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Formation of Bosons in SmMnO3+  as 1D Charge/Spin Density 

Waves Caused by Confinement of Spinon Pairs in a System of 

AFM Spin Chains; Step-Like Quantum Hall Effect for Massless 

Dirac Fermions 

F. M. Bukhanko 

Donetsk Institute for Physics and Engineering Named after O. O. Galkin,  
N.A.S. of Ukraine,  
46 Nauky Ave.,  
UA-03028 Kyiv, Ukraine 

As shown, the appearance of two unusual peak features of isotherms 1 
and 2 of the magnetization reversal of SmMnO3 near zero magnetic field 
is a natural consequence of the spin–charge separation characteristic of 
the previously well-studied theoretically one-dimensional Mott insulator in 
the state of a quantum Luttinger liquid. Attention is drawn to the differ-
ence between the two peak features of isotherms 1 and 2 of the magneti-
zation reversal near H0 Oe, which depends on the direction of growth 
of the external magnetic-field strength. We believe that such behaviour of 
magnetization in the low-temperature region is caused by the fact that the 
transverse component of the external magnetic field closes the spinon gap 
s in SmMnO3. A characteristic feature of this state is the spatial sepa-
ration of charge and spin excitations. According to these studies, even a 
weak increase in the transverse component of the external magnetic field 
can lead to further confinement of spinon pairs, which is accompanied by 
the appearance of gapless modes of natural longitudinal oscillations of the 
spin chain system. We assume that the step-like features of field depend-
ences of magnetization of SmMnO3 at temperature T0.6 K are similar 
to characteristics of step-like quantum Hall effect for massless Dirac fer-
mions in graphene. 

Показано, що поява двох незвичайних пікових особливостей ізотерм 1 і 
2 перемагнетування SmMnO3 поблизу нульового магнетного поля є 
природнім наслідком характеристики розділення спін-зарядів раніше 
добре вивченого теоретично одновимірного Моттового ізолятора у стані 
квантової Латтинжерової рідини. Звертається увага на ріжницю між 
двома піковими особливостями ізотерм 1 і 2 перемагнетування поблизу 
H0 Е, яка залежить від напрямку зростання напружености зовніш-
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нього магнетного поля. Ми вважаємо, що таку поведінку намагнетова-
ности в області низьких температур зумовлено тим, що поперечна 
складова зовнішнього магнетного поля закриває спінонну щілину s у 
SmMnO3. Характерною особливістю цього стану є просторове розді-
лення зарядових і спінових збуджень. Згідно з цими дослідженнями, 
навіть слабке збільшення поперечної складової зовнішнього магнетного 
поля може привести до подальшого обмеження спінонних пар, що су-
проводжується появою безщілинних мод власних поздовжніх коливань 
системи спінового ланцюга. Ми припускаємо, що ступінчасті особливо-
сті польових залежностей намагнетованости SmMnO3 за температури 
T0,6 К є подібними до характеристик ступінчастого квантового Гол-
лового ефекту для безмасових Діракових ферміонів у графені. 

Key words: quantum Luttinger liquid, 1D charge–spin density waves, con-
finement of spinon pairs, step-like quantum Hall effect for massless Dirac 
fermions. 

Ключові слова: Латтинжерова квантова рідина, одновимірні хвилі за-
рядово-спінової густини, обмеження спінонних пар, ступінчастий кван-
товий Голлів ефект для безмасових Діракових ферміонів. 

(Received 4 September, 2025) 
  

1. INTRODUCTION 

In Refs. [1, 2], a Luttinger exactly soluble model of a one-
dimensional many-fermion system is discussed. The model has a 
fairly realistic interaction between pairs of fermions. An exact cal-
culation of the momentum distribution in the ground state is given. 
As shown, there is no discontinuity in the momentum distribution 
in this model at the Fermi surface, but that the momentum distri-
bution has infinite slope there. Comparison with the results of per-
turbation theory for the same model is also presented, and it is 
shown that, for this case at least, the perturbation and exact an-
swers behave qualitatively alike. Finally, the response of the system 
to external fields is also discussed. As shown, he did not solve his 
model properly because of the paradoxical fact that the density op-
erator commutators, which always vanish for any finite number of 
particles, no longer vanish in the field-theoretic limit of a filled Di-
rac sea. In fact, the operators define a boson field, which is ipso 
facto associated with the Fermi–Dirac field. This observation to 
solve the model was used and was obtained the exact (and now non-
trivial) spectrum, free energy, and dielectric constant. This was also 
extended to interactions, which are more realistic. According to 
Ref. [3], one powerful approach to 1D-lattice fermion systems is to 
utilize a particular continuum limit to derive a low-energy effective 
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model that can be solved analytically. For the simplest case of spin-
less fermions with local interactions away from half-filling, this ap-
proach leads to the so-called Luttinger model [1], which can be 
solved exactly using bosonization [2]. 
 Exact solubility means a lot in this case: not only the partition 
function, but also all Green’s functions of the Luttinger model can 
be computed exactly by analytical methods. This method can be 
generalized to 1D Hubbard-like systems and is the basis of a para-
digm for 1D interacting fermion systems. In Ref. [3], a detailed 
derivation of a two dimensional (2D) low energy effective model for 
spinless fermions on a square lattice with local interactions is giv-
en. This derivation utilizes a particular continuum limit that is jus-
tified by physical arguments. It is shown that the effective model 
thus obtained can be treated by exact bosonization methods. It is 
also discussed how this effective model can be used to obtain physi-
cal information about the corresponding lattice fermion system. 
 According to Ref. [11], the problem of interacting fermions sim-
plifies in one dimension. In a pioneering paper, Tomonaga treated 
the case of a two-body interaction, which is long ranged in real 
space. He showed that the low-energy excitations of the noninter-
acting as well as the interacting system can be described in terms of 
noninteracting bosons. The important idea to solve the case of in-
teracting fermions was the observation that a long-range interaction 
in real space is short ranged in momentum space and therefore only 
particles and holes in the vicinity of the Fermi points are involved 
in the interacting ground state and states with low excitation ener-
gy. To obtain his results, Tomonaga linearized the energy dispersion 
around the two Fermi pointskF. Luttinger later used a model with 
strictly linear energy dispersions, which is closely related to the 
massless Thirring’s model. A very elegant method to calculate cor-
relation functions for the model is the bosonization of the fermion 
field operator. The exponents of the anomalous power law decay of 
various correlation functions are determined by the anomalous di-
mension, which can be calculated explicitly for the Tomonaga–
Luttinger (TL) model. It was an important observation of Haldane 
that the low-energy physics of the exactly solvable TL-model pro-
vides the generic scenario for one-dimensional fermions with repul-
sive interactions. Like in the Landau’s Fermi-liquid picture, a few 
parameters completely determine the low energy physics. 
 Generally, they are as difficult to calculate as the Landau param-
eters. In contrast to the higher dimensional case, there are addi-
tional exactly solvable models, for which Haldane’s Luttinger liquid 
scenario can be tested and the parameters determining the anoma-
lous dimension can be calculated using the Bethe-ansatz technique. 
Another important manifestation of Luttinger liquids is called 
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spin–charge separation, i.e., for low energy excitations, the charge 
and spin degrees are completely decoupled. This shows up, for ex-
ample, in the spectral function of the one-particle Green’s function, 
which largely determines the photoemission spectrum. Recent high-
resolution photoemission experiments on quasi-one-dimensional or-
ganic conductors have been interpreted to show Luttinger-liquid be-
haviour. 
 In Ref. [12], it was investigated the electronic band structure of 
Pt-induced nanowires on Ge(001) [Pt/Ge(001) NWs] by angle-
resolved photoelectron spectroscopy at 6 K. Single-domain samples 
of Pt/Ge(001) NWs were prepared on vicinal Ge(001) substrates. 
One of the bands disperses only in the nanowire direction, and its 
Fermi surface consists of strictly straight lines, indicating that it is 
an ideal one-dimensional metallic state. An energy distribution 
curve of the one-dimensional band is explained by a Fermi–Dirac-
type spectral shape, which is against both a Luttinger liquid and 
Peierls instability schemes. In Ref. [13], dispersing 1D bands have 
been observed for the first time in an organic conductor by high-
resolution photoemission experiments on TTFTCNQ (tetrathiafulva-
lene tetracyanoquinodimethane). Their properties are extremely un-
usual: the bandwidth is much larger than traditional estimates, and 
the quasi-particle states are strongly renormalized, with no weight 
at the chemical potential. A deep pseudogap around the Fermi ener-
gy persists, and even increases, up to room temperature. Also was 
reported a direct determination of kF in this material, and the ob-
servation of the opening of a Peierls gap in the low-temperature 
charge-density wave phase. In Ref. [14], it was presented that the 
Luttinger liquids are paramagnetic one-dimensional metals without 
Landau quasi-particle excitations. The elementary excitations are 
collective charge and spin modes, leading to charge–spin separation. 
Correlation functions exhibit power-law behaviour. All physical 
properties can be calculated, e.g., by bosonization, and depend on 
three parameters only: the renormalized coupling constant K, and 
the charge and spin velocities. 
 Also it was discussed the stability of Luttinger liquids with re-
spect to temperature, interchain coupling, lattice effects and pho-
nons, and list important open problems. In Ref. [15], it was com-
pute mean field phase diagrams of two closely related interacting 
fermion models in two spatial dimensions (2D). The first is the so-
called 2D t–t–V model describing spinless fermions on a square lat-
tice with local hopping and density–density interactions. The second 
is the so-called 2D Luttinger model that provides an effective de-
scription of the 2D t–t–V model, and in which parts of the fermion 
degrees of freedom are treated exactly by bosonization. In mean-
field theory, both models have a charge-density-wave (CDW) insta-
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bility making them gapped at half-filling. The 2D t–t–V model has 
a significant parameter regime away from half-filling, where nei-
ther the CDW nor the normal states are thermodynamically stable. 
It was shown that the 2D Luttinger model allows obtaining more 
detailed information about this mixed region. In this work, the con-
finement of low-energy thermal excitations of spinons in SmMnO3 
was found in the form of excitations of the type of nanofragments 
of 1D charge and spin-density waves, characteristic for low-energy 
excitations of a metallic one-dimensional quantum Luttinger liquid. 

