷10ଶ଴ 𝑐𝑚ିଷ. Such a layer formed on the surface could be viewed as a heavily doped degenerate semiconductor. The 
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value of relative resistance of the base region in the resulting structure was equal to 𝜌 ≈ 10ହΩ ∙ 𝑐𝑚, and the 
concentration of charge carriers in it was approximately close to that in intrinsic silicon. 

The resulting  𝑀𝑛ସ𝑆𝑖଻ − 𝑆𝑖 < 𝑀𝑛 > − 𝑀𝑛ସ𝑆𝑖଻ structure in written form was shortly abbreviated as 𝑝ା − 𝑆𝑖 <𝑀𝑛 > −𝑝ା. 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 𝐽ௗ ≈ 10ିଵଶ𝐴 whereas after 
the structures have been exposed to light, the value of photocurrent would increase to ≈ 10ିଷ ÷ 10ିଶ𝐴 (Fig.1). 
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Figure 1. Volt-ampere curve of pା − Si < Mn > −pା structure at T = 300K (1) and T = 80K (2) illuminated by photons with 
energy hν ≥ E୥ 

At a low temperatures (T=80K), the value of ∆𝑈௄ (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 𝑅௄ = 𝑆 ∆௎಼௃ . 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 𝜌ఋ ≈ 6 ∙ 10ସΩ ∙ 𝑐𝑚. 
The results of experiments aimed at determining the resistance of the base region of structures by two probe technique 
(𝜌 = 𝑆 ௎௃௟ , where 𝑙 is the distance between probes) have revealed that the relative resistance of manganese high silicides 
grown on silicon substrate was equal to 𝜌ఋ ≈ 6,2 ∙ 10ସΩ ∙ 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 (ℎ𝜈 ≥ 𝐸௚). 

Having known the value of 𝑅𝒙 (Hall factor), the concentration of holes, as well as the the mobility of charge 
carriers (using the formula ோ𝒙ఘ = 𝜇௣) were subsequently calculated. At 𝐽௣ = 1𝑚𝐴 (photocurrent), the concentration of 
charge carriers (holes) was equal to 𝑝 = 2,4 ∙ 10ଵସ 𝑐𝑚ିଷ while at 𝐽௣ = 2,5𝑚𝐴, it was respectively 𝑝 = 2,5 ∙ 10ଵହ 𝑐𝑚ିଷ. 
In both cases, Hall mobility 𝜇௣ was in the range 200 ÷ 300 𝑠𝑚ଶ/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 ∙ 10ିହ𝐴 and the concentration of 
holes was 𝑝 ≤ 2.4 ∙ 10ଵଷ 𝑐𝑚ିଷ. 

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 
≥ 2 V, the difference between VAC in dark and exposed modes rather increased, and the difference was stark almost 10ସ times (Fig. 2, 1 and 2 lines).  

When the photocurrent value was 𝐽௣ ≥ 4 ∙ 10ିଷ𝑚𝐴, at HMS – silicon junction point excess heat was detected. 
When the photocurrent value reaches 𝐽௣ ≥ 10ିଶ𝐴 excess heating at the transition  bondary of 𝑀𝑛ସ𝑆𝑖଻ − 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 > − 𝑀𝑛ସ𝑆𝑖଻ 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 pା − Si < Mn > −pା structure is 70÷75 µm 
2 – pା − Si < Mn > −pା in dark conditions, 
3 – pା − Si < Mn > −M the width of the base section of the structure is 1.5 mm while forward bias voltage is applied, 
4 – pା − Si < Mn > −M width of the base section of the structure is 5 mm and while forward bias voltage is applied 
5 – pା − 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). 
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Figure 3. 𝑝ା – 𝑆𝑖 < 𝑀𝑛 > – 𝑝ା external voltage drop 
distribution 
1 - T=300K, 2-80K, when illuminated with monochromatic 
radiation (ℎ𝜈 ≥ 𝐸௚). 

 Figure 4. Connection of the structure to an external 
source at low temperatures and while illuminated by 
monochromatic light (ℎ𝜈 ≥ 𝐸௚). 
HMS - higher manganese silicides 

On Fig. 4 it is shown the structure of the  𝑀𝑛ସ𝑆𝑖଻ − 𝑆𝑖 < 𝑀𝑛 > − 𝑀𝑛ସ𝑆𝑖଻ 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 λ = 0.9 ÷ 1 μm (the depth of absorption of falling 
photons was up to ~100 μm), the thickness of the holes conductive layer with a small resistivity ρ ≈ 5 ÷ 10 Ω ∙ 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 ρ ≈ 5 ÷ 10 Ω ∙ 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 ρ ≈  5 ÷ 10 Ω ∙ 𝑐𝑚) the concentration of holes was estimated at ~10ଵହ𝑐𝑚ିଷ. 

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 λ ≈ 1 μm  [14],[15]. Such a precedent was not observed in the 𝑝ା − 𝑆𝑖 < 𝑀𝑛 > −𝑝ା 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. 

When there are two types of charge carriers in 
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 
formed in the structure of manganese high silicide - silicon is 
almost not observed in the structures of the metal-silicon Si<Mn> 
system. 

It was observed that in the resulting HMS – Si<Mn> – HMS 
structures we have witnessed symmetrical disposition in volt-
ampere characteristics in the initial state (at low voltage and low 
current values) while samples were exposed to light. When 
replacing one of HMS layers in the structure with a metal contact, 
that is, in HMS - Si<Mn> - M structures, the value of the 

photocurrent- Jp  in cases when the voltage is forward biased and inversed, proved to differ greatly from each other, and 
the difference is at least  ~10ସ. If the voltage supplied from an external source is U≥15 V, this difference is relatively 
lower (10ଵ – 10ଶ 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 (𝑝ା – 𝑆 𝑖 < 𝑀𝑛 >–𝑝ା 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. In 𝑀𝑛ସ𝑆𝑖଻ − 𝑆 𝑖 < 𝑀𝑛 > −𝑀𝑛ସ𝑆𝑖଻  or 𝑀𝑛ସ𝑆𝑖଻ − 𝑆 𝑖 < 𝑀𝑛 > −М structures with high resistance at relatively
low temperatures (T = 80 ÷ 200K) and when illuminated with photons energy ℎ𝜈 ≥ 𝐸௚, the value of their resistance is 
believed to decrease sharply and it switched to a photoconductive state.  

Figure 5. Band diagram of a heterojunction formed at 
the boundary of higher manganese silicide-silicon E୥ଵ ≈ 0,67 ÷ 0,8 eV, E୥ଶ = 1,12 eV 
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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. 
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ВЛАСТИВОСТІ ГЕТЕРОСТРУКТУРИ “СИЛІЦИД ВИЩОГО МАРГАНЦЮ-КРЕМНІЮ” 
Кобілжон К. углі Курбоналієвa, Нурулла Ф. Зікріллаєвb, Ахмаджон З. Хусановc 

aКокандський державний педагогічний інститут імені Мукімія, Коканд, Узбекистан 
bТашкентський державний технічний університет, Ташкент, Узбекистан 

cКокандський державний педагогічний інститут імені Мукімія, Коканд, Узбекистан 
На основі дифузійної технології багато вчених і фахівців проводили дослідження з отримання матеріалів, принципово 
відмінних за електричними і фототермічними параметрами від вихідного матеріалу, шляхом введення в напівпровідникові 
матеріали різних вхідних атомів і створення глибоких енергетичних рівнів в їх забороненій зоні. Електричні, фотоелектричні, 
оптичні та магнітні властивості цих напівпровідникових матеріалів були ретельно вивчені з елементами групи металів, 
ізовалентними елементами та рідкоземельними елементами, доданими до кремнію в процесі росту, іонної імплантації або 
дифузії з газоподібного стану. Технологія введення домішкових атомів у кремній дифузійним методом відрізняється від інших 
простотою, енергоефективністю та дешевизною. Сучасна технологія зміни питомого опору та електропровідності вихідного 
зразка шляхом дифузії атомів марганцю в монокристалічний кремній вивчена недостатньо. У статті встановлено, що при 
дифузії атомів марганцю в кремній утворюється високомарганцевий на його поверхні і в приповерхневому шарі утворюється 
силіцид. На основі аналізу експериментальних результатів встановлено термоЕРС (електрорушійна сила) в структурах 
Mn4Si7-Si < Mn > - Mn4Si7 в певному інтервалі температур і при освітленні (з монохроматичне або інтегроване світло) 
пояснюється тим, що він заснований на ефекті Пельтьє, який спостерігається в напівпровідниках. Вольт-амперні 
характеристики (VAC) отриманих структур були виміряні при різних температурах, у темряві та на світлі. Утворення 
прикордонного шару з високим питомим опором на межі вищого переходу марганець-кремній, переходу від вищого силіциду 
марганцю до основи структури за рахунок ефекту іонізації пор при освітленні структур і зовнішньому впливі. Область 
застосування була уточнена на основі результатів VAC. Шар вищого силіциду марганцю, утворений на поверхні кремнію, має 
властивості напівпровідника, а утворення гетеропереходу при переході на кремній показано на основі сферічної діаграми. 
Ключові слова: вищий; марганець; силіцид; заборонена зона; властивості; структура 
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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.-e, 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 

(MgCl2.6H2O), zinc nitrate (Zn(NO3).6H2O), cadmium chloride (CdCl2.6H2O), and thiourea (CH4N2S) 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 

† 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 
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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 = c = 4.22 ˚A), while the angle values were (α = β = γ 
= 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 c = 6.713 ˚A) and angles (α = β = 90 ° and 
γ = 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-2 ions Zn+2 and), ion diffusion within the crystal lattice of magnesium oxide 
(MgO), and the appearance of new peaks after doping, indicating the formation of (ZnS) a hexagonal Crystal Structure 
with (a=b = 3.82 Å, c = 6.25 Å) and (α=β=90°, γ=120°), consistent with the standard spectrum (JCPDS 003-7393) 
[17,18]. 
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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  2Ѳ (deg) 
Experimental 

2Ѳ (deg) 
Standard 

FWHM 
(deg) 

Crystallite 
Size (nm) 

dhkl (Å) 
Experimental 

dhkl (Å) 
Standard 

 
MgO 

 

36.85 36.86 0.94 9.30 2.43 2.43 
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 

 
MgO: ZnS  

 

36.74 36.86 0.55 15.86 2.44 2.43 
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 

 
 

MgO: CdS  
 

 

36.94 36.86 0.29 29.62 2.43 2.43 
42.90 42.82 0.24 36.22 2.10 2.11 
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 
O 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 
O 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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 (1) 

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] . 

 k୭ ൌ
஑஛

ସ஠
 (2) 

The refractive index and extinction coefficient of MgO films are shown in Figure (5). 
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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 (εr) and an 
imaginary part (εi) 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]. 

 ε୰ ൌ n°
ଶ െ k°

ଶ (3) 

 ε୧ ൌ 2n°k°  (4) 
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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 
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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 
(cm)-3 

Hall Coefficient 
Rh (m2/C) 

Conductivity  
(Ω.cm) -1 

Resistivity  
(Ω.cm) 

Mobility 
(cm2/v.s) 

MgO 2.584x106 2.416x107 1.035x10-5 9.662x104 2.500x102 
MgO:ZnS 4.325x107 -2.886x106 5.337x10-7 1.874x107 1.540x101 
MgO:CdS 4.953x106 -3.781x107 1.309x10-5 7.638x104 4.950x102 

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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ВПЛИВ ZnS ТА CdS НА ДЕЯКІ ФІЗИЧНІ ВЛАСТИВОСТІ ПЛІВОК MgO 
Н.А. Хассанa, В.Х. Альбандаb, М.Х. Аль-Тіміміa 

aФакультет фізики, Науковий коледж, Університет Діяла, Ірак 
bНауковий відділ – Коледж базової освіти, Університет Мустансірія, Ірак 

У цій статті повідомляється про виготовлення та характеристику наноструктурованих плівок MgO та вплив ZnS і CdS на їхні 
структурні, оптичні та електричні властивості. Тонкі плівки MgO, MgO: ZnS і MgO: CdS були нанесені за допомогою техніки 
піролізу хімічним розпиленням. на скляні підкладки при 673 К. Рентгенограми показали, що тонкі плівки MgO мають переважну 
(111) орієнтацію з чистою кубічною кристалічною структурою, тоді як шари ZnS і CdS мають гексагональну структуру. 
Зображення FE-SEM показали, що плівки MgO мають наноструктуровану морфологію із середнім розміром частинок ~50 нм. 
Результати УФ-видимої спектроскопії показали, що додавання шарів ZnS і CdS до плівок MgO призвело до зміщення краю
поглинання у бік видимої області електромагнітного спектру, що вказує на покращення їх оптичних властивостей. Ці знахідки
свідчать про те, що плівки MgOZnS і MgOCdS можуть мати потенційне застосування в оптоелектронних пристроях. 
Ключові слова: плівки MgO; допінг ефект; ZnS; CdS; хімічний розпилювальний піроліз; фізичні властивості
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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 ~106 cm-2 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 III-Sb 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 GaSb 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 Å and 6.1 Å, respectively, and their 
lattice constant’s mismatche accounts ~12%. 

MATERIALS AND METHODS 
Single-crystal n-type silicon samples (ρ = 1Ω‧cm, n~5·1015 cm-3) 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. 1a, 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 11th 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 
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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 II 

a) b) 

c) 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 

a) b) 

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 GaSb 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
O 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
O 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
O 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 μm to 15 μm are formed on the Si surface. The density of these 
microscopic islands, calculated judging from Fig. 3 is approximately 106 см-2. 