2. MATERIAL AND METHODS 

Samples of self-doped manganites SmMnO3 ( 0.1) were obtained 
from high-purity oxides of lanthanum, samarium and electrolytic 
manganese, taken in a stoichiometric ratio. The synthesized powder 
was pressed under pressure of 10 kbar into discs of 6 mm in diame-
ter, 1.2 mm thick and sintered in air at a temperature of 1170C 
for 20 h followed by cooling at a rate of 70C/h. The resulting tab-
lets were a single-phase ceramic according to x-ray data. X-ray 
studies were carried out with 300 K on DRON-1.5 diffractometer in 
radiation NiK12. Symmetry and crystal lattice parameters were 
determined by the position and character splitting reflections of the 
perovskite-type pseudocubic lattice. Temperature and field depend-
ences of dc magnetization were measured using a VSM EGG 
(Princeton Applied Research) vibrating magnetometer and a nonin-
dustrial magnetometer in ZFC and FC modes. When measuring the 
temperature dependences of the magnetization M(T) in the ZFC 
mode, the sample was first cooled to 4.2 K in a zero external mag-
netic field, followed by an increase in temperature to the required 
value. In the FC mode for measuring the magnetization M(T), the 
sample was first cooled to 4.2 K in magnetic fields of various 
strengths, followed by heating. The field dependences of the mag-
netization M(Н) were measured during sample remagnetization at a 
temperature of 4.2 K in a wide range of magnetic fields in the ZFC 
and FC measurement modes. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In this work, the field dependences of SmMnO3 magnetization 
were investigated in the ZFC and FC measurement mode in the 
magnetic field range of 5000 Oe (Figs. 1–4). The confinement of 
low-energy thermal excitations of spinons in SmMnO3 was found 
in the form of excitations of the type of nanofragments of 1D 
charge and spin density waves, characteristic of low-energy excita-
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tions of a metallic one-dimensional quantum Luttinger liquid. 
 With an increase in the external magnetic-field strength, a sec-
ond-order quantum phase transition of the QSL to the Luttinger 
liquid state occurs, induced by an increase in the external magnetic-

 

Fig. 1. Field dependences of magnetization of SmMnO3 in the ZFC meas-
urement mode in the form of isotherms of magnetization reversal of sam-
ples with different directions of growth of the external magnetic-field 
strength at T0.6 K (1) and T4.2 K (2). Field dependences of magneti-
zation of SmMnO3 at T4.2 K in the FC measurement mode (3). 

 

Fig. 2. Field dependences of magnetization of SmMnO3 at T0.6 K in the 
ZFC measurement mode in the form of isotherms 1 and 2 of magnetization 
reversal of samples with different directions of growth of the external 
magnetic-field strength. As can be seen in this figure, during the magneti-
zation reversal of the sample in the ZFC measurement mode, two peak fea-
tures of magnetization are formed near H0 Oe in the range of magnetic 
fields of 500 Oe. 
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field strength. As a result of this transition, near H0 Oe, peak 
features of ‘supermagnetization’ are formed with varying degrees 
of their overlap, characteristic of the excitation of gapless decou-
pled charge and spin density waves in a Luttinger liquid. As can be 
seen in these figures, during the magnetization reversal in two 
measurement modes, two peak features of the magnetization M(H) 
near H0 Oe are formed in the range of magnetic fields of 500 Oe 
(Figs. 2, 3). 
 The difference between the two peak features of isotherms 1 and 
2 of the magnetization reversal near H0 Oe, which depends on 
the direction of growth of the external magnetic-field strength, is 
noteworthy. As can be seen in Figs. 3 and 4, with an increase in the 
magnetic field in the positive direction (isotherm 1), separate CDW 
and SDW states are realized, which are not related to each other. 
At the same time, when the sign of the field growth changes to the 
opposite (isotherm 2), we observe near H0 Oe related CDW/SDW 
states that stimulates the transition of the system of zigzag AFM 
spin chains weakly coupled by the exchange interaction into a state 
similar to a metallic Luttinger liquid. 
 We believe that such behaviour of the magnetization in the low-
temperature region is caused by the fact that the transverse compo-
nent of the external magnetic field closes the spinon gap s for 
SmMnO3. A characteristic feature of this state is the spatial sepa-

 

Fig. 3. Field dependences of magnetization of SmMnO3 at T4.2 K in FC 
measurement mode in the form of isotherms 1 and 2 of magnetization re-
versal of samples with different directions of growth of the external mag-
netic-field strength. During the magnetization reversal of the sample in 
FC measurement mode, two peak features of magnetization are formed 
near H0 Oe in the magnetic-field range of 500 Oe. 
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ration of charge and spin excitations. In this quasi-one-dimensional 
state, multiparticle excitations in the form of 1D charge and spin 
density waves, which obey the Bose statistics, dominate and largely 
replace elementary excitations in the form of spinon pairs. Of inter-
est is the result that decoupled charge/spin density waves are 
formed in isotherms 1, whereas coupled 1D CDW/SDW collective 
excitation of the quantum spin liquid arises in isotherms 2 near ze-
ro magnetic field. Excitation of such 1D collective states in an ex-
ternal magnetic field was observed earlier in systems of weakly-
coupled exchange Heisenberg and Ising AFM spin chains with dif-
ferent configurations and degrees of anisotropy. According to these 
studies, even a weak increase in the transverse component of the 
external magnetic field can lead to further confinement of spinon 
pairs, which is accompanied by the appearance of gapless modes of 
natural longitudinal oscillations of the spin chain system. 
 According to Ref. [6], in the limit of low excitation energies of a 
one-dimensional Mott dielectric, spin–charge separation occurs, 
which made it possible to accurately calculate their dynamic spec-
tral function of charge density and spin A(, kFq). It was found 
that, in a one-dimensional Mott dielectric at a temperature T0 K, 

 

Fig. 4. Field dependences of magnetization of SmMnO3 at T4.2 K in the 
ZFC measurement mode in the form of isotherms 1 and 2 of magnetization 
reversal of samples with different directions of growth of the external 
magnetic-field strength. As can be seen in the figure, during the magneti-
zation growth of the sample in the ZFC measurement mode, three unusual 
step-like features of magnetization M(H) are formed near H0 Oe that 
characteristic for forming of Landau bands in a Luttinger liquid. We ex-
plain the formation of a wide dip in magnetization near zero external 
magnetic field in isotherm 2 with the decay of the bound state of 
charge/spin density waves (CDW/SDW) during the process of sample de-
magnetization. 
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the excitation and annihilation operators of an ensemble of fermi-
ons with left and right directions of motion separate them into sep-
arate charge and spin regions as a result of bosonization in the 
form of fragments of separated one-dimensional charge density 
waves (CDW) and spin density waves incommensurate with the 
crystal lattice. We believe that the appearance of two unusual peak 
features of isotherms 1 and 2 of the magnetization reversal of 
SmMnO3 near zero magnetic field are a natural consequence of the 
spin–charge separation characteristic of the previously well-studied 
theoretically one-dimensional Mott insulator in the state of a quan-
tum Luttinger liquid [6, 7]. Attention is drawn to the difference 
between the two peak features of isotherms 1 and 2 of the magneti-
zation reversal near H0 Oe, which depends on the direction of 
growth of the external magnetic-field strength. As can be seen in 
Figs. 2, 3, with the increase of the magnetic field in the positive 
direction (isotherm 1), separate CDW and SDW states are realized, 
which are not related to each other. At the same time, when the 
sign of the field growth changes to the opposite (isotherm 2), we 
observe near H 0 Oe the CDW/SDW states related to each other 
that stimulates the transition of the system of zigzag AFM spin 
chains weakly coupled by the exchange interaction to a state similar 
to the metallic Luttinger liquid. We believe that such behaviour of 
magnetization in the low-temperature region is caused by the fact 
that the transverse component of the external magnetic field closes 
the spinon gap s for SmMnO3. A characteristic feature of this 
state is the spatial separation of charge and spin excitations. 
 In this quasi-one-dimensional state, multiparticle excitations in 
the form of 1D charge and spin density waves, which obey the Bose 
statistics, dominate and largely replace elementary excitations in 
the form of spinon pairs. Of interest is the result that decoupled 
charge/spin density waves are formed in isotherms 1, whereas cou-
pled 1D CDW/SDW collective excitation of the quantum spin liquid 
arises in isotherms 2 near zero magnetic field. Excitation of such 
1D collective states in an external magnetic field was observed ear-
lier in systems of weakly-coupled exchange Heisenberg and Ising 
AFM spin chains with different configurations and degrees of ani-
sotropy. According to these studies, even a weak increase in the 
transverse component of the external magnetic field can lead to 
further confinement of spinon pairs, which is accompanied by the 
appearance of gapless modes of natural longitudinal oscillations of 
the spin chain system. 
 Field dependences of magnetization M(H) of SmMnO3 at T4.2 
K in the ZFC measurement mode (Fig. 4) differ greatly from the 
graphs presented in Figs. 2, 3. As can be seen in these figures, dur-
ing the magnetization of the sample in the ZFC measurement mode, 
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three step-like features of magnetization are formed near H0 Oe 
in the range of magnetic fields of 500 Oe (isotherm 1). During the 
process of demagnetization of the sample (isotherm 2) in the mag-
netic-field range of 500 Oe, a wide dip is formed with an extreme 
drop in the magnetization of the sample M(H) near the zero field. 
We explain the formation of a wide dip in magnetization near zero 
external magnetic field in isotherm 2 with the decay of the bound 
state of charge/spin density waves (CDW/SDW) during the process 
of sample demagnetization. 
 We assume that step-like features of field dependences of mag-
netization of SmMnO3 (Fig. 4) are similar characteristic of quan-
tum Hall effect for massless Dirac fermions in graphene [16–18]. In 
Ref. [16], it first was reported a condensed matter system, where 
electron transport is essentially governed by the Dirac equation and 
charge carriers mimic relativistic particles with zero mass and an 
effective ‘speed of light’ c∗106 m/s. The unusual response of mass-
less fermions to magnetic field is highlighted further by their be-
haviour in the high-field limit, where there is the quantum Hall ef-
fect (QHE). It was shown the Hall conductivity xy of graphene plot-
ted as a function of electron and hole concentrations in a constant 
field B. Pronounced QHE plateaux are clearly seen but, surprising-
ly, they do not occur in the expected sequence xy(4e2/h)N, where 
N is integer. On the contrary, the plateaux correspond to half-
integer , so that the first plateau occurs at 2e2/h and the sequence 
is (4e2/h)(N1/2). Note that the transition from the lowest hole 
( –1/2) to lowest electron (1/2) Landau level (LL) in gra-
phene requires the same number of carriers (n4B/01.21012 
cm

2) as the transition between other nearest levels (cf. distances 
between minima in xx). 
 This one results in a ladder of equidistant steps in xy, which are 
not interrupted, when passing through zero. To emphasize this 
highly unusual behaviour, it was shown that xy for a graphite film 
consisting of only two graphene layers, where the sequence of plat-
eaux returns to normal and the first plateau is at 4e2/h, as in the 
conventional QHE. It was attributed this qualitative transition be-
tween graphene and its two-layer counterpart to the fact that fer-
mions in the latter exhibit a finite mass near n  0 (as found exper-
imentally and to be published elsewhere) and can no longer be de-
scribed as massless Dirac particles. These studies of graphene have 
revealed a variety of unusual phenomena characteristic of two-
dimensional (2D) Dirac fermions. In particular, it was observed 
that: a) the integer quantum Hall effect in graphene is anomalous 
in that it occurs at half-integer filling factors; b) graphene conduc-
tivity never falls below a minimum value corresponding to the con-
ductance quantum e2/h, even when carrier concentrations tend to 
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zero; c) the cyclotron mass mc of massless carriers with energy E in 
graphene is described by equation Emcc

2; d) Shubnikov–de Haas 
oscillations in graphene exhibit a phase shift of  due to Berry’s 
phase. As can be seen in Fig. 4 in this work, during the magnetiza-
tion growth of the sample in the ZFC measurement mode, three 
step-like features of magnetization M(H) are formed near H0 Oe 
that is characteristic for forming three Landau bands in a Luttinger 
liquid. 
 According to Ref. [17], when electrons are confined in two-
dimensional (2D) materials, quantum-mechanically enhanced 
transport phenomena, as exemplified by the quantum Hall effect, 
can be observed. Graphene, an isolated single atomic layer of graph-
ite, is an ideal realization of such a 2D system. The low-energy 
band structure of graphene can be approximated as cones located at 
two inequivalent Brillouin-zone corners. In these cones, the 2D en-
ergy dispersion relation is linear and the electron dynamics can be 
treated as ‘relativistic,’ where the Fermi velocity vF of the graphene 
plays the role of the speed of light. In particular, at the apex of the 
cones (termed Dirac point), electrons and holes (particles and anti-
particles) are degenerate. Landau level (LL) formation for electrons 
in such a system under a perpendicular magnetic field, B, has been 
studied theoretically using an analogy to the 21 dimensional 
quantum electrodynamics. The exceptionally high-mobility graphene 
samples allow investigating transport phenomena in the extreme 
magnetic quantum limit, such as the QHE. In this work, the overall 
positive Rxy indicates that the contribution is mainly from electrons. 
At high external magnetic fields B1–8 T, Rxy(B) exhibits step-like 
features (plateaus), and Rxx is vanishing, which are the hallmark of 
the QHE. At least two well-defined plateaus are observed before the 
QHE features transform into Shubnikov–de Haas oscillations at 
lower magnetic field. The quantization of Rxy for these first two 
plateaus is better than 1 part in 104, precise within the instrumen-
tal uncertainty. 
 In Ref. [18], the quantum Hall effect with a Berry’s phase of  is 
demonstrated on a single graphene layer grown on the C-face of 4H 
silicon carbide. The mobility is of 20000 cm2/(Vs) at 4 K and 
15000 cm2/(Vs) at 300 K despite contamination and substrate 
steps. This is comparable to the best-exfoliated graphene flakes on 
SiO2 and an order of magnitude larger than Si-face epitaxial gra-
phene monolayers. The QHE is well resolved in this sample, which 
shows quantum Hall plateaus in the magnetic-field dependence of 
the Hall resistance, as first observed in exfoliated graphene flakes 
on SiO2. The Hall plateaus correspond to transverse resistances 
xy


(h/4e2)/(n 1/2) for n 0 to 3, where n is the Landau level in-

dex, which establishes the nontrivial Berry’s phase of . The longi-
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tudinal resistivity xx shows the characteristic Shubnikov–de Haas 
(SdH) oscillations (SdHOs), in which Landau levels from n 0 up to 
n 8 are easily recognized. The SdHOs develop into the QHE in 
high fields, manifested by characteristic zero resistance minima and 
Hall plateaus. 
 According to Ref. [19], the electronic properties of a graphite 
monolayer have attracted theoretical interest due to a Dirac-type 
spectrum of charge carriers in this gapless semiconductor. Recent-
ly, Novoselov et al. fabricated ultra-thin graphitic devices including 
monolayer structures. This was followed by further observations of 
the classical and quantum Hall effects in such systems confirming 
the expectations of an unusual phase of Shubnikov–de Haas oscilla-
tions and QHE plateaus sequencing, as manifestations of a peculiar 
magneto-spectrum of chiral Dirac-type quasi-particles containing a 
Landau level at zero energy. In Ref. [19], it was studied an effec-
tive two-dimensional Hamiltonian to describe the low-energy elec-
tronic excitations of a graphite bilayer, which correspond to chiral 
quasi-particles with a parabolic dispersion exhibiting Berry’s phase 
of 2. Its high-magnetic-field Landau level spectrum consists of al-
most equidistant groups of four-fold degenerate states at finite en-
ergy and eight zero-energy states. This can be translated into the 
Hall conductivity dependence on carrier density, xy(N), which ex-
hibits plateaus at integer values of 4e2/h and has a ‘double’ 8e2/h 
step between the hole and electron gases across zero density, in con-
trast to (4n2)e2/h sequencing in a monolayer. 
 According to Ref. [20], the half-integer quantum Hall effect in 
single-layer graphene (SLG) 1, 2 and the unconventional quantum 
Hall effect in bilayer graphene (BLG) 3 reveal spin- and valley-
degenerate relativistic Landau levels. Due to the extremely large 
Landau-level splitting, completely-resolved levels can be observed 
up to room temperature. However, even at very high perpendicular 
magnetic fields, the Zeeman splitting within one Landau level is 
negligible smaller compared to the Landau-level splitting and, more 
importantly, the Landau-level width generally exceeds the spin 
splitting. Exceptionally, the zeroth Landau level in SLG becomes 
extremely narrow at magnetic fields B20 T that allows an exper-
imental observation of a spin-related gap opening at magnetic fields 
B20 T. Another observation of a spin degeneracy lifting with an 
effective g factor g*2 was reported for 4 in SLG for magnetic 
fields B30 T, combined with lifting the valley degeneracy at 
1. In Ref. [20], it was determined the spin splitting of broad-
ened Landau levels for SLG and BLG by measuring SdH oscillations 
in tilted magnetic fields. This technique allows adjusting the ratio 
between the spin splitting and the Landau-level splitting by control-
ling the ratio between a total magnetic field and a component per-
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pendicular to a two-dimensional graphene flake. Using the well-
established Lifshitz–Kosevich formula, it was determined the prod-
uct of the effective g factor and cyclotron mass mg