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-1 mode in the vibrational spectrum 
corresponds to the Si-Si bond [15], whereas 226 cm-1 and 220 cm-1 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-1, 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-1, which is confirmed by the literature data [16], that this peak 
belongs to the vibration frequency of LO mode of the Ga-Sb compound. 
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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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ДОСЛІДЖЕННЯ ПОВЕРХНІ Si, ЛЕГОВАНОГО ОДНОЧАСНО Ga ТА Sb 

X.M. Ілієв, Собір Б. Ісамов, Бобір О. Ісаков, У.X. Курбонова, С.А. Абдурахмонов 
Ташкентський державний технічний університет, вул. Університетська, 2, 100095, м. Ташкент, Узбекистан 

Стаття присвячена дослідженню зразків кремнію, легованих атомами галію (Ga) і сурми (Sb). Зокрема, представлено 
елементний аналіз, SEM зображення та спектрометричний аналіз зразків за допомогою комбінаційного розсіювання. 
Елементний аналіз показав, що відносні концентрації Ga (0,4) майже дорівнюють концентраціям Sb (0,39), і обидва 
утворилися на поверхні Si. SEM-зображення показало, що в процесі дифузійного легування на поверхні кремнію 
утворюються острівці мікророзміру GaSb (діаметром від 1 до 15 мікрон) і щільністю ~106 см-2. Раманівський спектральний 
аналіз показав, що напівпровідник із молекулами GaSb самозбирається на поверхні Si. 
Ключові слова: кремній; галій; сурма; легування; дифузія; острови мікророзміру 
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Dysprosium oxide (Dy2O3) and Cu/Dy2O3 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
Dy2O3 thin films. The M-H loops obtained through Vibrating Sample Magnetometer (VSM) shows that Dy2O3 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/Dy2O3 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; Dy2O3; Cu/Dy2O3; 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 Dy2O3 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 Dy2O3 and Cu/Dy2O3 thin films by DC magnetron sputtering 
on silicon substrate at room temperature. Further, the structural, morphology, optical and magnetic properties of these 
thin films Dy2O3 and Cu/ Dy2O3 are investigated for energy and memory storge devices applications. 

EXPERIMENTAL DETAILS 
Sample Preparation 

Dy2O3 and Cu/Dy2O3 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 
5×10-6 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 
Dy2O3 and Cu/Dy2O3 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 Kα1 radiation (1.54 Å). The measurement was conducted at room temperature with 2θ = 200-700 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 Dy2O3 and Cu/Dy2O3 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 Dy2O3 and 10%-Cu substituted 

Dy2O3 thin films. For Dy2O3, two peaks are observed, one at 28.230 with miller indices (100) and other at 32.400 having 
Miller indices (101) as shown by Figure 1(a). 

 
Figure 1. XRD pattern of (a) Dy2O3 and (b) Cu/Dy2O3 thin films 

The comparison of Dy2O3 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 Dy2O3, 
since having miller indices of (100) for 2θ value of 27.03. 

It can be found that the presence of Cu has slightly adjusted the (100) peak to new 2θ value and no peak for Cu has 
been observed in the Cu/Dy2O3 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 2θ 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 Dy2O3 having close packing structure with maximum packing 
density does not allow Cu atoms to change/modify the base Dy2O3 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 2θ 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 Dy2O3 and Cu/Dy2O3 thin films are shown in figure 2(a-d) (where a, b represents the Dy2O3 
micrographs, and c, d show Cu/ Dy2O3 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 
Dy2O3 and Cu/Dy2O3 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) Dy2O3, and (c, d) Cu/ Dy2O3 thin film 

Figure 3: EDS spectra of thin films with their table of elements compositions wt.% where (a) shows Dy2O3 and (b) 10%-Cu 
doped Dy2O3 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. 

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 Dy2O3 and 3.9 eV for Cu/Dy2O3 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: 

αhv =A (hѵ-Eg) n (1) 

where ʽʽαʼʼ is the absorption coefficient, ʽʽhѵʼʼ is photon energy, ʽʽAʼʼ is proportionality constant, “Eg” 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 Dy2O3 and Cu/Dy2O3 thin films, it states that an indirect band gap obtained for these structures. Similarly, energy band 
of Dy2O3 confirms the fact that valance shell electrons have the ability of absorbing energy, whereas value for second thin 
film Cu/Dy2O3 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 Dy2O3 and Cu/Dy2O3 thin films at room temperature (300K) 

and low temperature 5K as presented in figure 5. 

Figure 5. Shows M-H curves, here (a) presents Dy2O3 at 5k, (b) Cu/Dy2O3 at 300k, (c) Dy2O3 at 5k and (d) Cu/Dy2O3 at 300k, 
respectively 

The ferromagnetic order in case of Dy2O3 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 Ms value obtained for 
Dy2O3 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 Dy2O3 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/Dy2O3 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 Jz 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/Dy2O3 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/Dy2O3 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 Dy2O3 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 Dy2O3 and Cu/Dy2O3 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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ОПТИЧНИЙ ТА МАГНІТНИЙ ВІДГУК ЧИСТИХ ТА НАСИЧЕНИХ ІОНАМИ Cu ТОНКІХ ПЛІВОК ОКСИДУ 
ДИСПРОЗІЮ, ДЛЯ РІЗНИХ ЗАСТОСУВАНЬ 

Мухаммад Таусеф Куреші 
Факультет фундаментальних наук, Коледж підготовчого року, Університет Хаїль, 

Хаїль, Королівство Саудівська Аравія 
Тонкі плівки оксиду диспрозію (Dy2O3) і Cu/Dy2O3 товщиною 117,14 нм і 258,30 нм відповідно були успішно нанесені за 
допомогою добре відомого методу магнетронного напилення на постійному струмі. Автоемісійна скануюча електронна 
мікроскопія показала зростання однорідних і дрібних гранульованих частинок на кремнієвій підкладці. Гексагональна закрита 
структура пакування для обох тонких плівок спостерігалася за допомогою рентгенівського дифракційного аналізу, і було 
помічено, що завдяки включенню міді HCP-структура тонкої плівки зберігалася з невеликим зсувом головного піку. 
Зменшення ширини забороненої зони від 3,9 еВ до 3,8 еВ спостерігалося шляхом включення тонких плівок іонів міді Dy2O3. 
Петлі M-H, отримані за допомогою вібраційного магнітометра (VSM), показують, що тонка плівка Dy2O3 поводиться 
феромагнітно при низькій температурі зі значенням намагніченості насичення 2860 emu/cc і розвивається через температури 
фазового переходу та поводиться парамагнітно при кімнатній температурі. У випадку Cu/Dy2O3 діамагнітний відгук Cu 
домінує та створює петлю зворотного гістерезису при обох температурах, що робить його придатним кандидатом для додатків 
пристроїв зберігання енергії та пам’яті. 
Ключові слова: магнетронне розпилення; тонкі плівки; Dy2O3; Cu/Dy2O3; графік Таука; магнітні властивості; петля 
гістерезису 
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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(NO3)2 ꞏ6H2O) and zinc acetate (C4 H6O4 Znꞏ2H2O) 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)2ꞏ6H2O) and zinc acetate (C4H6O4Znꞏ2H2O) 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 50ºC 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 table1.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.

† Cite as: A. Amiar, O. Belahssen, M. Ghougali, M. Mimouni, G. Rihia, M.S. Mahboub, Y. Benkrima, East Eur. J. Phys. 3, 314 (2023), 
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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 S1 it can be seen two main diffraction 
peaks positioned at 2θ ≈ 37.296° and 43.272° assigned to the (111) and (200) crystal planes respectively. 

These peaks accurately correspond to the crystal structure of 
NiO (NaCl) with CFC crystal structure of which belongs to the 
space group Fm3m. The XRD patterns shows good agreement 
with JCPDS (47-1049) [1]. The presence of such peaks indicates 
that the films are polycrystalline in nature. 

The same results can be deduced for sample S2 where it is 
observed that three main peaks are identified in the angle range 
2θ (37.247°, 43.197°, and 62.844°) corresponding to the 
following diffraction planes (111), (200) and (220), respectively. 
These results are consistent with the high percentage of nickel 
oxide present in this sample. In the case of equal proportions of 
oxides in the sample S3, no diffraction peaks were observed, and 
the sample was amorphous. For sample S4 two specific peaks 
appear at angles 2θ (34.515° and 36377°) corresponding to the 
diffraction levels (002) and (101) according to JCPDS (36-1451), 
which is consistent with a high percentage of ZnO in these 
sample. Sample S5 showed three prominent main diffraction 
peaks (100), (002) and (101) corresponding to the angle (31.564°, 
34.510° and 36.336°). These peaks correspond to the wurtzite 
hexagonal structure of pure ZnO. It is noted that there is a high 
compatibility with the international s showed three prominent 
main diffraction peaks (100), (002) and (101) corresponding to 
the angles 2θ (31.56°, 34.51° and 36.33°). These peaks 
correspond to the wurtzite hexagonal structure of pure ZnO. It is 
noted that there is a high compatibility with the international
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 c, grain size D, average stress ε and dislocation 
density δ 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] : 

𝑑௛௞௟ ൌ
௔

ඥ௛మା௞మା௟మ
(1)

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] : 

ଵ
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ସ
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(2)

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] 

𝐷 ൌ
଴,ଽఒ

ఉ ୡ୭ୱఏ
(3)

Where λ is the wavelength of X-rays (λ=1,540593), β is the value of the middle of the highest peak width (the value 
(FWHM) computed with the radial angle) andθ is the Bragg's angle . 

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

δ ൌ
ଵ

஽మ
(4)

Figure 1. XRD patterns of the deposited ZnO/NiO thin 
films on glass substrate at different percentages 
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The average strain ε is the strain expresses the distortion in the network and is estimated by the following 
relationship [7]: 

 𝜀 ൌ ቀ
௔ି௔బ
௔బ

ቁ100% (5) 

Where a0 is the theoretical lattice constant and a is the experimental lattice constant . 

Table 1. Structural parameters of (ZnO/NiO) thin films mixture 

Samples Coding 2θ(°) d (Å) (hkl) a (Å)  c (Å) D (Å) με δ (Å-2) 

100% NiO S1  
37,296 2,411 111 4,176 

 
------  3,32  0,104  0,091  43,272 2,091 200 

75% NiO 
25% ZnO 

 
S2  

37,247 2,414 111 
4,181  ------  4,44  0,078  0,051  43,197 2,094 200 

62,844 1,479 220 
25% NiO 
75% ZnO 

S4  
34,515 2,600 002 

3,24 005,2  5,59 0,062 0,036 
36,377 2,470 101 

100% ZnO S5 

31,564 2,834 100 

3,272 5,198 4,82 0,102 0,043 34,510 2,599 002 

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 S1 and S2which 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 S5 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 S1 – S5 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 S1 
and S2 moves towards the blue spectrum, while the rest of the samples S3, S4 and S5 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 S3, S4 andS5and 88% for the two 
samples S1 and S2[31]. 

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

Urbach energy 
EU (eV) 

Optical gap energy 
Eg(eV) 

Samples 

0.466 3.55 S1 
0.571 3.53 S2 
0.333 3.13 2.35 S3 
0.133 4.1 3 S4 
0.076 3.17 3.23 S5 

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]: 

ሺ𝛼ℎ𝑣ሻଶ ൌ 𝐴൫ℎ𝑣 െ 𝐸௚൯. (6)

Where A is a constant, α is the absorption coefficient, hν is the photon energy and Eg 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 S3, S4 and S5, 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 S1and the mixture S2 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, S4 and S5 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].

Figure 3. Transmittance of ZnO/NiO thin films 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]: 

 𝛼 ൌ 𝛼଴. 𝑒
ቀ
೓ೡ
ಶೠ
ቁ
. (7) 

It can be written: 

 𝑙𝑛𝛼 ൌ 𝑙𝑛𝛼଴ ൅ ቀ
௛௩

ாೠ
ቁ. (8) 

Where 𝛼଴  is the absorption coefficient for which the absorption value is minimum and 𝐸௨is the Urbach energy. 
The value of Urbach's energy (𝐸௨) can be determined from the drawing of the curve of the changes of the linear 

function (lnα) 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 S1and S2which contain a 
greater percentage of nickel oxide. For the samples (S3, S4and S5), 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. 

 
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 S3 is ideal because the surface profile is more homogeneous and rougher. 
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СТРУКТУРНІ ТА ОПТИЧНІ ВЛАСТИВОСТІ ТОНКІХ ПЛІВОК ІЗ СУМІШІ (ZnO/NiO) 
Алі Аміарa, Окба Белахсенb, Мебрук Гугаліa, Мурад Мімуніa, Гані Ріхіa, Мохаммед Садок Махбубa, Яміна Бенкрімаc 

aЛабораторія LEVRES, Університет Ель-Уед, B.P. 789, 39000 Ель-Уед, Алжир 
bФізична лабораторія тонких плівок і застосувань (LPCMA), Університет Біскри, B.P. 145 R.P 07000 Біскра, Алжир 

cВища нормальна школа Уаргла, 30000 Уаргла, Алжир 
У цьому дослідженні були підготовлені суміші оксиду нікелю (NiO) і цинку (ZnO) у різних пропорціях у вигляді тонких 
плівок на скляних підкладках високої чистоти за допомогою техніки піролізу. При цьому зразки сумішей осаджували з двох 
розчинів нітрату нікелю (Ni(NO3)2ꞏ6H2O) і ацетату цинку C4H6O4Znꞏ2H2O), змішаних у різних пропорціях. Потім були 
досліджені оптичні та структурні властивості підготовлених зразків. Виявлено, що коефіцієнт пропускання зменшується зі 
збільшенням відсотка оксиду нікелю, що означає, що збільшення оксиду цинку покращує пропускання в усіх досліджуваних 
спектральних полях. Зразки з вищим вмістом оксиду цинку (ZnO) мають дві енергетичні щілини. Методом скануючої 
електронна мікроскопія (SEM) показано, що морфологія поверхні плівок має відносно однорідний склад, де спостерігалося, 
що збільшення частки оксиду цинку призводить до появи гранул оксиду цинку. 
Ключові слова: суміші NiO та ZnO; тонкі плівки; технологія піролізу; енергетична заборонена зона; оптичні властивості 
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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 Ag2O, 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 Ag2O showed the presence of Strontium di-phosphate and Calcium di-phosphate. The XRD pattern of 
these composites without Ag2O revealed specific planes that corresponded to both types of di-phosphate. However, when Ag2O was added, 
a new cubic phase was detected, and the intensity of the calcium and strontium diphosphate increased with higher Ag2O content. The XRD 
pattern of the composites with Ag2O displayed specific planes that corresponded to Ag2O. In other words, the absence of Ag2O 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 Ag2O 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 3.41ꞏ10-3 to 4.40ꞏ10-3. In simpler terms, adding Ag2O 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 50P2O5-10Na2O-(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. 
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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 Na2O with Ag2O up to 15 mol%, and found that the maximum 
antimicrobial effect was achieved in glasses containing 1 to 5 mol% of Ag2O. 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 P2O5[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 P2O5-CaO-Na2O family[9]. On the other hand, 
glasses with slow solubility were found to promote cell proliferation. Despite a P2O5 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 
(SrCO3), and Calcium carbonate (CaCO3) 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 Ag2O (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 Ag2O (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–Kα radiation with a wavelength of 1.54 Å. XRD patterns were recorded in the range of 10◦ ≤ 2θ ≤ 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 NSG01 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 Ag2O (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). 

  

  

Figure 1. SEM Surface characteristics of calcium phosphate ceramic with (a) - 0 wt% Ag2O, (b) - 0.25 wt% Ag2O, (b) - 0.5 wt% 
Ag2O, and (c) - 0. 75 wt% Ag2O 

Micrographs of Ag2O-free composites show the grains coalescing and Surface particles are larger than Ag2O (0.25, 
0.5, and 0.75g) particles (Figure1b-d). The results show that Ag2O nucleation occurred on the surfaces of all the ceramics, 
and the Ag2O-rich ceramics exhibited more particle growth. SEM examination leads us to the conclusion that adjusting 
the Ag2O concentration in the bioactive glass can influence the rate at which the bioactive layer forms on its surface. In 
other words, the addition of Ag2O leads to the depolymerization of (PO4)3 and the formation of a compact phosphate 
network. 

In Figure 2a, it can be seen that, the composite without Ag2O 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 
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ingredients including Ag2O 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 
Ag2O particles leads to form homogenous composites with effective attraction between the components to produce 
identity agglomeration shape. Increasing of Ag2O 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 P2O5 substrates 
with the Ag2O/CaCO3/SrCo3/Na2CO3 had been successfully manufactured. 

Figure 2. EDX analysis of calcium phosphate ceramic with (a) - 0 g Ag2O, (b) - 0.25 g Ag2O, (c) - 0.5 g Ag2O, 
and (d) - 0. 75 g Ag2O 

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 

Ag2O (0. 0.25 ,0.5 and  0.75g). The diffraction pattern of the phosphate bio active glass composites sintered without Ag2O 
displays the Strontium di-phosphate (Sr2O7P2) ((orthorhombic - a=8.9459 Å b=5.4133 Å c=13.2114 Å) and the Calcium 
di-phosphate ((tetragonal - a=6.6858 Å c=24.1470 Å)) (Ca2O7P2) (Figure 3). The reflections for phosphate bioactive glass
composites without Ag2O 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 Ag2O (cubic – a = 4.7600 Å) was detected after the 
addition of 0.25, 0.5 and 0.75 g Ag2O (Figure 3b–d). At higher contents of Ag2O (after 0.5 g Ag2O), 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 Ag2O, respectively. 

 
Figure 3. X-ray diffraction patterns of mixture of raw materials with different content of Ag2O, (a) – 0 g Ag2O, (b) - 0.25 g Ag2O, 

(c) - 0.5 g Ag2O, and (d) - 0.75 g Ag2O. 
 

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=Kλ/βꞏcosθ (1) 

where k is the shape factor (0.9), d is the crystallite size in nm, λ is the wavelength of X-ray (Cu Kα = 0.15406 nm), and 
βhkl is the full width at half maxima (FWHM) of an individual peak at 2θ. 

Figure 4a and b show the average crystallite size and micro strain measurements for the phosphate bioactive glass 
composites with and without Ag2O, respectively. The average crystallite size was decreased from 36.2 nm to 31.7, 31.0, 
and 32.8 nm with increased Ag2O from 0 g to 0.25, 0.5, and 0.75 g within the composites, respectively.  

The average lattice strain was increased from 4.41ꞏ10-3 to 4.40ꞏ10-3 with increased Ag2O 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: βhkl) 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. 

 
Figure 4. Average crystallites size and microstrain of phosphate bio active glass composites with different content of Ag2O 

 
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 
(nm) 

Ag2O content (g) 
0 0.25 0.5 0.75

Sq 42.42 12.67 3.104 89.02
Sz 399.6 107.3 42.9 854.0
Sa 31.28 9.9 1.974 62.77

Figure 5. 3D topography of metal-phosphate Bio-Active glass samples with varying silver oxide content. (a) – 0 g Ag2O, (b) - 0.25 g 
Ag2O, (c) - 0.5 g Ag2O, and (d) - 0.75 g Ag2O 

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 Ag2O 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 Ag2O 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 Ag2O. 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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ДОСЛІДЖЕННЯ СТРУКТУРНОГО ВПЛИВУ ОКСИДУ СРІБЛА В БІОАКТИВНОМУ ФОСФАТНОМУ СКЛІ 
Рукайя Х. Хусан, Дунья К. Махді 

Факультет фізики, Науковий коледж, Багдадський університет, Багдад, Ірак 
Досліджено вплив різних концентрацій оксиду срібла на структуру та морфологію фосфатного біоактивного скла (PBG). PBG 
набувають популярності як потенційна заміна традиційному силікатному склу у біомедичних застосуваннях завдяки їх 
регульованій хімічній стійкості та винятковій біоактивності. При дослідженні за допомогою скануючого електронного 
мікроскопу композитів без Ag2O було виявлено тенденцію до злиття зерен, а поверхневі частинки виявилися більшими, ніж 
у композитах з Ag2O при концентраціях 0,25, 0,5 і 0,75 мас.%. Дослідження показало, що дифракційна картина фосфатних 
біоактивних скляних композитів, спечених без Ag2O, показала присутність дифосфату стронцію та дифосфату кальцію. 
Рентгенограма цих композитів без Ag2O виявила специфічні площини, які відповідали обом типам дифосфату. Однак, коли 
додавали Ag2O, була виявлена нова кубічна фаза, і інтенсивність дифосфату кальцію та стронцію зростала з вищим вмістом 
Ag2O. Рентгенограма композитів з Ag2O відображала специфічні площини, які відповідали Ag2O. Іншими словами, 
відсутність Ag2O в композиційному матеріалі призвела до більших розмірів частинок і менш чітких меж між зернами. Крім 
того, було виявлено, що при збільшенні концентрації Ag2O від 0 до 0,25, 0,5 і 0,75 мас.% середній розмір кристалітів 
зменшився з 36,2 до 31,7, 31,0 і 32,8 нм відповідно. Ці результати свідчать про те, що додавання Ag2O може ефективно 
зменшити середній розмір кристалітів композитних матеріалів. Крім того, у міру збільшення концентрації Ag2O від 0 г до 
0,5 мас.% у композиційному матеріалі середня деформація решітки збільшилася з 3,41ꞏ10-3 до 4,40ꞏ10-3. Простіше кажучи, 
додавання Ag2O до композитного матеріалу призвело до незначного збільшення середньої деформації решітки. 
Ключові слова: фосфатне біоактивне скло (ФБС); силікатне скло; дифосфат кальцію; оксид срібла, карбонат стронцію 
(SrCo3) 
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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.f, 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]: 

𝐸௖௢௡ ൌ
ℏమగమ

ଶ௥೛ೞ
మ ሾ

ଵ

௠೐
∗ ൅

ଵ

௠೓
∗  ሿ, (1) 

where rps is the radius of a spherical quantum dot, and me, mh 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 (∆Eg) is given according to this model in the following 
equation [11]. 

∆𝐸௚ ൌ
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ଶ௥೛ೞ
మ ൤ ଵ

௠೐
∗ ൅

ଵ

௠೓
∗ ൨ െ
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ఌ ௥೛ೞ
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௛మఌమ
൤ ଵ
௠೐
∗ ൅

ଵ

௠೓
∗ ൨
ିଵ

. (2) 
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And also 
                                       ∆𝐸௚ ൌ 𝐸௚௡௔௡௢൫𝑟௣௦൯ െ 𝐸௚௕௨௟௞. 

With which equation (2) takes the form [12]: 

 𝐸௚௡௔௡௢൫𝑟௣௦൯ ൌ 𝐸௚௕௨௟௞ ൅
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௠೓
∗ ൨
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. (3) 

The energy gap is inversely proportional to rps
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. 

 𝐸௚௡௔௡௢൫𝑟௣௦൯ ൌ 𝐸௚௕௨௟௞ ൅
ħమగమ

ଶ௥೛ೞ
మ ൤

ଵ

௠೐
∗ ൅

ଵ

௠೓
∗ ൨. (4) 

 
III. 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 Fig1. 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]. 

 ቂ𝐵
𝐶
ቃ ൌ ൤

𝑐𝑜𝑠𝛿 𝑖𝑠𝑖𝑛𝛿 𝜂ଵ⁄
𝑖𝜂ଵ𝑠𝑖𝑛𝛿 𝑐𝑜𝑠𝛿

൨ ൤
1
𝜂௦௨௕

൨. (5) 

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 𝜂ଵ, and the substrate's optical permittivity is represented by 
the number 𝜂௦௨௕. 

 
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 , ] 

 𝑅 ൌ ቀ
ఎ°ିఎభ
ఎ°ାఎభ

ቁ
ଶ
, (6) 

 𝑇 ൌ
ସఎ°ఎభ

ሺఎ°ାఎభሻమ
, (7) 

where 𝜂1 and 𝜂o 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]: 

 𝜂 = 𝑦 = 𝑛 𝜗 = 𝑛, (8) 

where n is the real part of the refractive index of the medium, and ϑ is the admittance of free space. Its value may be 
neglected because it is very small (2.65×10−3𝑆) 

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 (∆k = 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 ൌ 𝛼 ൅ 𝛽𝐸௚   (9) 

As: (α = 4.048) and (𝛽 = −0.62 eV−1)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 

 
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 = 2rps), 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 

particle 
size(nm) 

Confinement 
Energy(eV) 

Energy 
gap(eV) 

Transmittance 
(%) at normal 

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 (Eco = 2.7eV) and at a size (PS = 2.6nm) and at an energy gap (Eg = 4.2eV), while at a size 
(PS = 50nm) it reaches the transmittance value to (73.6%) at a quantum confinement energy (Eco=0.01eV) and at an 
energy gap (Eg = 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. 

Figure (4) The transmittance at normal incidence and energy 
gap for cadmium telluride (CdTe)as function of particle size at 
the nanoscale 

Figure (5) The transmittance of cadmium telluride (CdTe) at 
normal incidence as a function of the quantum confinement 

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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ВПЛИВ ЕНЕРГІЇ КВАНТОВОГО ОБМЕЖЕННЯ НА ПРОПУСКАННЯ ТЕЛЛУРИДУ КАДМІЮ (CdTe) В БЛИЖНІЙ 
ІНФРАЧЕРВОНІЙ ОБЛАСТІ (700-2500 нм) 

Алі Хусейн Хаммад Асал, Саїд Наїф Туркі Аль-Рашид 
Коледж освіти чистих наук, Університет Анбара, Рамаді, Ірак 

В роботі досліджено, як енергія квантового обмеження впливає на пропускну здатність телуриду кадмію через важливість цієї 
речовини, оскільки вона кристалізується у формі кубів у вигляді тонких плівок, які використовуються в сонячних елементах і 
рідкокристалічних пристроях для зображення, а також в інфрачервоній оптиці [1]. Була використана версія комп’ютерної 
програми MATLAB (2012a), яка базується на теорії характеристичних матриць і моделі Брюса, на додаток до квантового 
рівняння енергії розміру. Ми виявили, що коефіцієнт пропускання тонкої плівки наноCdTe при нормальному падінні досягає 
96,4% при енергії квантового обмеження Eco = 2,7 еВ і при розмірі частинок PS = 2,6 нм, тоді як значення досягає 73,6% при 
енергії квантового обмеження Eco = 0,01 еВ і при розмірі частинок PS=50 нм. 
Ключові слова: пропускна здатність; енергетича щілина; енергія квантового обмеження; модель Бруса; характеристична 
матриця 
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The paper determines the technological regimes for obtaining GexSi1-x 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 GexSi1-x 
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 Ge0.3Si0.7 (0.5÷2 μm) would be formed. Analysis of the spectra (p shows that the spectrum contains 
peaks ~303 cm-1 and ~406 cm-1, corresponding to the Ge-Ge and Si-Ge bonds, respectively. It was also shown that GexSi1-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: Diffusion; 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 GexSi1–x 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1022 at/cm-3% 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 Ohmꞏcm was chosen as the starting material. The 

size of all silicon samples was the same 8×4×1 mm3. 
The diffusion technology for obtaining GexSi1–x 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 (D0 ~ 10-14 cm2/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~ 10-5 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), 
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Table 1. Diffusion coefficient and displacement length of germanium atoms in silicon 

Temperature, °C 1250 1200 1150 1050 950 
D, cm2/s 4⋅10-13 8⋅10-14 6.6⋅10-15 6⋅10-17 7⋅10-19 

x, µm 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 t = (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 t = 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 t = 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 μm), 
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 GexSi1-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-1 to 3400 cm-1. The spectra were determined using a diode laser with a wavelength of λ = 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. 

a) 

 

 

Element Line Mass %  Atom % 
Si K 70.34±0.24 85.97±0.3 

b) 

Ge K 29.66±0.44 14.03±0.21 
Total  100.00 100.00 

 

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 Ge0.14Si0.86 
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. 

a) 

 

 

    

 Element Line Mass % Atom % 
 Si K 5.59±0,09 13.28±0,2 

b) 

 Ge K 94.41±0,68 86.72±0,63 
 Total  100.00 100.00 
 

    

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 
Ge0.87Si0.13. 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-1 to 3400 cm-1. The spectra were determined using a 
diode laser with a wavelength of λ = 785 nm. 

  
a) b) 

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-1 and ~406 cm-1, 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. 