 from the angu-
lar dependence of the SdH amplitudes, and it was found that g

 is 
enhanced compared to the free-electron value. 
 Similar stepwise oscillations of magnetization were previously 
discovered by us for SmMnO3 in the temperature dependences of 
M(T) [21]. According to Ref. [21], quantum oscillations of the tem-
perature dependence M(T) of the magnetization of SmMnO3 (QHE) 
measured in the strong magnetic field H3.5 kOe in the tempera-
ture range 4.2–12 K have an unusual form. With an increase in the 
field to H 3.5 kOe, a step-like quantization of the spinon spectrum 
appeared in the form of the formation of threshold features of 
magnetization in the Landau bands n 1, n 2, and n3 in the 
kind of steps (plateaus) corresponding to the integer filling of three 
Landau bands with a finite gap by spinons. As the temperature ris-
es, the height of the thresholds and the width of the steps increase. 
Emergence of new quantum oscillations of the magnetization tem-
perature dependences in the strong field regime of measurements is 
caused by the Landau quantization by the gauge field of the spinon 
gas with a fractional spin S 1/2, moving on circular orbits in the 
direction transverse to the direction of the ‘magnetic’ component B 
of the gauge field. 

4. CONCLUSIONS 

According to the theory, in the limit of low excitation energies of a 
one-dimensional Mott dielectric, spin–charge separation occurs, 
which made it possible to accurately calculate their dynamic spec-
tral function of charge density and spin A(, kF q). It was found 
that in a one-dimensional Mott dielectric at a temperature T0 K, 
the excitation and annihilation operators of an ensemble of fermi-
ons with left and right directions of motion separate them into sep-
arate charge and spin regions as a result of bosonization in the 
form of fragments of separated one-dimensional charge density 
waves (CDW) and spin density waves incommensurate with the 
crystal lattice. We believe that the appearance of two unusual peak 
features of isotherms 1 and 2 of the magnetization reversal of 
SmMnO3 near zero magnetic field are a natural consequence of the 
spin–charge separation characteristic of a quantum Luttinger liq-
uid. Attention is drawn to the difference between the two peak fea-
tures of isotherms 1 and 2 of the magnetization reversal near H0 
Oe, which depends on the direction of growth of the external mag-
netic-field strength. As can be seen in Figs. 2, 3, with the increase 
of the magnetic field in the positive direction (isotherm 1) separate 
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CDW and SDW states are realized, which are not related to each 
other. At the same time, when the sign of the field growth changes 
to the opposite (isotherm 2), we observe near H 0 Oe the 
CDW/SDW states related to each other that stimulates the transi-
tion of the system of zigzag AFM spin chains weakly coupled by the 
exchange interaction to a state similar to the metallic Luttinger 
liquid. We believe that such behaviour of magnetization in the low-
temperature region is caused by the fact that the transverse compo-
nent of the external magnetic field closes the spinon gap s in 
SmMnO3. A characteristic feature of this state is the spatial sepa-
ration of charge and spin excitations. 
 In this quasi-one-dimensional state, multiparticle excitations in 
the form of 1D charge and spin density waves, which obey the Bose 
statistics, dominate and largely replace elementary excitations in 
the form of spinon pairs. Of interest is the result that decoupled 
charge/spin density waves are formed in isotherms 1, whereas cou-
pled 1D CDW/SDW collective excitation of the quantum spin liquid 
arises in isotherms 2 near zero magnetic field. Excitation of such 
1D collective states in an external magnetic field was observed ear-
lier in systems of weakly-coupled exchange Heisenberg and Ising 
AFM spin chains with different configurations and degrees of ani-
sotropy. According to these studies, even a weak increase in the 
transverse component of the external magnetic field can lead to 
further confinement of spinon pairs, which is accompanied by the 
appearance of gapless modes of natural longitudinal oscillations of 
the spin chain system. 
 We assume that step-like features of field dependences of mag-
netization of SmMnO3 at temperature T0.6 K are similar charac-
teristic of quantum Hall effect for massless Dirac fermions in gra-
phene. In these works, it was firstly observed a condensed matter 
system, where electron transport is essentially governed by the Di-
rac equation and charge carriers mimic relativistic particles with 
zero mass and an effective ‘speed of light’ c∗106 m/s. These stud-
ies of graphene have revealed a variety of unusual phenomena char-
acteristic of two-dimensional (2D) Dirac fermions. In particular, it 
was observed that: a) the step-like quantum Hall effect in graphene 
is anomalous in that it occurs at half-integer filling factors; b) gra-
phene conductivity never falls below a minimum value correspond-
ing to the conductance quantum e2/h, even when carrier concentra-
tions tend to zero; c) the cyclotron mass mc of massless carriers 
with energy E in graphene is described by equation Emcc

2; d) 
Shubnikov–de Haas oscillations in graphene exhibit a phase shift of 
 due to Berry’s phase. During the magnetization growth of the 
sample in the ZFC measurement mode, three step-like features of 
magnetization M(H) are formed near H0 Oe that is characteristic 
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for forming three Landau bands in a Luttinger liquid. 
 The low-energy band structure of graphene can be approximated 
as cones located at two inequivalent Brillouin-zone corners. In these 
cones, the 2D energy dispersion relation is linear and the electron 
dynamics can be treated as ‘relativistic’, where the Fermi velocity 
vF of the graphene plays the role of the speed of light. In particu-
lar, at the apex of the cones (termed Dirac point), electrons and 
holes (particles and antiparticles) are degenerate. Landau level (LL) 
formation for electrons in such system under a perpendicular mag-
netic field, B, has been studied theoretically using an analogy to the 
21 dimensional quantum electrodynamics. The exceptionally high-
mobility graphene samples allow investigating transport phenomena 
in the extreme magnetic quantum limit, such as the QHE. It was 
shown the overall positive Rxy that indicates the contribution from 
electrons mainly. At high external magnetic fields B1–8 T, Rxy(B) 
exhibits step-like features (plateaus), and Rxx is vanishing, which 
are the hallmark of the QHE. At least two well-defined plateaus are 
observed before the QHE features transform into Shubnikov–de 
Haas oscillations at lower magnetic field. The quantization of Rxy 
for these first two plateaus is better than 1 part in 104, precise 
within the instrumental uncertainty. 
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Quantum computing is increasingly regarded as a part of information 
nanotechnology, where reliable diagnostics under realistic noise conditions 
are crucial. Depolarization channels are commonly used as a fundamental 
model of quantum noise, but systematic diagnostic frameworks are still 
underdeveloped. We introduce a structured approach as to computational 
methods for depolarization channels, establish formal criteria such as 
metric reliability, and develop diagnostic maps and quantum Fisher in-
formation (QFI) tensors. Symbolic modelling of density matrices under 
noise allows for the analytical calculation of QFI components, revealing 
the isotropy and degeneracy of tensors at the critical point of Bloch-
sphere collapse. Comparing quantum metrics, including purity, entropy, 
accuracy, Bloch norm, and Bloch-angle deviation (BAD), uncovers differ-
ent sensitivities. Notably, purity and entropy reach their extremes with 
minimal uncertainty, while the Bloch norm and BAD quickly detect orien-
tation loss and the inversion of the Bloch vector. The classification of 
subcritical Bloch-sphere compression, critical collapse, and supercritical 
inversion is validated, with BAD serving as an operational boundary 
marker. Potential applications include reliability testing in quantum pro-
cessors, decoherence diagnostics in nanoscale devices, and benchmarking 
quantum gates. In Ukraine, this work is among the first systematic stud-
ies of a depolarizing quantum-noise channel, enhancing national expertise 
in diagnostic tools for quantum nanotechnology. 