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°.  

a) b)

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 

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 
GexSi1 – x, 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 GexSi1-x 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 GexSi1-x 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 (GexSi1-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 GexSi1-x 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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ПОТОЧНИЙ СТАН ДОСЛІДЖЕНЬ КРЕМНІЮ З БІНАРНИМИ СПОЛУКАМИ GexSi1-x ТА МОЖЛИВОСТІ ЇХ 
ЗАСТОСУВАННЯ В ЕЛЕКТРОНІЦІ 

Нурулла Ф. Зікріллаєв, Гійосіддін А. углі Кушієв, Сергій В. Ковешніков, Бахромджон А. Абдурахманов, 
Угілой К. Курбонова, Абдуджалол А. Сатторов 

Ташкентський державний технічний університет, Ташкент, Узбекистан 
Визначено технологічні режими отримання сплавів GexSi1-x шляхом введення атомів германію в монокристалічний кремній 
дифузійним методом. За результатами дослідження встановлено, що фундаментальні параметри сформованих сплавів GexSi1-x 
відрізняються від фундаментальних параметрів вихідного кремнію, зокрема змінюються енергетичні значення ширини 
забороненої зони кремнію. Елементний аналіз поверхні зразків показав, що концентрація кремнію (в атомних відсотках) 
становила ~70,66%, германію ~29,36%. Передбачалося, що на поверхні кремнію і в лицьовій частині утворюється тонкий шар 
сплаву сполуки складу приблизно Ge0.3Si0.7 (0,5÷2 мкм). Аналіз спектрів (p) показує, що спектр містить піки ~303 cm-1 and 
~406 cm-1, що відповідають зв'язкам Ge-Ge і Si-Ge відповідно. Також було показано, що бінарні сполуки GexSi1-x є нових 
матеріалів для сучасної електроніки, показано можливість створення на їх основі властивостей в електроніці, на їх основі 
запропоновано створювати прилади з новою функціональністю та високоефективними сонячними елементами. 
Ключові слова: дифузія; германій; кремній; розчинність; концентрація; бінарні комплекси  
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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 ohmꞏcm. 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 ohmꞏcm was utilized. The material was sliced into small pieces measuring 0.5×0.5 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. 

(a)  (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 cm2 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/m2. For the experiment, a digital 
light meter (Lutron LX-103) was used to measure the sun's light intensity, and 1000 W/m2 was considered a realistic 
average value for working conditions, which translates to 100 mW/cm2. 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 cm2, produces an intensity of 6360 mW/cm2 or 6.36 W/cm2, which is sufficient to 
complete the photochemical etching process. If the same energy is focused on a sample measuring 25 cm2, the intensity 
increases fourfold to 25.44 W/cm2. 

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 2×2 μm 

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. 

  
(a) (b) 

  
(c) (d) 

Figure 2. AFM image of silicon wafer at hydrofluoric acid etching concentrations of (a) 40%, (b) 35%, (c) 30%, and (d) 25% 

 
 

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. 

(a) (b)

(c) (d)
Figure 5. Equivalent diameter volume percentage (histogram in red) and cumulation percentage (black line) distributions at (a) 

40%, (b) 35%, (c) 30%, and (d) 25% hydrofluoric acid etching concentrations 

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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ДОСЛІДЖЕННЯ ВПЛИВУ КОНЦЕНТРАЦІЇ ФТОРВОДНЮ (HF) НА ТОПОГРАФІЮ ШАРУ ПОРИСТОГО 
КРЕМНІЮ, ПІДГОТОВЛЕНОГО ФОТОХІМІЧНИМ ТРАВЛЕННЯМ СОНЯЧНИМ СВІТЛОМ (SLPCE) 

Хасан А. Кадхемa, Абдул Хакім Ш. Мохаммедb, Ісса З. Хасанb, Росуре Борханалден Абдулрахманc 
aМіністерство освіти, відкритий освітній коледж, Кіркук-Центр, Ірак 

bКафедра фізики, освітній коледж чистих наук, університет Кіркука, Кіркук, Ірак 
cКафедра фізики наукового коледжу університету Кіркука, Кіркук, Ірак 

Кремнієві нанокристали мають широкий спектр потенційних застосувань, від підвищення ефективності сонячних елементів і 
оптоелектронних пристроїв до біомедичної візуалізації та доставки ліків, очищення стічних вод і антибактеріальної 
діяльності. У цьому дослідженні метод фотохімічного травлення використовувався для створення шарів пористого кремнію 
на донорній кремнієвій пластині з орієнтацією (111) і питомим опором, рівним 110 Омꞏсм. Процес передбачав фокусування 
сонячного світла на зразках за допомогою телеоб’єктива з відповідною фокусною відстанню 30 см і діаметром 90 мм, що 
забезпечувало достатню енергію для завершення хімічного травлення. Використовуючи постійний час травлення 60 хвилин і 
різні концентрації фтористоводневої кислоти (від 25% до 40%), були отримані шари з різними властивостями. Отримані 
поверхні досліджували за допомогою атомно-силового мікроскопа (АСМ), виявляючи утворення різних наноструктур і 
частинок різної форми, розміру та товщини залежно від умов підготовки. Було встановлено, що середній розмір частинок 
становив 90,43 нм при концентрації 40% кислоти, а при концентрації 25% HF кислоти зменшувався до 48,7 нм. 
Ключові слова: фотохімічне травлення; пористий кремній; морфологічні дослідження; фотохімічні сонячні промені; АСМ; 
SLPCE 
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In this research, the focus was on examining thin films of vanadium oxide (abbreviated as V2O5) 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 (σd.c) with 
increasing doping ratio, while the activation energy (Ea) increased. Consequently, these films can be utilized in thermoelectric generators. 
Keywords: Thin films; Vanadium oxide (V2O5); Pulsed laser deposition (PLD); Annealing; Electrical properties 
PACS: 68.55.-a, 73.25.+I, 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 V2O5, 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 Å (length along the "a" axis), b = 3.565 Å (length along the "b" axis), and c = 4.372 Å (length along 
the "c" axis). These parameters determine the dimensions of the crystal structure [7,8]. The layered structure of V2O5 

consists of chains of shared square pyramids (VO5) 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 (II) 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]. 

† Cite as: S.H. Hamad, H.S. Ali, East Eur. J. Phys. 3, 346 (2023), https://doi.org/10.26565/2312-4334-2023-3-36 
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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 (V2O5) 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 
10-5 gm. After weighing the powders, vanadium oxide (V2O5) 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 1.5cm in diameter and a thickness of 0.5cm, using an American hydraulic press
manufactured by Across International.

2.2- Glass Substrate Preparation 
Glass substrates with geometric dimensions of 75mm×25mm×0.2mm 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: 
 The glass substrates were washed with distilled water to remove dirt and impurities from their surfaces.
 After washing with distilled water, the glass substrates were immersed in a glass container containing 96% ethanol

for 20 minutes.
 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 λ = 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 fixed15cm from the target 
material. This is placed inside a cylindrical quartz chamber with low-pressure air (10-3mbar) 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). 

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 (∆x), The determination of the film thickness 
can be achieved by applying the following correlation 

 t ൌ
∆୶

୶
ൈ

஛

ଶ
.  (1) 

 
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 Å 
[Cd Kɑ 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. 

 G. S ൌ  
୏஛

ஒୡ୭ୱ஘
,  (2) 

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

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]: 

 𝛼 ൌ 2.303
஺

௧
.  (3) 

The absorbance coefficient (α) 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 

 𝛼ሺℎ𝜐ሻ ൌ 𝐴′ሺℎ𝜐 െ 𝐸௚ሻ௥,  (4) 

 Where: Eg – energy gap,  – absorption coefficient, 𝐴′ – proportionality constant, r – exponential coefficient [21]. 
 

2.4.4- Measurements�Electrical 
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 (σdc) is the reciprocal of the specific electrical resistivity (ρ), as shown in the following 
equation [22]: 

 𝝆 ൌ 𝑹
  Ḁ  

𝑳
    𝒘𝒉𝒆𝒓𝒆 ሼ Ḁ ൌ 𝒃 . 𝒕 ሽ, (5) 

  𝝈𝒅𝒄 ൌ
   𝟏   

𝝆
, (6) 

Where: 
σ dc: continuous electrical conductivity with units of (Ω.cm)-1, ρ: specific resistivity, R: electrical resistance of the film 
measured practically in (Ω), L: distance between the aluminum electrodes in (cm), Ḁ: 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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𝜎ௗ௖ ൌ 𝜎௢𝑒𝑥𝑝 ቀ
ିாೌ
௄ಳ்

ቁ .(7) 

In the present study, the following variables are considered: 
Ea: representing the activation energy for electrical conduction measured in eV and corresponding to the difference 
between Ec and EF [24], σo: denoting the minimum metallic conductivity, T: the absolute temperature in Kelvin, kB: the 
Boltzmann constant equal to (kB = 1.38ൈ10-23 J/K = 0.086ൈ10-3 eV/K). 

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

Ea = -slope ൈ kB ൈ1000  (8) 

3- RESULTS AND DISCUSSION
3.1- X-Ray diffraction 

The XRD examination performed has revealed that the pure vanadium oxide (V2O5) and nickel oxide (NiO) and 
films of V2O5 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
V2O5 films. The dominant direction (111), corresponding to the angle (2θ = 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 V2O5 [26]. In the case of the 8% doping ratio, the grain
was measured at 29.293 nm. The grain size of the doped V2O5 films exhibited a significant reduction when compared to
the grain size of the pure V2O5 films. (55.536 nm) as shown in Table 1. These findings are consistent with previous
studies [27-29].

Figure 4. (XRD) patterns of (V2O5) 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 

G.S
(nm)

hkl FWHM 
d Std 
(Å) 

d exp 
(Å) 

2θ std 
(Deg) 

2θ exp 
(Deg) 

Sample 

55.536 111 0.145 3.197 3.195 27.882 27.889 Pure V2O5 
34.130 111 0.236 3.197 3.208 27.882 27.780 V2O5 +NiO(6%) 
29.293 111 0.275 3.197 3.213 27.882 27.729 V2O5 +NiO(8%) 

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 V2O5) 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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(a)  (b) 

 

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%). 

(c) 

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. 

  
(a) (b) 

 

Figure 6. EDX images of (V2O5) thin films: the range of 
values are as follows (a: Pure), (b: 6%), and (c: 8%) 

(c) 
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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 (α) 
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]. 

Figure 7. It is clear Absorbance change as a function of 
wavelength 

Figure 8. provides a visual representation showcasing the 
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 V2O5 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 (αhv)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 (V2O5) 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. 

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 𝜎d.c 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 EF from the energy level of the 
conduction band Ec, hence the activation energy Ea was computed. 

(a) (b)

Figure 10. a – Continuous Conductivity (σd.c) as a function of temperature change for pure and doped membranes 
b - Continuous Conductivity (Ln σd.c) 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 Ea2 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 σd.c and activation energy Ea. 

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

Sample ρ(Ωcm) 
(σd.c)RT 

(Ω.cm)-1
Ea1×10-4(eV) at Range 

(313-343)K
Ea2×10-4 (eV) at Range 

(343-373)K 
Pure V2O5 2.44 0.472 0.434 0.592

V2O5+NiO(6%) 8,139 0.135 3.21 2.68
V2O5+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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ВПЛИВ ЛЕГУВАННЯ НА ЕЛЕКТРОПРОВІДНІСТЬ ПЛІВОК ОКСИДУ ВАНАДІЮ (V2O5), ЛЕГОВАНИХ
ОКСИДОМ НІКЕЛЮ (NiO) ПІДГОТОВЛЕНИХ ІМПУЛЬСНИМ ЛАЗЕРНИМ ОСАДЖЕННЯМ (ІЛО) 

Садон Хасан Хамад, Худа Сааді Алі 
Факультет фізики, Освітній коледж чистих наук, Університет Тікріту, Салагуддін, Ірак 

У цьому дослідженні основна увага була зосереджена на дослідженні тонких плівок оксиду ванадію (скорочено V2O5) з 
різними рівнями легування оксидом нікелю (NiO) (X = 0, 6, 8)%. Плівки були створені методом імпульсного лазерного 
осадження (PLD). Тонкі плівки виготовляли та піддавали відпалу при 450°C протягом однієї години. Структурні властивості 
плівок досліджували за допомогою дифракційного методу XRD, за допомогою якого було виявлено, що склад плівок є 
полікристалічним, що має орторомбічну структуру. Примітно, що плівки показали помітне вирівнювання вздовж площини 
(111), що проявляється під кутом приблизно 27,889˚. Технологія FE-SEM була використана для дослідження та оцінки 
морфології поверхні тонких плівок. Це показало трансформацію форми нанотрубки в сферичну. Після застосування 
рентгенівського методу EDX було визначено, що плівки містять елементарні компоненти ванадію (V), нікелю (Ni) і кисню (O), 
що відповідає співвідношенням легування. Оцінку оптичних властивостей плівок проводили за допомогою УФ-видимого 
спектрофотометра, який продемонстрував зниження абсорбції та коефіцієнта поглинання, а також збільшення енергетичної 
забороненої зони з 2,32 еВ до 2,93 еВ. Результати електричної провідності вказують на зменшення провідності постійного 
струму (σd.c) зі збільшенням коефіцієнта легування, тоді як енергія активації (Ea) зростає. Отже, ці плівки можуть бути 
використані в термоелектричних генераторах. 
Ключові слова: тонкі плівки; оксид ванадію (V2O5); імпульсне лазерне осадження (PLD); відпал; електричні властивості 
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Nickel aluminate (NiAl2O4) 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℃ 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 Å. 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 Å. The FTIR spectroscopy 
showed six absorption bands in the range 400 to 3450 cm-1 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 AB2O4, 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 
MCr2O4, 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, 
ZnCr2O4 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 ZnCr2O4 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 
ZnCr2O4 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 (NiAl2O4) spinel nanoparticles were considered for investigation and 
prepared by using sol-gel method with auto combustion. 