Квантові обчислення все частіше розглядають як частину інформацій-
них нанотехнологій, де надійна діягностика в реалістичних умовах 
шуму є критично важливою. Канали деполяризації зазвичай викорис-
товують як фундаментальний модель квантового шуму, але системати-
чні діягностичні рамки все ще недостатньо розроблено. Ми впроваджу-
ємо структурований підхід щодо обчислювальних методів для каналів 
деполяризації, встановлюємо формальні критерії, такі як метрична на-
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дійність, і розробляємо діягностичні карти та тензори квантової інфор-
мації за Фішером (КІФ). Символічне моделювання матриць густини в 
умовах шуму уможливлює аналітично розраховувати компоненти КІФ, 
виявляючи ізотропію та виродження тензорів у критичній точці колап-
су Блохової сфери. Порівняння квантових метрик, включаючи чистоту, 
ентропію, точність, Блохову норму та девіяцію Блохового кута (ДБК), 
виявляє різну чутливість. Примітно, що чистота й ентропія сягають 
своїх крайнощів з мінімальною невизначеністю, тоді як Блохова норма 
та ДБК швидко виявляють втрату орієнтації й інверсію Блохового век-
тора. Класифікацію субкритичного стиснення Блохової сфери, критич-
ного колапсу та надкритичної інверсії підтверджено, причому ДБК 
служить операційним граничним маркером. Потенційні застосування 
включають тестування надійности квантових процесорів, діягностику 
декогеренції в нанорозмірних пристроях і порівняльну аналізу кванто-
вих вентилів. Ця робота є одним з перших в Óкраїні систематичних 
досліджень деполяризувального квантового шумового каналу, що роз-
ширює національну експертизу в діягностичних інструментах для ква-
нтових нанотехнологій. 

Key words: quantum nanotechnology, depolarization channel, quantum 
Fisher information, Bloch-sphere collapse, diagnostic metrics, Bloch-angle 
deviation. 

Ключові слова: квантова нанотехнологія, канал деполяризації, кванто-
ва інформація за Фішером, колапс Блохової сфери, діягностичні мет-
рики, девіяція Блохового кута. 
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1. INTRODUCTION 

Quantum computing is increasingly seen as a specialized area of in-
formation nanotechnology for three main reasons. First, it utilizes 
qubits, nanoscale devices developed through nanotechnology. Sec-
ond, qubit behaviour and information processing are governed by 
quantum physics, including superposition, entanglement, and deco-
herence. Finally, quantum computing introduces a novel method of 
processing information at the quantum nanoscale, positioning it as 
an innovative tool for data management. 
 The intersection of quantum computing and nanotechnology pre-
sents significant potential, as quantum computation depends on na-
noscale precision and materials [1]. Nanoscale materials are crucial 
for advancing quantum technologies, including computation and 
sensing [2]. Moreover, nanotechnology is essential for the creation 
and control of qubits, where quantum effects exclusively emerge at 
the nanoscale [3]. 
 Therefore, quantum computing should no longer be viewed mere-
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ly as a technology that utilizes quantum phenomena; it should be 
regarded as informational nanotechnology. 
 Despite advancements in quantum computing and nanotechnology 
for qubit design, there is a lack of robust diagnostic frameworks for 
assessing qubit stability and reliability under realistic noise condi-
tions. It often leaves a gap between theoretical research and practi-
cal engineering applications in quantum processors. 
 Although the depolarization channel is widely recognized as a 
fundamental model for quantum noise [4], there is a lack of under-
standing of how to systematically quantify and diagnose quantum 
information loss at the device level. Current methods do not fully 
utilize quantum Fisher information and related tensor-based metrics 
to evaluate the informativeness and robustness of qubit states 
against environmental disturbances. 
 The depolarization channel is an essential model of quantum 
noise that explains how quantum information is lost due to envi-
ronmental disturbances. In this channel, a quantum state is ran-
domly affected by one of the Pauli operators, leading to increased 
mixedness and a loss of coherence. Superconducting qubits, with 
short coherence times and strong environmental coupling, are espe-
cially vulnerable to this noise [5–7]. 
 This work addresses this gap by developing a comprehensive, 
computation-based diagnostic framework that links quantum infor-
mation theory with engineering practice. 
 By introducing formal criteria like metric validity and self-
boundedness and by automating the creation of diagnostic maps and 
quantum Fisher information tensors, this research provides new 
tools for real-time evaluation and optimization of nanoscale quan-
tum architectures. 
 The authors connect quantum information theory with engineer-
ing models and analyse quantum channels affected by depolarizing 
noise [5, 8]. Key aspects include critical points for orientation loss, 
criteria for metric usability, and self-boundedness for evaluating 
quantum states in single-shot measurements. 
 This study advances quantum diagnostics by providing a frame-
work for nanoscale quantum structures in informational nanotech-
nology [9, 10]. 

2. SYMBOLIC MODELLING METHODS 

Our approach is based on a fundamental concept in quantum me-
chanics, namely, the density matrix. The density matrix describes 
the complete statistical state of a quantum system. It extends the 
idea of a state vector, allowing us to explain both coherent and in-
coherent superpositions (i.e., mixed states) arising from uncertainty 
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or environmental factors. This framework enables us to calculate 
expectation values, entropies, and diagnostic metrics, including 
quantum Fisher information (QFI), purity, and fidelity [10]. 
 Let the density matrix of a pure state of a qubit be . Then, one 
can write down the standard expression for the matrix of a noisy 
state [5]: 

 (1 ) ( )
3

n

p
p X X Y Y Z Z          . (1) 

In this context, X, Y, and Z represent the well-known Pauli matri-
ces associated with the corresponding quantum gates, while p indi-
cates the depolarization rate [5]. This demonstrates that there is a 
(1p) probability that the qubit state remains unchanged. Con-
versely, there p is a probability that the qubit experiences an equal 
mixture of three errors. 
 If one chooses the initial pure state of a qubit in the form 

 

2 2

cos 0 exp( )sin 1
2 2

i
   

       
  

, (2) 

where ,  are the quantum state angular co-ordinates on the Bloch-
sphere surface, then, Eq. (1) is as follows: 

 

1 cos( ) sin( )
exp( )

2 2

sin( ) 1 cos( )
exp( )

2 2

n

i

i

     
 

  
        

 

, (3) 

where 1 4 3p   . If one sets 1 (that is, p0), then, they get 
the density matrix  for a pure initial state. 
 A couple of essential nuances must be addressed before proceed-
ing with the analysis. 
 Second, the admissible range of the Bloch-sphere shrink parame-
ter  requires clarification. In the standard formulation, one typi-
cally defines: Then the Kraus probability parameter range is

[0,3 4]p . 
 However, several sources [8–11] extend the range to [ 1 3,1]   . 
This broader interval arises naturally when the Kraus parameter is 
interpreted as a probability ( [0,1]p ), and it still preserves the 
channel’s entirely positive, trace-preserving (CPTP) character. The 
extended range allows one to analyse both the critical point (with 
the collapse of the Bloch sphere at p3/4) and the overcritical re-
gime, where the Bloch sphere inverts for the noisy state. 
 In the following sections, we accept the expanded range [8–11] 
for , as it offers a more symmetric and metrically meaningful 
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framework for quantum metrological diagnostics. 
 Quantum Fisher Information (QFI) is a key concept in quantum 
metrology, because it defines the ultimate limit on the accuracy of 
parameter estimation [10]. Often called a monotonic measure, QFI 
functions as the quantum equivalent of classical Fisher Information 
(CFI) [12]. While CFI measures how a statistical probability distri-
bution changes with parameter variations, QFI shows how a quan-
tum state responds to tiny changes in a selected parameter. 
 The Quantum Fisher Information (QFI) is specifically defined for 
a quantum state with respect to a particular parameter. It quanti-
fies the sensitivity of that state to changes in the parameter 
through the geometry of quantum statistical manifolds. In this 
way, QFI establishes a practical connection between the structure of 
quantum states and the maximum measurement precision achievable 
[10]. 
 The calculation of QFI using symmetric logarithmic derivatives 
(SLDs) is explained in Ref. [12] and clarified further in Ref. [13]. 
In this study, we adopt the methods described in those sources. 
While the approaches in Refs. [12] and [13] offer analytical formu-
las for the components of the QFI metric tensor in simple quantum 
systems, it is essential to note that ‘standard numerical procedures 
based on eigen decomposition quickly become impractical with in-
creasing system size’ [10]. 
 The noisy density matrix (3) depends on three parameters: either 
(, , ) or equivalent (p, , ), with the Kraus probability (p) offer-
ing the more straightforward physical interpretation. Consequently, 
the quantum Fisher information (QFI) metric tensor is defined as a 
33 matrix 

 ( , , )

pp p p

p

p

F F F

p F F F

F F F

 

  

  

 
 

    
 
 

F . (4) 

 Similarly, any quantum metric (m) derived from the density ma-
trix can be expressed as a function m(p, , ). 
 The quantum Cramér–Rao bound (QCRB) establishes the minimal 
achievable variance of an unbiased estimator for a single-shot 
measurement and is a cornerstone of quantum metrology [14, 15]. 
For a scalar metric observable, the bound is expressed in terms of 
the gradient and the inverse of the QFI matrix: 

 † 1
( , , ) ( , , ) ( , , )m m p p m p           F . (5) 

 The QFI matrix defines the geometry of the quantum statistical 
manifold, while the gradient maps the metric’s dependence on this 
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geometry. In turn, quadratic form (5) provides the tightest lower 
bound on the variance of the single-shot estimation for the metric.  
 Let us consider the Bloch vector of a noisy state, for example, 

 

( ) sin( ) cos( )

( ) sin( ) sin( )

( ) cos( )

n

n n

n

Tr X

Tr Y

Tr Z

     
  

       
       

b . (6) 

 The Euclidean norm of this vector, which is clearly equal to the 
absolute value of , can serve as a scalar measure that depends sole-
ly on the Kraus parameter, since  is defined as (14p/3). This sca-
lar captures the isotropic compression of the Bloch sphere caused by 
the depolarizing noise channel. At the critical point (p3/4 and 
0), the Bloch vector completely collapses, and for 0, it in-
verts, marking the transition into the overcritical regime. 
 Additionally, one can calculate the variance (or its square root, 
called uncertainty) of this measure, if the quantum Fisher infor-
mation tensor (QFI) is known. This is especially relevant for p-
intervals, where the uncertainty of a single test does not surpass 
the metric. As a result, repeated measurements are unnecessary, 
saving resources, particularly, time, which is often the most valua-
ble. 