EXPERIMENTAL 
Nickel aluminate (NiAl2O4) 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)2·6H2O) and aluminium 
nitrate (Al(NO3)2·6H2O) 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 Ni2+, Al3+ and Fe3+ 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℃ on a hot plate with constant stirring till the 
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viscous state was reached which led to form a viscous gel. There onwards, the temperature was increased to ~ 200℃ 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℃ for 8 h. 

 

 

Figure 1. Flowchart of the sol-gel auto combustion 
method 

Figure 2. XRD patterns of NiAl2O4 nanoparticles calcinated 
at 700, 900, 1100 & 1300℃ 

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-1. 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 (NiAl2O4) spinel nanoparticles calcinated at 900, 1100 and 1300℃ are shown in 

Fig. 2. They clearly exhibited the prominent peaks for the crystal planes of Miller indices (1 1 1), (2 2 0), (3 1 1), (4 0 0), 
(5 1 1), (4 4 0) 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℃ 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℃. 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, 2θ and d-spacing values. 

 𝑡 ൌ ଴.଼ଽ ఒ ఉ ஼௢௦ ఏ (1) 

Nitrates Citric Acid 

Aqueous Solution 

Ammonia 

Mixed 
Solution 

Stirring 
(100℃) 

Sol 
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Combustion 
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Table 1. (hkl), 2θ, FWHM, crystallite size, Interplanar spacing of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination 
Temperature 

(℃) 

Average 
FWHM 

(Radians) 

Average 
Crystallite 

Size  
(nm) 

Lattice 
Parameter  

(Å) 

Unit Cell 
Volume 

(Å3) 

Average 
Interplanar 

spacing 
(Å) 

Average 
Grain Size 

(nm) 

700 0.45 20.55 8.342 580.64 2.100 142.80 
900 1.80 5.78 8.039 519.54 2.472 145.29 

1100 1.05 9.21 8.042 520.34 2.479 159.75 
1300 0.90 10.38 8.058 523.17 2.479 187.37 

Where, t is known as crystallite size, λ is known as X-ray wavelength (1.54 Å), θ is angle of diffraction and β 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℃ 

Calcination 
Temperature (℃) 

(h k l) 2θ 
(Degrees) 

FWHM 
(Radians) 

Crystallite Size  
(nm) 

d (spacing) (Å) 

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 2.416 
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℃, the crystallite size was observed highest, 
i.e., 20.55 nm where as for the sample calcinated at 900℃, the crystal phase was formed perfectly and the crystallite size was 
observed lowest, i.e., 5.78 nm. Further, the crystallite size was found increased for the samples calcinated from 900 to 1300℃ 
[29]. The calculated lattice parameter values were found in the range of 8.039 to 8.342 Å. In the similar lines to the crystallite 
size, the lattice parameter was found highest, i.e., 8.342 Å for the sample calcinated at 700℃ where as it is found lowest, i.e., 
8.039 Å, for the sample calcinated at 900℃. Further, the lattice parameter was increased with the calcinated from 900 to1300℃. 

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℃ where as they were found minimum for the sample calcinated at 900℃. 

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

Calcination 
Temperature 

(℃) 
Bond length of A 

site-O (0A) 
Bond length of B 

site-O (0A) 
Ionic radius(rA) 

(0A) 
Ionic radius(rB) 

(0A) 

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℃ where as they were found minimum for the sample calcinated 
at 900℃. 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 (NiAl2O4) spinel nanoparticles calcinated at 900, 1100 and 1300℃ 

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℃ and it was found gradually 
increased with the calcination temperature [31]. 

At 700℃ b) At 900℃

At 1100℃ d) 1300℃ 

Figure 3. SEM images of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

EDS Analysis 
The Energy Dispersive X-ray Spectra of all the nickel aluminate (NiAl2O4) spinel nanoparticles are shown in Fig. 

4. It 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℃ 

Calcination Temperature (℃) Element Atomic %

700 

Ni 4.93
Al 8.05
O 25.44
C 61.58

900 
Ni 14.23
Al 28.40
O 57.36

1100 
Ni 14.78
Al 25.78
O 59.43

1300 
Ni 14.37
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℃ 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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a)700℃ b) 900℃ 

  
c)1100℃ d) 1300℃ 

Figure 4. EDS spectra of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 
 

FTIR Spectroscopy 
Fourier transform infrared (FTIR) spectra of all the nickel aluminate (NiAl2O4) spinel nanoparticles are presented 

in Fig. 5. 
The FTIR spectra showed a categorization of absorption peaks in the 
range of 300-4000 cm-1 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 cm-1 may be attributed to characteristic metal-
oxygen vibrations indicating the establishment of single phase 
NiAl2O4 [33]. The peaks observed in the frequency range 499-730 cm-1 
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-1 can be attributed to Al-O 
stretching vibrations whereas the peaks observed in the frequency range 
719.4-729.1 cm-1 can be attributed to Ni-O stretching vibrations. The 
peaks observed in the frequency range 1400-1413 cm-1 represent the 
stretching vibrations in CH2 and CH3 [34]. The peaks observed in the 
frequency range 1630-1632 cm-1 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-1 originates from the mode 
of CO2

3- ion. The presence of this CO2 would be either because of the 
presence of aerial CO2 or may be due to the presence of CO2 inside the 
grains of powders [35]. The peaks observed in the frequency range 3441-
3143 cm-1 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℃ 

Calcination 
Temperature (℃) 

ν1 
(cm-1) 

ν2 
(cm-1) 

ν3 
(cm-1) 

ν4 
(cm-1) 

ν5 
(cm-1) 

ν6 
(cm-1) 

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 

 

Figure 5: FTIR patterns of NiAl2O4 
nanoparticles calcinated at 700, 900, 1100 & 
1300℃ 
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UV-Visible Spectroscopy 
Optical absorption properties of all the nickel aluminate (NiAl2O4) 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. 

a) 700℃ (b) 900℃

(c) 1100℃ (d) 1300℃

Figure 6. UV-Vis patterns of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

The first peak can be assigned to the O2- → Ni2+ charge transfer process while the second peak to the O2- → Ni3+ charge 
transfer [38]. The energy-level diagram for Ni2+ (3d7 configurations) in both octahedral and tetrahedral sites presents few 
spin-allowed transitions. Regarding Ni2+ in a tetrahedral site, it was detected a peak recognized to the [4A2 (F) → 4T1 (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 3T1(F) →3T1(p) 
assigned to tetrahedrally coordinated Ni2+, the peak at 630-800 nm was due to spin transition 3A2g(F) → 3T1g(F) assigned to 
octahedrally coordinated Ni2+ 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 (αhν)n as a function of the 
photon energy (hν) 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]: 

(αhν)1/n = A (hν – Eg). (2) 

Where, α is known as absorption coefficient, A is known as proportional constant, Eg 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℃ 

Calcination Temperature 
(℃) 

Band gap (Eg) 
(eV) 

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 (Eg= 4.2129 eV) for the sample calcinated at 700℃, 
further it was increased with calcination temperature and found maximum (Eg= 4.3115 eV) for the sample calcinated at 
1300℃. 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 ZnAl2O4 spinel phase in ZnO–Al2O3 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 (NiAl2O4) nanoparticles were divided into four parts and calcinated at 700, 900, 1100

and 1300℃.
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℃.
3. The average crystallite size and lattice parameter were found maximum in case of the sample calcinated at 7000C.

Both the parameters were found to be increased with the calcination temperature from 900 to 1300℃.
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

of 2.100-2.479 Å. 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-1

which confirmed the spinel cubic crystal structure and in good agreement with XRD results.
7. The value of optical band gap (Eg) was found in the range 4.2129-4.3115eV, and the band gap was increased with

the calcinated temperature.
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ВПЛИВ ТЕМПЕРАТУРИ КАЛЬЦИНАЦІЇ НА СТРУКТУРНІ ТА ОПТИЧНІ ВЛАСТИВОСТІ НАНОЧАСТИНОК 
АЛЮМІНАТУ НІКЕЛЮ 

Катрапалі Віджая Кумарa, Сара Дурга Бхаваніb 
aКафедра фізики, Інженерний коледж університету JNTUH Rajanna Sircilla, 

Аграхарам, район Раджанна Сірчілла, 505302, TS, Індія 
bКафедра хімії, Державний коледж, Раджендра Нагар, Хайдарабад, 500001, TS, Індія 

Наночастинки алюмінату нікелю (NiAl2O4) синтезовано золь-гель методом з автоспалюванням. Підготовлені наночастинки 
були розділені на чотири частини та прожарені при 700, 900, 1100 і 1300℃ і використані для цього дослідження. Захоплені 
наночастинки були охарактеризовані за допомогою порошкової рентгенівської дифракції (XRD), скануючої електронної 
мікроскопії (SEM), енергетичної дисперсійної рентгенівської спектроскопії (EDS), перетворення Фур’є та інфрачервоної (FT-
IR) спектроскопії та спектроскопії UV-Vis. Рентгенівські дифрактограми підтвердили структуру шпінелі та просторову групу 
Fd3m. Формула Шеррера була використана для розрахунку розміру кристалітів і було знайдено розмір в діапазоні від 5,78 до 
20,55 нм, тоді як параметр решітки був знайдений в діапазоні від 8,039 до 8,342 Å. Середній розмір зерна знаходився в 
діапазоні від 142,80 до 187,37 нм, тоді як міжплощинний відстань знаходився в діапазоні від 2,100 до 2,479 Å. Спектроскопія 
FTIR показала шість смуг поглинання в діапазоні від 400 до 3450 см-1 і підтвердила структуру шпінелі. Ширина забороненої 
зони (Eg) зменшувалася з температурою прожарювання і знаходилася в діапазоні 4,2129 - 4,3115 еВ. 
Ключові слова: наночастинки алюмінату нікелю; метод золь-гель автозгоряння; температура прожарювання; розмір 
кристаліту; розмір зерен; елементний аналіз; ІЧ та УФ-видима спектроскопія 
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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 (AIII) 
and Sb (BV). n-type single-crystal Si wafers were chosen as substrates, and samples were size of 8×10×0.5 mm3. 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 µm 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 Si0.44(GaSb)0.56 and 
Si0.75(GaSb)0.25-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 8×10×0.5 mm3. 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 µm 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. 

 
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, c) from the International Open 
Crystallographic Database for GaSb and Si materials. 

 
Figure 2. X-ray pattern: a – Si sample doped with Ga and Sb atoms; b and c – 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 Å, a=5,34 Å 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 Si1-xGaSbx structure. Using these 
results, the lattice constant (a) and diffraction lattice constant (dhkl) of the GaSb binary compound formed on Si and its 
surface were calculated using the following expressions 1 and 2, respectively (Table 1) 

 2 2 2
hkla d h k l= ⋅ + + . (1) 

 
2 sinhkld λ

θ
=

⋅
, (2)  

where θ is Bragg’s angle and λ=0.15402 nm (wavelength of Cu - Kα). 
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 l 
o

,hkld Α  
o

,hkla Α  

GaSb 

1 25.25 1 1 1 3.52 6.10 
3 29.35 0 2 0 3.04 6.08 
5 41.89 2 0 2 2.15 6.09 
6 49.58 3 1 1 1.84 6.09 
8 60.78 0 4 0 1.52 6.09 

10 66.05 3 1 3 1.41 6.16 
11 67.5 4 0 2 1.39 6.19 
13 76.55 2 4 2 1.24 6.09 
14 82.25 5 1 1 1.17 6.08 
15 91.32 4 0 4 1.08 6.09 
16 96.82 5 1 3 1.03 6.09 
17 98.71 0 6 0 1.01 6.09 

Si 

4 33.21 0 2 0 2.69 5.39 
7 56.23 1 3 1 1.63 5.42 

12 69.41 0 4 0 1.35 5.41 
13 76.55 3 1 3 1.24 5.42 

( )1Si GaSbx x−  2 27.19 1 1 1 3.28 5.67 
9 61.55 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 Å, 
the light penetration depth happened to be 1000 Å [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-a, 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-1, 
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-1 (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-1 refers to GaSb, and the peak at 519 cm-1 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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a) b) 

c) d) 

e) f) 
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 Eg=0.726 eV, 

Eg=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 ), , ,1

x xg A B g A g BE x E x E
−

= − ⋅ + ⋅ (7)



367
X-Ray Diffraction and Raman Spectroscopy Analyses of GaSb-Enriched Si Surface...     EEJP. 3 (2023)

Where ,g AE  is the band gap of material A, ,g BE is the band gap of material B, 
(1 ), x xg A BE

−
 is the band gap of the 

compound material, x is the fraction of the material. Using expression 7, the band gap of the Si(1-x)(GaSb)x compound was 
calculated. The results of the study showed that the band gap of Si(1-x)(GaSb)x 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 E1=0.72 eV, E2=0.896 eV and E3=1.02 eV. The energy E1 is the band gap of the 
GaSb semiconductor material, E2 and E3 are the band gap values of the material with Si(1-x)(GaSb)x compounds. Having 
determined the ratio of Si and GaSb using the inverse calculation of Vegard's law (formula 7) and taking into consideration 
that E2=0.892 eV is the band gap Eg of the material Si(1-x)(GaSb)x, we calculate it in GFA as follows. 

( )
(1 ), ( ) , ,1

x xg Si GaSb g Si g GaSbE x E x E
−

= − ⋅ + ⋅  

if we substitute the energy values E2, Eg,Si, Eg,GaSb into this equation, we get the following linear equation with one 
unknown 

0.896 (1 ) 1.12 0.726x x= − ⋅ + ⋅  

This equation shows that x = 0.56. Thus, we can say that E2 corresponds to energy of Si0.44(GaSb)0.56 newly formed 
structure. Similarly, E3 corresponds to the energy of Si0.75(GaSb)0.25 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 Å and 6.02 Å. 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 Si0.44(GaSb)0.56 and Si0.75(GaSb)0.25 -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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АНАЛІЗ РЕНТГЕНОВСЬКОЇ ДИФРАКЦІЇ ТА РАМАНІВСЬКА СПЕКТРОСКОПІЯ ПОВЕРХНІ Si, ЗБАГАЧЕНОЇ 
GaSb, СФОРМОВАНОЇ ШЛЯХОМ ЗАСТОСУВАННЯ МЕТОДУ ДИФУЗІЙНОГО ЛЕГУВАННЯ 

Халмурат М. Ілієва, Володимир Б. Оджаєвb, Собір Б. Ісамова, Бобір О. Ісакова, Байрамбай К. Ісмайлова, 
Кутуб С. Аюпова, Шахзодбек І. Хамрокулова, Сарвіноз О. Хасанбаеваa 

aТашкентський державний технічний університет, Узбекистан, 100095, м. Ташкент, вул. Університетська, 2. 
bБілоруський державний університет, 4220030 Мінськ, Республіка Білорусь 

Досліджено властивості поверхневої та приповерхневої області зразка монокристалічного кремнію, легованого атомами Ga 
(AIII) та Sb (BV). Як підкладки були обрані пластини монокристалічного кремнію n-типу, розмір зразків 8×10×0,5 мм3. Для 
дифузії в кремній використовували домішки Ga і Sb з чистотою 99,999 і 99,998 відповідно. Автори припускають, що нова 
гетероструктура може утворитися в приповерхневій області кремнію, яку можна створити шляхом застосування відносно 
дешевого методу дифузії. Результати експерименту та аналізу показують, що склад і спектр поглинання кремнію на початку 
зазнають певних змін і можуть використовуватися в майбутньому як функціональний матеріал для сонячних елементів. 
Результат показав, що на поверхні підкладки утворюються хаотично розташовані острівці із середнім діаметром 1-15 мкм. 
Рентгеноструктурний аналіз проводили на дифрактометрі Rigaku для дослідження кристалографічних параметрів острівців, 
утворених за участю атомів Ga та Sb на поверхні кремнію. Енергетичний спектр досліджували на спектрометрі Nanofinder 
High End Raman (LOTIS TII) з метою визначення наявності комплексів атомів Ga і Sb в острівцях, утворених в результаті 
дифузії. Спектри оптичної емісії в новій структурі досліджувалися на спектрофотометрі Lambda 950. Вимірювання проводили 
при кімнатній температурі, 300°К. Вивчивши результати рентгенівського аналізу, спектроскопії комбінаційного розсіювання 
та оптичної спектроскопії, виявилено, що атоми Ga та Sb утворюють нові бінарні сполуки типу Si0,44(GaSb)0,56 та 
Si0,75(GaSb)0,25 на поверхні Si. 
Ключові слова: кремній, галій; сурма; легування; дифузія; мікроострови 
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Nanocrystalline La0.7Sr0.15Ca0.15MnO3 (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 𝑅3ത𝑐 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℃ to 1300℃. 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-1 (A1g) and four modes (Eg) in the range 200-800cm-1 
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+3 
ions to transform into Mn+4, resulting in magnetic exchange (Double Exchange) arises between Mn+3 and Mn+4 ions 
having in different oxidation states with electronic configurations of (3d4, t3

2g↑e1
g ↑, S=2) and (3d3, t3

2g↑e0
g ↑, 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 La1-xSrxMnO3 
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 La1-xCax 
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 La1-xSrxMnO3 with La1-x CaxMnO3 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 La1-xSrxMnO3 and La1-x CaxMnO3 only a handful had revealed coexisting Ca and Sr systems. 

In this study, the combustion preparation method was employed to create La0.7Sr0.15Ca0.15MnO3 (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 La0.7 Sr0.15Ca0.15MnO3 (LSCMO) nanocrystallites using high-purity nitrate precursors of 

La(NO3)3.6H2O, Sr(NO3)2,Ca(NO3)2.4H2O and Mn(NO3)2.4H2O.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 (C6H8O7) 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℃ 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℃ until it turned into a 
gel, and then heated to 300℃ 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℃ (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 CuKα (λ = 1.5418Å) 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-1, was 4cm-1. 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 λ = 532nm
as the 1% illumination source with 1cm-1 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, LSCMO9, 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 𝑅3ത𝑐. 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. 

Figure 1. X-ray diffraction patterns of LSCMO7, 
LSCMO9, LSCMO11, and LSCMO13 nanocrystallites 

Figure 2. Rietveld refinement of LSCMO13 nanocrystallite 
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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].  〈𝑫〉 ൌ 𝑲 𝝀𝜷𝒄𝒐𝒔 𝜽 (1) 

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℃, generating homogeneous and independent nanoparticles. Better crystalline structure and very well 
symmetry were reported at 1300℃. as a result, from the morphological studies, the crystal growths were consistent with 
the XRD data. 

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) LSCMO9, (c) LSCMO11, and (d) LSCMO13 nanocrystallites 

Table 1. Structural parameters of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites 

Sample code LSCMO7 LSCMO9 LSCMO11 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 (Å3) 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, (c) LSCMO11, and (d) LSCMO13 nanocrystallites 

Table 2. Atomic percentage of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites from EDX. 

Sample code La Sr Ca Mn O 
LSCMO7 14.75 1.83 1.79 21.53 60.1 
LSCMO9 16.11 3.84 2.31 17.93 59.81
LSCMO11 13.04 1.66 3.4 18.88 63.02 
LSCMO13 21.04 2.28 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. 
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-1[31]. The stretching vibration mode 
frequency of metal-oxygen bond shifted towards high wave numbers (blue 
shift) as the annealing temperature increased to 1300℃, indicating 
additional deformation of the MnO6 octahedron [32]. The absorption peak 
at 1059cm-1 confirmed the presence of carbonate and decreased with 
increasing annealing temperature [33]. The C=O bond symmetric stretching 
vibration peak around 1631cm-1 and the C=C bond antisymmetric stretching 
vibration peak at 1360cm-1 also decreased with increasing annealing 
temperature. [34,35]. The O-H stretching vibration mode was confirmed by 
the wide band observed at 3600cm-1, which originated from the ethylene 
glycol solvent used in nanoparticle synthesis [34]. LSCMO13 showed less 
intense peaks at 1059, 1360, 1631, and 3600cm-1 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, LSCMO9, 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. 

Figure 6. FTIR patterns of LSCMO7, 
LSCMO9, LSCMO11, and LSCMO13 
nanocrystallites 
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Figure 7. UV-Vis absorbance spectra of LSCMO7, LSCMO9, 

LSCMO11, and LSCMO13 nanocrystallites 
Figure 8. UV-Vis absorbance -Tauc plot: Variation of (αhν)2 

versus photon energy “hν” of LSCMO7, LSCMO9, 
LSCMO11, and LSCMO13 nanocrystallites 

The absorption coefficient (α)  was calculated using equations (2), (3), and (4) [36,37]. 

 𝐼 = 𝐼଴𝑒∝௧ (2) 

 𝐴 = 𝑙𝑜𝑔 ூబூ  (3) 

 𝛼 = ଶ.ଷ଴ଷ ஺௧  (4) 

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]. 

 ሺ𝛼ℎ𝜈ሻ௡ = 𝐴൫ℎ𝜈 − 𝐸௚൯ (5) 

Equation (5) relates the band gap (Eg), frequency (ν), and refractive index (n) to the absorption coefficient (α), 
Planck's constant (h), and photon energy (hv). Different values of n (1/2, 1, 3/2, and 2) were used to plot (αhν)n against 
photon energy. Variation of (αhν)2 versus photon energy “hν” of LSCMO7, LSCMO9, 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 'hν' 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, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites 

Sample code LSCMO7 LSCMO9 LSCMO11 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 (ԑo) 7.4628 7.6476 8.0172 8.2944 
High frequency dielectric constant (ԑα) 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]. 

 𝐸௚𝑛ସ = 95𝑒𝑉 (6) 

 𝑛 = ඨ1 + ൬ ஺ா೒ା஻൰ଶ (7) 

A=13 .6 eV, B=3.4eV represents the hydrogen ionization energy constants. The static dielectric constant (ԑo) and 
high frequency dielectric constant (ԑα) of all samples are determined using the following relation (8) and (9) [44]. 
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𝜀௢ = 18.52 − 3.08𝐸௚ (8)𝜀ఈ = 𝑛ଶ (9)

The theoretically measured values of n, ԑo, ԑα for LSCMO7, LSCMO9, 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 (ԑo) and high frequency dielectric constant (ԑα) 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 MnO6, 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 MnO6 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]. La0.7 Sr0.3MnO3 nanocrystallites possess a rhombohedral structure with space group 𝐷ଷௗ଺ ሺ𝑅3ത𝑐ሻ and 
Jahn-Teller phenomenon is a crucial factor in controlling “the dynamic and non-coherent deformation of MnO6”. In the 
rhombohedral distorted structure, only five Raman-active modes (1A1g + 4Eg) can be observed, which are associated with 
MnO6 vibrations and stretching oxygen vibrations [46]. Among these modes, two (1A1g + 1Eg) “correspond to rotational 
or tilt stretching mode, while one Eg mode is associated with the bending mode. The other two Eg modes are related to 
the anti-stretching of the MnO6 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 A1g 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, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites were 
obtained in the spectrum of wave number 50-1500 cm-1 and presented in Figure 9, shows that five vibration modes were 
observed in the range 100-800cm-1 for the all the samples, which correspond to the phonons of the rhombohedral structure 
with space group Dଷୢ଺  , Z = 2. “This particular structure can be derived from a simple cubic perovskite by rotating the 
neighbouring MnO6 octahedra in opposite directions along the[111]c cubic direction”[50]. 

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-1 for LSCMO7, LSCMO9, 
LSCMO11, and LSCMO13 nanocrystallites respectively, which shows. The A1g 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-1 correspond to the Eg symmetry mode, which represents an internal mode (i.e., 
bending of the MnO6 octahedra). Moreover, the two highest peaks located at 550cm-1 for LSCMO11 and at 613, 662, and 
655 cm-1 for LSCMO7, LSCMO9, and LSCMO13 nanocrystallites are attributed to the Eg bands, which are related to the 
vibration of oxygen in the MnO6 octahedra. [53]. 

 

 

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 LSCMO11 LSCMO13 

A1g(cm-1) 177 184 189 190 
Eg(cm-1) 293 291 298 213 
Eg(cm-1) 343 343 335 310 
Eg(cm-1) 428 437 417 433 
Eg(cm-1) 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 A1g mode is shifted from 177 to 190cm-1 (blue shift) with increase of annealing temperature 
from700 to 1300℃ and no significant change were observed for Eg symmetry modes (around 343 and 430 cm-1). 
However, inverse effect was observed for the samples LSCMO11, and LSCMO13 in the Eg bands around 298 and 
600cm-1. From the Figure 11, it is evident that the Raman active phonon modes are greatly influenced by crystallite size. 
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Figure 11. Annealing temperature dependence of Active Raman mode frequencies of La0.7 Sr0.15Ca0.15MnO3 nanocrystallites 

Magnetic Behaviour Analysis 
Vibration sample magnetometer was used to measure the 

magnetic field dependence of magnetization of LSCMO7, 
LSCMO9, LSCMO11, 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. 