3. RESULTS AND DISCUSSION 

Let the indices  and  range over all pairs from the set of parame-
ters (p, , ). Then, the elements of the QFI metric tensor (F) can be 
expressed as follows: 

   1
,

2
nF Tr L L

  

 
  
 

. (7) 

Here,  ,L L   is the anticommutator of the two SLD matrices men-
tioned above. The following matrix equation defines them [14, 15]: 

   
1

, ( , , )
2

n
n L x p

x
 



 
     

  
. (8) 

 The main computational challenge arises from the fact that the 
dimensions of all matrices in the system grow exponentially as 2n, 
where n is the number of qubits [15]. However, for a single qubit 
(n1), there are no significant issues, and the analytic forms of the 
three operators L are provided in Table 1. 
 Considering these and the expression (7), F(p, , ) can be uttered 
in the following form: 
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F . (9) 

 A diagonality in the QFI (Quantum Fisher Information) metric 
tensor shows that the parameters (p, , ) are statistically inde-
pendent directions in quantum information geometry. Since there 
are no cross-terms (covariances) between these parameters, their 
sensitivities to changes can be measured separately. In other words, 
estimating p does not affect the analysis of  or , and vice versa. 
 QFI metric tensor is invertible almost everywhere, excepting the 
critical point p3/4. It means that the quantum Cramér–Rao bound 
(QCRB; see expression (5)) is well defined. Thus, the tensor pro-
vides a valid Riemannian metric on the parameter space; so, the ge-
ometry is non-degenerate. 
 At p3/4, the Bloch sphere collapses to a single point (bn0). 
The angular part of the QFI tensor (related to  and ) becomes de-
generate because angles lose meaning, when the Bloch-vector length 
drops to zero. However, the radial component (the p-direction) re-
mains well defined, so estimating the noise strength is still feasible. 
Physically, this means that, once the state is maximally mixed, one 
cannot extract orientation information, i.e., the system carries no 
angular information. 
 This interesting observation was previously noted in Refs. [16, 
17]. They highlighted that the channel’s spherical symmetry causes 
all angular information to disappear once the Bloch sphere shrinks 
to the maximally mixed state. As a result, the QFI tensor becomes 
degenerate in its angular block at the critical point. At the same 

TABLE 1. Analytic expressions for symmetrical logarithmic derivatives 
(SLDs). 

Parameter L 

Kraus parameter, p 
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time, the radial component related to the noise strength stays finite 
and can still be estimated. 
 The diagonality and invertibility of the QFI metric tensor (9) in-
dicate that the depolarizing channel maintains isotropy, meaning 
the informational geometry is separable. At the critical point, only 
angular information is lost, while scalar metrics depending solely 
on the Kraus parameter p remains unaffected. Even when the Bloch 
sphere collapses and orientation information cannot be obtained, it 
is still possible to estimate the noise parameter p. 
 The uncertainty in the Kraus parameter (p) shows a local maxi-
mum of 3/4 at the critical point, indicating that a single estimate 
near collapse is unreliable. This highlights the need for repeated 
measurements to ensure accuracy, reflecting the complex interplay 
between isotropy, tensor degeneracy, and operational sensitivity. 
 Using Eqs. (5) and (9), we determine the minimum uncertainties 
for p and . Figures 1, a and b display these uncertainties for both 
single-shot and repeated measurements as functions of noise 
strength p. In single-shot scenarios, uncertainties stay significant 
across most of the p range, making repeated measurements more 
effective for achieving reasonable precision. 
 Note that Fig. 1, b also shows the minimal uncertainties of the 
azimuthal angle , observed at /2, which is on the equator of 
the Bloch sphere. The uncertainties of the Kraus parameter vary 
smoothly, with a local maximum at the critical point (p3/4). In 
contrast, the angular uncertainties exhibit a singularity there, re-
flecting the geometric loss of orientation information at maximal 
mixing, as mentioned above. 

 
a       b 

Fig. 1. Displaying the uncertainties (standard deviations) for two parame-
ters: a) the Kraus parameter (p), which represents the noise strength, and 
b) the polar angle (), which defines the quantum-state position on the 
Bloch sphere (these uncertainties are normalized to ). The top edges of 
the shaded regions depict the uncertainties as functions of p across differ-
ent scenarios: at a single-shot trial (N1; grey solid line); after N10 
measurements (dark dash-dot line); after N100 measurements (dashed 
line). 
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 Quantum metrics are mathematical tools used to measure changes 
in quantum states, especially, the decoherence, caused by noise. The 
selection of appropriate quantum metrics to describe a specific noise 
channel, such as depolarizing noise, is not strictly fixed. Instead, it 
depends on expert judgment influenced by two main factors. 
Contextual Relevance. The chosen metric must align with the re-

searcher’s physical intuition and the operational goals of the 
analysis, whether it is tracking coherence loss, estimating param-
eters, or benchmarking quantum operations. 

Channel Behaviour Specificity. Some metrics are selectively sensi-
tive to certain types of noise. For example, purity might be par-
ticularly useful for decoherence, while fidelity is often favoured 
as a measure of quantum gate performance. 

 Our short list of metrics, which is presented in Table 2 in a bit of 
detail, of quantum metrics for depolarizing includes several essen-
tial measures: the Quantum Fisher Information (QFI) mentioned 
earlier, purity, the Bloch-vector norm, von Neumann entropy, fidel-
ity, and a less common but specific metric: the angle between pure 
and noisy Bloch vectors. 
 In a depolarizing channel, the qubit’s action is isotropic, causing 
uniform contraction of the Bloch sphere by a factor represented by 
the Kraus parameter, which indicates noise strength. This contrac-

TABLE 2. List of quantum metrics for the depolarizing noise channel. 

Metric Definition Operational Role Sensitivity 

Quantum 
Fisher Infor-

mation (QFI) 

Derived from derivatives 
of the density matrix 
with respect to parame-

ters (see Eq. (9)) 

Precision bounds 
for parameter 

estimation 

Sensitive to pa-
rameter changes 
(e.g., Kraus pa-

rameter p) 

Purity  2

nTr   
Tracks decoher-
ence strength 

Decreases mono-
tonically with 
noise 

Bloch-vector 
norm n

b  
Geometric meas-
ure of coherence 

Shrinks isotropi-
cally under depo-

larization 

von Neumann 
entropy 

 2
logn nTr    

Quantifies disor-
der and infor-

mation loss 

Increases with 
mixing 

Fidelity  
2

nTr    

Benchmarking 
gate/channel per-
formance 

Sensitive to over-
lap with the tar-
get state 

Bloch-angle 
deviation 

Angle between pure and 
noisy Bloch vectors 

Diagnosis of an-
gular information 

collapse 

Sensitive to ori-
entation loss and 

inversion 
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tion affects scalar metrics such as those in Table 2 making them 
dependent solely on the noise strength and ignoring angular orien-
tation. In contrast, Quantum Fisher Information (QFI) involves de-
rivatives of the density matrix, making it sensitive to both angular 
and radial variables. This difference allows QFI to detect directional 
degeneracies at critical points. 
 Figure 2 shows the results of calculations for quantum metrics 
along with their uncertainties, presented as scalar functions of the 
Kraus parameter. The critical point manifests differently across 
these metrics: purity and von Neumann entropy show extrema indi-
cating maximum mixing; the Bloch-vector norm exhibits a distinct 
corner, signalling collapse and reversal of orientation; while fideli-
ty, relative to the input pure state, remains smooth and unaffected 
by the criticality, as it depends only on overlap and not on orienta-
tion. Together, these results highlight the selective sensitivities of 
scalar metrics some directly capture the collapse of coherence, while 
others are unaffected by the geometric singularity. 
 Uncertainties in quantum metrics respond to the critical point in 
two diverse ways. Fidelity and the Bloch-vector norm show local 
maxima, indicating instability in single-shot estimation near the 

 