Figure 13. Enlarged curves of M-H loops of LSCMO7, LSCMO9, LSCMO11, and LSCMO13 nanocrystallites 
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Figure 12. Variation of magnetic moment as function 
of Magnetic field 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 44.210 49.168 
Remanent magnetization (Mr) (emu/g) 0.862 1.974 2.003 2.761 
Coercive field (Hc) (Oe) 40.584 48.609 52.804 62.380 

 
CONCLUSIONS 

La0.7Sr0.15Ca0.15MnO3 nanocrystalline were effectively produced through combustion method and annealed at 
different temperatures to obtain various sizes of crystals and endorsed the phase formation of rhombohedral (𝑅3ത𝑐) 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 597cm-1 showed that LSCMO nanoparticles form a perovskite structure. This frequency shifted 
towards higher wave number to 613cm-1(blue-shift) as the annealing temperature was increased, suggested that additional 
deformation of the MnO6 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 A1g mode is shifted from 177 to 190 cm-1 (blue shift) with increase of annealing temperature from 
700 to 1300℃. LSCMO nanocrystallites presents ferromagnetic properties, show increasing response with annealing 
temperature. Hence, the structural, optical, and magnetic properties of La0.7Sr0.15Ca0.15MnO3 nanocrystalline are 
significantly affected by the crystallite sizes. 
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ВПЛИВ РОЗМІРУ КРИСТАЛІТУ НА СТРУКТУРНІ, ОПТИЧНІ ТА МАГНІТНІ ХАРАКТЕРИСТИКИ 
НАНОКРИСТАЛІВ La0.7Sr0.15Ca0.15MnO3 

Мохд Абдул Шукурa,b, Катрапаллі Віджая Кумарa, Гаде Нарсінга Раоc 
aКафедра фізики, Інженерний коледж університету JNTUH Раджанна Сірічілла, 

Аграхарам, район Раджанна Сірічілла, 505302, Телангана, Індія 
bКафедра фізики, Державний коледж мистецтв і науки SRR (автономний), Карімнагар, 505001, Телангана, Індія 

cКафедра фізики, Інститут технології та менеджменту Маррі Лаксман Редді, Дандігал, Хайдарабад, Телангана, Індія 
Нанокристалічні манганіти La0.7Sr0.15Ca0.15MnO3 (LSCMO) були отримані в процесі спалювання та нагріті до різних 
температур відпалу (TA), щоб отримати кристаліти різного розміру. Картини рентгенівської дифракції (XRD) показали, що 
утворилася ромбоедрична структура з просторовою групою 𝑅3ത𝑐. Крім того, спостерігалося збільшення розміру кристалітів з 
15,64 до 36,78 нм, коли температура (TA) зросла з 700℃ до 1300℃. Мікрофотографії FESEM показали, що однорідні з 
пористістю. Спектри FTIR показали п'ять піків поглинання. Оптичний енергетичний проміжок нанокристалів LSCMO 
зменшується з 3,51 до 3,28 еВ із підвищенням температури відпалу, що показує, що наночастинки LSCMO є 
напівпровідниковими за своєю природою. Спектри комбінаційного розсіювання наночастинок LSCMO при кімнатній 
температурі демонструють значну залежність від температури відпалу. Коли раманівські моди аналізували відносно TA, було 
помічено, що коливальна фононна мода раманівського розсіювання нижче 200 см-1 (A1g) і чотири моди (Eg) в діапазоні 
200-800 см-1 показали значні зміщення та розширення, які були пов’язані з викривленням кисневої підґратки. Спостерігалися
значні зміни як в інтенсивності, так і в напівмаксимумі повної ширини (FWHM) п’яти мод Рамана зі збільшенням температури
відпалу. Магнітну поведінку за допомогою петлі M-H при кімнатній температурі виміряли магнітометром з вібраційним
зразком і показали, що градація намагніченості насичення як функція температури відпалу. Таким чином, існує помітний
вплив розміру кристалітів на оптичні та магнітні властивості нанокристалітів LSCMO.
Ключові слова: розмір кристаліту; оптична заборонена зона; спектри FTIR; петля М-Н; раманівські коливальні фонони
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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 ρ = 5 Ohm·cm and ρ = 0.5 Ohm·cm was used, 
and for doping with Co atoms, n-type silicon with resistivity ρ=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 Δρ/ρ 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 T = 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 T=100 K Δρ/ρ = 45–50%. In Si<Fe> samples, with 
decreasing temperature, the value of negative magnetoresistance increases monotonically and at T=100 K its value is 
Δρ/ρ = (100÷120) %. The study in Si<Сo> samples showed that with decreasing temperature the value of positive magnetoresistance 
increases and at Т=100 K it reaches Δρ/ρ = (17÷20) %. The study of magnetoresistance in samples - Si<Ni> showed that with decreasing 
temperature the value of positive magnetoresistance increases and at T=100 K it reaches Δρ/ρ = (10÷15) %. When studying the magnetic 
properties of p-Si <B, Mn> samples at low temperatures (below T=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 1020–1021 cm–3 [8, 9]. At the same time, the electroactive solubility of nickel does not exceed 1016 cm-3; 
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 
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manganese impurities in the form of BMn4 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 
structure Spin Total limiting solubility,  

cm-3 
The electroactive part of the limiting solubility, 

cm-3 
Energy levels  

in silicon 

Cr 3d54S1 52 1016 1014 Ec – 0.41 

Mn 3d54S2 52 2∙1016 1016 
Ec – 0.43 
Ec – 0.53 
Ev + 0.45 

Fe 3d64S2 2 4∙1016 2·1014 
Ec – 0.14 
Ec – 0.51 
Ec – 0.40 

Co 3d74S2 32 1016 6·1015 Ev + 0.53 
Ev + 0.35 

Ni 3d84S2 1 7∙1017 7·1014 Ev + 0.35 
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 

ρ=5 Ohm·cm, and for doping with Co atoms, we used n-type silicon with a resistivity ρ=10 Ohm·cm. To obtain silicon 
doped with Ni impurity atoms, p-type silicon with a resistivity ρ=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 Tl, as well as the electric field strength applied to the 
sample from 0.1 to 1000 V/cm, in the temperature range T=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 ρ, Ohm·cm Conductivity type Charge carrier 
concentration, cm-3 

The mobility of charge 
carriers, cm2/V·c 

Si <Cr> (5÷6) ∙103 p 3.8∙1012 250÷270 
Si <Mn> (5÷8) ∙103 p 5.2∙1012 160÷200 
Si <Fe> (5÷7) ∙103 p 4.2∙1012 200÷250 
Si <Co> 103÷104 n 6.2∙1011÷6.9∙1012 900÷1000 
Si <Ni> 0,5 p 4·1016 250÷350 

Table 3 shows the values of the magnetoresistance (Δρ/ρ) of the samples at T=300 K obtained with the same values 
of the electric (E=200 V/sm) and magnetic fields (near 2 Tl). 
Table 3. Values of resistivity and magnetoresistance of samples at T=300 K 

Samples ρ (Ohm∙cm) Maximum value 
Δρ/ρ, % 

Type of magnetoresistance in the 
range of magnetic fields,  

(0÷2 Tl) 
Si<Cr> 5∙103 from -7 to +8  Weak negative and positive 
Si<Mn> 5.3∙103 -97 Big negative 
Si<Fe> 5.5∙103 -7 Weak negative 
Si<Co> 5.1∙103 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 Δρ/ρ = 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 Δρ/ρ in the 
temperature range T=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 (Δρ/ρ = 300%) at a temperature of 
T=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 Tl (Fig. 1). 
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Figure 1. Temperature dependence of magnetoresistance for samples: 1- Si<Mn>, 2- Si<Cr>, 3- Si<Fe>, 4- Si<Co>, 5- Si<Ni> at 
Е=200 V/cm, B =2 Tl. 

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 Т=240 K, further temperature decrease leads to a fairly rapid decrease in 
NMR and at temperatures Т=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 T > 
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 T=100 K Δρ/ρ = 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 T=100 K its value is Δρ/ρ = (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 T=100 K it reaches Δρ/ρ = (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 T=100 K it reaches Δρ/ρ = (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 T=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 Т=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 BMn4 type 
with a high magnetic moment are formed [17-19]. Under optimal doping conditions, the concentration of such clusters 
reaches N=1015 cm-3 [20, 21]. 

In the Si <Ni> samples, a ferromagnetic state was also found at T = 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 μm, 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 Т=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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МАГНІТНІ ВЛАСТИВОСТІ КРЕМНІЮ З ДОМІШКАМИ ПАРАМАГНІТНИХ АТОМІВ 
Нурулла Ф. Зікріллаєвa, Гійосіддін Х. Мавлоновa, Левент Трабзонb, Сергій В. Ковешніковa, 

Зоір Т. Кенжаєвa, Тимур Б. Ісмайловc, Йолдошалі А. Абдуганієвa 
aКафедра цифрової електроніки та мікроелектроніки Ташкентського державного технічного університету 

імені Іслама Карімова, Ташкент, Узбекистан 
bФакультет машинобудування, Стамбульський технічний університет, Стамбул, Туреччина 

cКафедра фізики напівпровідників Каракалпацького державного університету імені Бердаха, м. Нукус, Узбекистан 
Одним із можливих шляхів отримання кремнію з магнітними властивостями є введення в кремній парамагнітних домішок: 
Cr, Mn, Fe, Ni та Co. На нашу думку, кремнієві матеріали, що містять магнітні нанорозмірні кластери, найбільш придатні для 
пристроїв спінтроніки. У роботі досліджено можливість отримання кремнію з магнітними властивостями шляхом 
дифузійного легування. Для отримання кремнію, легованого домішковими атомами Cr, Mn, Fe та Ni, використовували 
монокристалічний кремній p-типу з питомим опором ρ = 5 Ом·см і ρ = 0,5 Ом·см, а для легування атомами Co 
використовувався кремній n-типу з питомим опором ρ=10 Ом·см. Температуру та час дифузії вибирали так, щоб після 
дифузійного відпалу зразки з домішковими атомами Cr, Fe та Mn залишалися висококомпенсованими p-типу, а при легуванні 
домішковими атомами Co залишалися високоомними n-типу. Результати дослідження показали, що зі зниженням 
температури величина від’ємного магнітоопору Δρ/ρ у зразках Si<Mn> зростає і досягає максимального значення (близько 
800%) при Т = 240 К, подальше зниження температури призводить до до зменшення магнітоопору, а при температурі 
T = 170 К знак магнітоопору змінюється. У зразках Si <Cr> зі зниженням температури позитивний магнітоопір переходить у 
від’ємний, величина якого зростає зі зниженням температури, і досягається при Т=100 К Δρ/ρ = 45–50%. У зразках Si<Fe> зі 
зниженням температури величина від’ємного магнітоопору монотонно зростає і при T=100 K його значення становить 
Δρ/ρ = (100÷120) %. Дослідження на зразках Si<Сo> показало, що зі зниженням температури величина позитивного 
магнітоопору зростає і при Т=100 К досягає Δρ/ρ = (17÷20) %. Дослідження магнітоопору в зразках - Si<Ni> показало, що зі 
зниженням температури величина позитивного магнітоопору зростає і при Т=100 К досягає Δρ/ρ = (10÷15) %. При 
дослідженні магнітних властивостей зразків p-Si <B, Mn> при низьких температурах (нижче Т=30 К) виявлено феромагнітний 
стан, тобто вдалося отримати магнітний напівпровідниковий матеріал методом дифузії парамагнітної домішки. У 
надкомпенсованих зразках Si <B, Mn> (тип n) магнітного гістерезису не виявлено. Це свідчить про істотний вплив на магнітні 
властивості домішки марганцю в кремнії його зарядового і, відповідно, спінового стану. На підставі отриманих результатів 
можна стверджувати, що дифузійне легування кремнію марганцем може бути використане для отримання кремнію з 
магнітними властивостями. 
Ключові слова: кремній; марганець; нікель; нанокластер; магнітоопір; феромагнетик; гістерезис 
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The process of diffusion of labeled copper Cu ଺ଵ  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 ρ of the structure. When the Pb concentration in CdTe changes from 1018 to 5·1019 cm-3, 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 PbCd 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 a result, an increase in the temperature of films on a Mo-p-CdTe<Pb> substrate during annealing affects the electrical parameter 
of charge carrier mobility µ, 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 х = 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 Cu୧ାPbେୢି, which are directly dependent on 
the concentration of  Pbେୢ atoms. Diffusion length Ln and lifetime τn 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 AଶBଶ semiconductor compounds [1–4]. Unfortunately, CuଶS − CdS(ZnCdS) and CuଶS − 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 Aᇱ 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 Cu୧ା Aᇱ 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 1019÷1020 cm-3) and form levels, respectively, EC – (0,6÷0,9) eV; EV + 0,6 eV; EV + 0,4 eV. 

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 64Cu 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 μm, the working area S ≥ 1 cm2. 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 cm3. The
radioactive isotope 64Cu 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 DR0N-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 µ decreases deeper into the thickness and 
the value of resistivity ρ increases. Table 1 shows the parameters of mobility µ and resistivity ρ 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 

№ Film thickness, d, 
µm Conductivity type Hall mobility, µ, 

cm2/(V·s) 
Resistivity, ρ, 

Ohm·cm 
1. 20 р 78 2.88- 104 
2. 30 р 72 1.64- 104 
3. 40 р 66 7.76- 104 
5. 50 р 62 3.13 • 105 
6. 60 р 56 3.66 • 105 
7. 70 р 47 6.38- 105 
8. 80 p 41 1.86- 106 

The distribution profile of the concentration of labeled 64Cu atoms in polycrystalline p-CdTe films with a columnar 
grain structure was recorded using the activation analysis method [9], the CdTe layers doped with 64Cu isotopes were 
removed by chemical etching with Br:C2H2OH (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 64Cu 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 
of labeled 64Cu atoms in p-CdTe polycrystalline films 

Figure 3. Calculated curves of the concentration distribution of impurity 
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 Nେ୳(T) = 7,2 ∙ 10ଶ଴ exp ቀ− ଴,ଷଶ୩୘ ቁ cmିଷ,  (1) Dେ୳(T) = 6,7 ∙ 10ିଽ exp ቀ− ଴,ସଽ୩୘ ቁ cmଶ ∙ cmିଵ, (2)

An analysis of the obtained results shows that the pre-exponential tallow factor D0 and the diffusion activation 
energy Q correspond to the formula obtained in [10]: Q଴ = Aexp ቀ− ୕୩୘ౣ౛ౢ౪.ቁ, (3)

where T୫ୣ୪୲. is the melting point of the material; A = Paଶν exp ቀ− ∆ୋ୩୘ቁ, (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; ν - Debye frequency; ΔG - Gibbs free energy of activation at a temperature equal to 
Tmelt. 

Figure 4. Temperature dependences of the concentration of doped impurity atoms (a), and the diffusion coefficient (b) 

The numerical value of the coefficient А is determined by the impurity diffusion mechanism, А = 9.6·10-11 cm2·s-1 
during the diffusion of copper atoms in large-block p-CdTe films. Approximately for semiconductor materials, according 
to [11], 



388
EEJP. 3 (2023) Sharifa B. Utamuradova, et al.

Q = 2.1 ∙ 10ିସ[10 + lg (D଴, cmଶ/c)] ∙ T୫ୣ୪୲. (5)

Substituting the experimental value of the pre-exponential factor D0 = 6.7·10-9 cm2·s-1 and Тmelt(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) = 2,7·10-13÷1.8·10-12cm2·s-1 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 А = 9.6·10-11cm2·s-1 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 Å. Assuming that only the Coulomb 
interaction contributes to the enthalpy of the associate, we estimate ΔН by the formula [13]: ΔН = e2/4πξξ0 = 0.50 eV, 
where ξ = 10.3 is the low-frequency (static) permittivity of cadmium telluride. 

The associate enthalpy value Cu୧ାPbେୢି ΔH = 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 Pbେୢି acceptor centers since N(Pbେୢି)≥Cu୧ା. Therefore, the activation energy Q of diffusion of copper atoms 
is almost entirely determined by the binding energy of the Cu୧ାPbେୢି. 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 Cu୧ାPbେୢି. The electronic structure of the ionized Pbେୢି. 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°С)≅10-8 cm2·s-1 and the value of the pre-exponential factor D0 = 1.4 cm2·s-1 
obtained in [14,15], from our data. 

The difference in the values of D(T) and D0 is most likely due to the thermodynamic state of the system, the associate. 
Probably, in [16] an associate Cu୧ାÁ, 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 D0 is related to the entropy ΔS by 
the following relationship [17]. D଴ = aνdଶ exp ቀ∆ୗୖቁ, (6)

then a noticeable change in ΔS leads to large values of D0. 
In the case of the formation of the Cu୧ାPbେୢି  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 Cu୧ାPbେୢି  type, which is facilitated by the Coulomb interaction between the Cu୧ା and Pbେୢି ions. In this 
process, the change in the vibrational entropy can be neglected; therefore, the value of D0 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 N୔ୠ଴ = 1018 ÷ 1020 cm-3. Studies have established the dependence of the diffusion coefficient 
of Cu atoms in p-CdTe on the concentration Nେୢ଴ , which is clearly manifested at N୔ୠ଴ ≤1019 cm-3. For example, when the 
Pb concentration changes by two orders of magnitude, i.e., from 1020 to 1018 cm-3, the diffusion coefficient increases from 
2·10-13 to 1,8·10-9 cm2·s-1, almost by four orders of magnitude, at 573 K. Moreover, the increase in DT is mainly provided 
by increasing D0, 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 Cu୧ାPbେୢି. Indeed, at concentrations N୔ୠ଴ ≤5·1018 cm-3 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 VCd are formed. 

Recombination parameters were determined on p-CdTe<Pb> samples with different Pb content: diffusion length Lp, 
minority carrier lifetime τp, 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 cm2 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 ~10-5 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. 

Lp 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 α-i 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 = 5·1019÷1020 cm-3) in p-CdTe<Pb>, the electron diffusion length reaches its 
maximum value, ≌60 µm. With a decrease in NPb, the value of Lp also decreases at  NPb = 1018 cm-3, Lp ≌14 µm. 

From the short-wavelength region of the photocurrent spectrum Iph(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≌105 cm∙s-1 is maximum at 
NPb= 5·1019 cm-3. Further, as NPb increases to 1020 cm–3, the surface recombination rate remains constant. Note that S for 
holes has the lowest value of ≌ 7·103 cm·s-1 in the absence of impurities of Pb atoms in the samples under study. 

The lifetime τp 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 τp and NPb was revealed. It has been established that τn reaches 
its maximum value ≌ 2·10-6 s at NPb≌1020 cm-3, and at NPb≌1018 cm-3 τp=10-7 s. 

The mobility of minority carriers μn was calculated using the experimental values of Lp and τp using the known 
formula Lp = (kT/qμnτn)1/2. Found μp = 690 cm2/V∙s at Lp = 60 μm, τp = 2·10-6 s and NPb = 5·1019÷1020 cm-3. μn remains 
practically constant in p-CdTe<Pb> samples with different contents of Pb impurities, so μn ≌ 680 cm2/V s at Ln =14 μm, 
τn =10-7 s and NPb≌5·1018 cm-3. 

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 NPb 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 ρ ≌ 103–104 Ω·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, Lp = 0,5÷0,6 mkm and τp = 10-8 ÷ 5·10-9 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 Cu2Te-CdTe and Cu2S-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.e., given values of the microparameters Ln and τn, 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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ВПЛИВ ДИФУЗІЇ АТОМІВ МІДІ В ПОЛІКРИСТАЛІЧНИХ ПЛІВКАХ CdTe, ЛЕГОВАНИХ АТОМАМИ Pb 
Шаріфа Б. Утамурадова, Шахрух Х. Далієв, Султанпаша А. Музафарова, Кахрамон М. Файзуллаев 
Інститут фізики напівпровідників та мікроелектроніки при Національному університеті Узбекистану, 

Ташкент, Узбекистан 
Досліджено процес дифузії мічених атомів міді Cu ଺ଵ  в крупноблокових плівках p-CdTe<Pb> зі стовпчастою зернистою 
структурою. Плівка CdTe<Pb> є напівпровідником p-типу, де збільшення концентрації Pb у складі плівок CdTe збільшує 
питомий опір ρ структури. При зміні концентрації Pb в CdTe від 1018 до 5·1019 см-3 концентрація дірок зменшується більш ніж 
на 3 порядки при постійній глибині робочого рівня EV + (0,4 ± 0,02) еВ. Це може свідчити про те, що концентрація акцепторних 
дефектів, які утворюються в плівках внаслідок самокомпенсації при легуванні донором PbCd, перевищує кількість останнього. 
Електричні вимірювання методом Холла проводили при постійному струмі та температурі 300 К. У результаті підвищення 
температури плівок на підкладці Mo-p-CdTe<Pb> під час відпалу впливає на електричний параметр заряду. мобільність носія 
µ, вона значно зменшується. Рентгеноструктурний аналіз показав, що на дифрактограмах зразків плівок p-CdTe<Pb> усі 
наявні рефлекси відповідають фазі CdTe і до х = 0,08 не містять рефлексів домішкових фаз і мають кубічну модифікацію. За 
результатами розрахунку встановлено, що низькі значення коефіцієнта дифузії атомів Cu зумовлені утворенням асоціатів 
типу A Cu୧ାPbେୢି, які знаходяться в прямій залежності від концентрації  Pbେୢ. Дифузійна довжина Ln і час життя τn неосновних 
носіїв струму у великоблочних плівках телуриду кадмію р-типу, якими також можна керувати шляхом введення атомів 
свинцю в телурид кадмію. 
Ключові слова: дифузія; асоційований; час життя; плівка; акцепторний центр; радіоактивний ізотоп; розподіл; 
рухливість, питомий опір; коефіцієнт дифузії; ентальпія 
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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 MnO2 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)1-xCux/Si heterojunction Solar Cell have been studied and found that the 
efficiency (η) decreases with the increase of Cu content. 
Keywords: Cu Nanoparticles; MnO Thin Films; PLD Technique; Structural Properties; Optical Properties 
PACS: 73.61.-r, 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. 

† 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 
© D.T. Mohammed, G.H. Mohammed, 2023 

https://orcid.org/0009-0001-7444-606X
https://orcid.org/0000-0002-7401-3539
https://doi.org/10.26565/2312-4334-2023-3-42
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index


392
EEJP. 3 (2023) Doaa T. Mohammed, et al.

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)1-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]. 

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]. 

S
0.9C
cos

λ
β θ

= . (1)

Where: θ the diffraction angle, 𝜷 full width at half maximum (FWHM), and λ 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]. 

(1
11

) (2
00

)

(2
20

) (3
11

)

(2
22

)

0

200

400

600

800

1000

1200

0

100

200

300

400

500

600

20 25 30 35 40 45 50 55 60 65 70 75 80

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

2θ (Degree)

0.09 Cu

0.07 Cu

0.05 Cu

0.03 Cu

Pure
MnO

--MnO-



393
Investigation of Structural, Optical and Electrical Properties of MnO Doped with Cu...     EEJP. 3 (2023)

Table 1. Lists the crystal size, FWHM, and interplaner distance for (MnO) thin films doped with various concentrations of Cu nanoparticles. 

Cu % 2θ (Deg.) FWH M (Deg.) dhkl Std.(Å ) 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). 

MnO MnO-Cu (0.03) MnO-Cu (0.05) 

  

Figure 2. Shows 3D AFM images of 
room-temperature-produced MnO thin 
films doped with different amounts of 
Cu nanoparticles 

MnO-Cu (0.07) MnO-Cu (0.09) 

Table 2. Granular content and total surface roughness of the produced films at room temperature 

 
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: 

 α 2.303 A t= . (2) 

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: 

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 45.41 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 
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( )αhν=B hν-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. 

Figure 3. Shows the transmittance spectra of Cu nanoparticle-
doped MnO thin films at various concentrations 

Figure 4. Shows the absorption coefficient of thin films of MnO 
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 T% α (cm-1 ) k n εr εi 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]. 

Figure 5. Shows the plot of (αhυ)2 as a function of (hυ) for thin 
films of MnO doped with various concentrations of Cu 
nanoparticles 

Figure 6. Shows the MnO thin films doped with various 
concentrations of Cu nanoparticles and their 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. 

 
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:  

 
( )

2
2

1+R 4Rn= +  - k
1-R 1-R

. (6) 

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). 

  
Figure 8. Shows the real component of the dielectric constant 
for thin films of MnO doped with various concentrations of Cu 
nanoparticles 

Figure 9. Shows the imaginary portion of the dielectric constant 
for thin films of MnO doped with various concentrations of Cu 
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. 

 2 2
rε n k=  −   (7) 

 iε 2nk=  (8) 

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 (μH) and Hall coefficient (RH) values causes an increase in the value of 
electrical conductivity (σ). 
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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 σ (1/ Ω Cm) ρ (Ω cm) RH(cm³/c) nH(1/cm³) μH(cm²/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)1-xCux/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/cm2) at room temperature. The values of 
J-V parameters (Voc , Isc , Vm , Im , F.F and η) 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].

Figure 10. J-V characteristics under illumination by 100mW/cm2 white light for MnO/p-Si at R.T. 

Figure 11. J-V characteristics under illumination by 100mW/cm2 white light for (MnO)1-x Cux/p-Si with Cu content 3% at R.T. 

Figure 12. I-V characteristics under illumination by 100mW/cm2 white light for (MnO)1-x Cux/n-Si with Cu content 5% at R.T. 
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Figure 13. I-V characteristics under illumination by 100mW/cm2 white light for (MnO)1-xCux/n-Si with Cu content 7% at R.T. 

 

Figure 14. I-V characteristics under illumination by 100mW/cm2 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/cm2 
white light with different Cu content prepared at RT 

Sample Isc (mA) Im Voc Vm FF Pm (mW) Efficincy (ɳ) 

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). 
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ДОСЛІДЖЕННЯ СТРУКТУРНИХ, ОПТИЧНИХ ТА ЕЛЕКТРИЧНИХ ВЛАСТИВОСТЕЙ ЛЕГОВАНОГО MnO 
З МІДНИМИ ТОНКІМИ ПЛІВКАМИ, ПІДГОТОВЛЕНИМИ ЗА ТЕХНІКОЮ PLD 

ДЛЯ ЗАСТОСУВАННЯ У СОНЯЧНИХ ЕЛЕМЕНТАХ 
Доаа Т. Мохаммед, Гусон Х. Мохаммед 

Факультет фізики, Науковий коледж, Багдадський університет, Багдад, Ірак 
У поточному дослідженні концентровані лазерні імпульси Nd:YAG при 500 мДж з другим випромінюванням при 1064 нм 
(ширина імпульсу 9 нс) і частотою повторення (6 Гц) для 300 лазерних імпульсів, що падають на поверхню мішені, 
використовувалися для покриття скляних підкладок тонкими плівками MnO. За допомогою рентгенівського дифрактометра 
(XRD), атомно-силового мікроскопа (АСМ) та спектрофотометра UV-Vis визначено структурні, морфологічні та оптичні 
характеристики плівок, легованих різними концентраціями Cu (0,03; 0,05; 0,07; і 0,09). Результати показують, що плівки є 
полікристалічними, з найбільшим піком, що з’являється під кутом 35,31, або дзеркальним (111). Кристалічний розмір осаджених 
тонких плівок був розрахований за допомогою формули Дебая-Шерера, і було виявлено, що він збільшується від 11,8 нм для 
нелегованого MnO2 до 29,6 нм для легованого (MnO) зі збільшенням вмісту Cu від x=0 до x=0,09 за переважної орієнтації (111). 
Усі зразки мають кубічну структуру. Крім того, результати показали, що вміст Cu в плівках впливає на морфологію поверхні. За 
результатами АСМ-аналізу було виявлено, що шорсткість і середній діаметр змінюються при додаванні Cu до структури, 
причому найбільше значення спостерігається при співвідношенні Cu 0,09, що дорівнює 65,40 і 71,21 нм відповідно. Для 
дослідження оптичного пропускання використовували спектрофотометр UV–Vis. Було виявлено, що при збільшенні вмісту Cu 
в плівках пропускна здатність плівок зменшується. Вимірювання ефекту Холла показують, що всі підготовлені плівки при 
кімнатній температурі мають два типи провідності: p-тип і n-тип. Було вивчено електричні характеристики (MnO)1-xCux/PSi 
сонячної батареї з гетеропереходом і виявлено, що ефективність (η) зменшується зі збільшенням вмісту Cu. 
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