Fig. 2. Presenting various metrics along with their uncertainties (standard 
deviations) plotted against the Kraus parameter p. The metrics displayed 
include (a) purity, (b) fidelity, (c) entropy, and (d) Bloch-vector norm. The 
solid black lines represent the metrics themselves, while the solid gray 
lines and shaded areas indicate the uncertainties for a single-shot meas-
urement (N1). Additionally, the dash-dot lines represent the uncertain-
ties after conducting N10 measurements. 
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collapse point. In contrast, purity and von Neumann entropy have 
sharp corners, where uncertainty drops to zero. This dichotomy 
highlights the operational trade-offs: single-shot trials are feasible 
for purity, but they remain difficult for the Bloch-vector norm, ex-
cept in a narrow low-noise regime. Additionally, the extreme values 
of purity and entropy at the critical point coincide with the mini-
mum uncertainty, suggesting that these metrics can serve as relia-
ble probes for quantum metrology in depolarizing channels. There-
fore, the collapse point is not just a singularity in geometry but al-
so a region of improved diagnostic precision for specific scalar 
measures. 
 The concept of Bloch-sphere collapse at the dephasing channel’s 
critical point suggests that the norm of the Bloch vector can be 
measured directly; however, this is impractical. Uncertainty domi-
nates near the crucial point, making it impossible to pinpoint the 
moment of collapse due to statistical fluctuations. Thus, the zero 
norm serves as a geometric indicator rather than a measurable 
quantity. This emphasizes the need to focus on other diagnostics, 
like purity or entropy, which offer more practical insights into de-
polarizing dynamics with a less uncertainty at critical points. 
 The Bloch-angle deviation (BAD) normalized by  exhibits a 
Heaviside step function dependent on the Kraus parameter p. At 
the critical point, the Bloch vector collapses, and BAD undergoes a 
discontinuous jump. Consequently, the derivative of BAD with re-
spect to p is the Dirac delta function: identically zero across the en-
tire domain except at the critical point, where it diverges to infini-
ty. This singular derivative defines the uncertainty of BAD, which 
remains negligible everywhere except precisely at the collapse. 
 Operationally, this behaviour indicates that BAD can be measured 
with nearly zero uncertainty on either side of the critical point, but 
not precisely at the point itself. In metrological terms, one can 
‘capture’ use brackets around the collapse measurement from both 
directions a strategy like the artillerymen’s phrase ‘into a fork’, 
where the target is localized by bounding shots from opposite sides. 
This property makes BAD a uniquely precise diagnostic: it remains 
insensitive to criticality yet maximally discriminates between states 
before and after collapse. In this way, BAD provides a sharp opera-
tional boundary marker for the depolarizing channel, complement-
ing scalar metrics that smooth over the transition. 
 It is worthwhile revisiting the discussion of parameter ranges for 
the depolarizing channel introduced in Sec. 2. For the Kraus pa-
rameterization, the contraction factor takes values, with repre-
sentative noise strength. Within this framework, the channel exhib-
its a distinct internal structure. 
Subcritical mode (10 and 1p3/4). The Bloch sphere under-
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goes isotropic shrinkage and the normalized BAD remains zero, 
indicating that the orientation of the Bloch vector is preserved. 

Critical point (0 and p3/4). The Bloch sphere collapses, and 
BAD becomes undefined. This marks the singular transition be-
tween depolarizing and repolarizing behaviour. 

Overcritical mode (0 1 3     and 3 4 1p  ). The Bloch sphere 
reverts to its original size, but is flipped in orientation, with 
BAD set to 1. This flip corresponds to a repolarizing regime, 
where states are mapped to their antipodes. 

 The internal structure of the depolarizing noise channel, de-
scribed here as the taxonomy of subcritical contraction, critical col-
lapse, and overcritical inversion, has been well supported by aca-
demic literature for the last two decades. This structure can be di-
vided into three types: subcritical contraction, critical collapse, and 
overcritical inversion. Early research in Ref. [18] has expanded the 
Kraus representation of the depolarizing channel to include memory 
effects, noting that the contraction factor  can take negative val-
ues. This suggests an inversion of the Bloch-vector direction. Such 
results confirm the existence of an overcritical regime, where the 
Bloch sphere not only recovers its magnitude, but also reverses its 
orientation. Pang and co-workers in Ref. [19] experimentally 
demonstrate that even fully depolarized channels (zero capacity, col-
lapsed Bloch sphere) can regain operational utility. This aligns with 
our interpretation of the post-collapse regime, in which diagnostic 
strategies such as BAD bracketing (‘taking into account’) can ex-
tract information despite the collapse. 
 Recent studies reinforce the distinction between metrics at key 
points. The authors of Ref. [20] highlight singularities and unstable 
trajectories in depolarizing maps, indicating that geometric 
measures, such as the Bloch-vector norm, show significant uncer-
tainty near collapse. Furthermore, Ref. [21] demonstrated that en-
tropy-based diagnostics enter ‘absolute regimes’ under depolarizing 
conditions, serving as reliable markers with minimal uncertainty. 
The paper [22] emphasizes that fidelity is smooth and insensitive to 
collapse, which aligns with our finding that fidelity does not distin-
guish between regimes. Burrell extends the geometric analysis of 
generalized depolarizing channels, confirming that contraction fac-
tors crossing zero correspond to an inversion of orientation [23]. 

4. CONCLUSIONS 

In conclusion, the depolarizing channel has a complex internal 
structure that a single diagnostic cannot fully capture. While tradi-
tional measures such as purity, entropy, and fidelity track behav-
iour across noise regimes, geometric diagnostics like the Bloch-
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vector norm and BAD more clearly illustrate singular collapse and 
inversion. To synthesize these findings, Table 3 summarizes the be-
haviour and uncertainty of each metric across the subcritical, criti-
cal, and overcritical regimes, providing the reader with a clear op-
erational map of the channel’s diagnostic landscape. 
 In computer engineering, the taxonomy of depolarizing noise 
channel regimes and the uncertainty analysis can enhance reliability 
modelling and error-aware scheduling in quantum processors. This 
ensures that nanosystems avoid unstable operating points that could 
lead to collapse. In the realm of informational nanotechnologies, 
metrics such as purity and entropy, which maintain minimal uncer-
tainty at the critical point, serve as robust indicators for control-
ling decoherence in nanoscale devices, ranging from spintronic cir-
cuits to quantum dots. In quantum computing, BAD can be a pre-
cise diagnostic tool for benchmarking channels and gates, comple-

TABLE 3. Comparative synthesis of the behaviour and uncertainty of key 
quantum metrics across the subcritical, critical, and overcritical regimes 
of the depolarizing channel. 

Metric 
Subcritical 

mode 
Critical point 

Overcritical 
mode 

Uncertainty behaviour 

Purity 

Smoothly 
decreases 
with p; co-
herence is 
gradually 

lost 

Minimum 
value at the 
collapse point 

Increases 
with p; 
symmetric 
about the 
critical 

point 

Corner with minimal 
uncertainty at the 
collapse point; feasi-
ble single-shot estima-

tion 

Entropy 
Increases 
with p; mix-
ing grows 

Maximum 
entropy 
(maximally 
mixed state) 

Decreases 
with p; 
symmetric 
behaviour 

Corner with minimal 
uncertainty at the 
collapse point; strong 
metrological probe 

Bloch vec-
tor norm 

Shrinks iso-
topically 

Zero (Bloch 
sphere col-
lapses to a 

point) 

Continues 
decreasing; 
unaffected 

by inversion 

Local maximum in 
uncertainty; insensi-
tive to collapse but 

noisy near criticality 

Fidelity 
Decreases 
linearly with 

p 

Smooth, no 
singularity 

Continues 
decreasing; 
unaffected 

by inversion 

Local maximum in 
uncertainty; insensi-
tive to collapse but 

noisy near criticality 

BAD 
(Bloch 
Angle De-

viation) 

0 (orienta-
tion pre-

served) 

Undefined 
(collapse) 

1 (orienta-
tion flipped 

to antipode) 

Zero uncertainty eve-
rywhere except a Di-
rac‑delta spike at col-
lapse; measurable 
‘fork’ strategy availa-

ble 
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menting fidelity measurements by distinguishing between depolariz-
ing and repolarizing regimes. Additionally, the ‘fork’ strategy for 
measuring BAD near the point of collapse suggests new methods for 
single-shot estimation in quantum metrology. Furthermore, identi-
fying overcritical inversion is linked to recent experimental advanc-
es in zero-capacity recovery through channel superposition [19]. 
 These opportunities highlight both the innovative ideas and prac-
tical uses of the proposed diagnostic framework. By combining ge-
ometric representations, uncertainty analysis, and metrological fea-
sibility, this study lays a foundation for future work in quantum 
information science and engineering. A clear understanding of 
qubit behaviour at critical points is crucial for both theoretical and 
practical progress in these areas. 
 Despite extensive literature on quantum noise, the authors found 
limited publications by Ukrainian researchers on depolarizing chan-
nels in quantum nanosystems. This does not reflect a lack of inter-
est; active research continues in related fields. Our study aims to be 
among the first systematic investigations in Ukraine focused on 
quantum metrology of noise channels, contributing to the global 
dialogue on quantum information geometry and advancing quantum 
computing and nanotechnology research in Ukraine. 
 This study introduces BAD as a new diagnostic tool and presents 
one of the First systematic uncertainty analyses of scalar and geo-
metric measures of depolarizing noise. While the current research 
focuses on single-qubit channels, future studies should expand to 
include multi-qubit systems and incorporate correlated noise to im-
prove applicability. By identifying which metrics remain dependable 
near the point of collapse, this framework will support the devel-
opment of robust quantum metrology protocols. Additionally, it will 
be valuable for fault-tolerant architectures and diagnostic tools es-
sential for scalable quantum nanotechnologies. 
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Since the scaling of archetypal transistors has extended its lowest point, 
the rational substitute for the complementary metal-oxide semiconductor 
(CMOS) technology to attain advance improvements in the circuits on the 
criterions of size, low power, and device density usage has turned into an 
imperative essential. In an extremely rapid expansion of VLSI technology, 
it is the requirement of the era to reach a consistent model with area and 
low-power consumption. Quantum-dot cellular automata (QCA) are a pro-
spective nanotech archetype, which performs as a different resolution to 
regular CMOS that has several physical limitations and sets of circuits’ 
bounds. QCA is an enticing nanotechnological paradigm because of its bet-
ter switching frequency and faster-performing speed besides it comprise a 
novel approach for information transformation. This paper illustrates a 
new design of XNOR, TR, BVF gates, and 1-bit comparator by Feynman 
gate based on the QCA and CMOS technology, which is well organized 
compared with the earlier outline. To computer simulate and confirm the 
suggested gate, QCA designer and Microwind Lite engines are utilized. 
The quantum costs of the proposed typical circuits and their QCA designs 
are computed and compared that confirms that the proposed QCA designs 
have extremely low quantum cost compared to typical layouts. The power 
dissipation by the designs is estimated that confirms the prospect of QCA 
nanodevice performing as a substitute stage for the implementation of 
reversible circuits. The firmness of the proposed designs under thermal 
randomness is analysed, presenting the functioning efficacy of the de-
signs. The designs have a propitious future in forming of nanoscopic-scale 
low-power consumption information transforming scheme and can be mo-
tivated advanced digital functions in QCA. 

Оскільки масштабування архетипових транзисторів досягло свого най-
нижчого рівня, раціональна заміна технології виготовлення комплеме-
нтарних інтеґральних схем типу метал–оксид–напівпровідник (КМОНп) 
для досягнення передових удосконалень у схемах за критеріями розмі-
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ру, низького енергоспоживання та щільности використання пристроїв 
стала надзвичайно важливою. В умовах надзвичайно швидкого розвит-
ку технології виготовлення надвеликих інтеґральних схем (НВІС) ви-
могою епохи є досягнення узгодженого моделю із площею та низьким 
енергоспоживанням. Клітинний автомат на квантових цятках (ККА) — 
це перспективний нанотехнологічний архетип, який має відмінну роз-
дільчу здатність щодо звичайної КМОНп, але має й кілька фізичних 
обмежень і наборів меж контурів. ККА є привабливою нанотехнологіч-
ною парадигмою завдяки кращій частоті перемикання та швидшій ро-
боті, а також представляє собою новий підхід щодо перетворення інфо-
рмації. Ó цій статті проілюстровано нові конструкції логічних вентилів 
типу «виключне АБО–НЕ», «TR (Thapliyal–Ranganathan)», «BVF (ме-
жове векторне поле)» й 1-бітного компаратора за Фейнмановим венти-
лем на основі технології ККА та КМОНп, яка є добре організованою 
порівняно з попереднім планом. Для комп'ютерного моделювання та 
підтвердження запропонованого вентиля використовуються конструк-
тор ККА та механізми Microwind Lite. Розраховано та порівняно кван-
тові витрати стосовно запропонованих типових схем та їхніх конструк-
цій ККА, які підтверджують, що запропоновані конструкції ККА ма-
ють надзвичайно низькі квантові витрати порівняно з типовими схема-
ми. Оцінено розсіяння потужности конструкціями, що підтверджує пе-
рспективність використання нанопристроїв ККА як заміни для реалі-
зації оборотніх схем. Проаналізовано стійкість запропонованих конс-
трукцій щодо теплової випадковости, що представляє ефективність фу-
нкціонування конструкцій. Конструкції мають сприятливе майбутнє у 
формуванні схем перетворення інформації наноскопічного масштабу з 
низьким енергоспоживанням і можуть бути ініційовані розширеними 
цифровими функціями в ККА. 

Key words: quantum-dot cellular automata, XNOR gate, TR gate, BVF 
gate, 1-bit Feynman gate comparator, power dissipation. 

Ключові слова: клітинний автомат на квантових цятках, вентиль ви-
ключне АБО–НЕ, вентиль TR, вентиль BVF, 1-бітний компаратор за 
Фейнмановим вентилем, розсіяння потужности. 
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1. INTRODUCTION 

CMOS technology has been dominant the roost for several times and 
currently it is the reasonable technology in the microelectronic ar-
ea. In current period, the goal is to scaling down to scheme a com-
bined circuit, specifically rising the thickness of the circuit and 
thus it is essential to change from transistor to transistor less cir-
cuit. Nanotech has been the attentions of a widespread explore to 
replace the estimated restrictions of regular CMOS at the edge of 
the roadmap [1]. Moore’s law expresses that the escalation of com-
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bined circuits is at the level of 2X per each 18 months, where X 
denotes the number of transistors per entity area [2]. As the mani-
fested restrictions of this technology, i.e., fault analysis complica-
tions, speed, oxide thickness, and extent overhead; enlarged with 
the better circuit intricacy as shift to an advanced stage of system 
unification, the effective substitute for the CMOS has grown into 
an instant requirement. Quantum-dot cellular automata [3, 4] that 
has currently been identified as one of the elites arising technolo-
gies with conceivable applications in imminent computing [5, 6] for 
its specific speed, smaller space, and very low power utilization in 
different computational functions [3]. Quantum dots are small ele-
ments generally (2–10 nm) composed from semiconductor resources, 
which show microelectronic properties. Their lesser size denotes 
that electrons do not have to move as far as equated with higher 
particles; so, electronic tools conceived by quantum dots can per-
form swifter. Logic circuits created from quantum dots is one of 
the utmost contemporary technologies that is being scrutinized and 
circuits occupied in quantum-based computers can be obtained from 
the quantum dot circuits. This technology is an assuring computing 
concept which has huge applications in evolving technologies, e.g., 
quantum computing, optical information handling, digital signal 
processing, optical computing, DNA computing, etc. [7–9]. 
 In information-lossless circuit, the input vector is produced from 
each output vector, and vice versa. It has presented [10] that the 
cost of each bit of information depletes the energy of kTln2 [J], 
where k is Boltzmann’s constant and T is the pure temperature. At 
room temperature, the extent of heat produced because of a single 
bit of information loss is minor, that is estimated as 2.910

21 J, but 
it is not insignificant. Later, it is indicated [11] that the energy 
falls could be avoidable, if the computation is carried out with no 
cost of information. Molecular QCA can function at room tempera-
ture [12] and an amount of QCA based circuits have been suggested 
based on QCA wires, inverter and majority gate. Several QCA occu-
pying combinational [13–18] and sequential [19–22] designs have 
been projected in recent times, though, reversible circuit form [23–
28] in QCA are still uncharted research field. In this paper, three 
inventive QCA circuit models and comparator have been proposed 
that is more effectual in terms of total cell numbers, space and 
complexity corresponding to the earlier design [40–42] and their 
performance has been tested using the QCADesigner and Microwind. 
Besides, analyses of the proposed reversible circuits and their corre-
sponding QCA designs are presented based on quantum cost and the 
heat-energy dissipation as well as the output polarization and con-
sistency of the designs is measured under thermal randomness. 
 This article is organized in six sections. Section 1 presents the 
introduction of QCA. Section 2 discusses a concise synopsis of the 
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QCA structures. In section 3, the approach and urged layout of the 
proposed design in QCA are discussed. The simulation outcomes as 
regards different characteristics of these shown designs are de-
scribed in section 4. Section 5 describes the quantum cost and pow-
er dissipation of proposed QCA layout. Lastly, section 6 concludes 
this analysis with imminent work. 

2. QUANTUM-DOT CELLULAR AUTOMATA 

All QCA provisions logic cases not as voltage phases but rather 
based on the point of separate electrons. The central QCA features 
are QCA wire, inverter and majority gates. Cells are the elementary 
entities of QCA based circuit and they are usually constituted of 
four quantum dots positioned at the corners of a square pattern. 
Each cell is charged with two supplementary electrons, which chan-
nel from one low-potential state to another across a high-potential 
direction and a back plane voltage switches the cell occupancy. 
 The electrons will be located in transversely to each other owing 
to reciprocal repulsive electrostatic power, possessing the utmost 
distance between them. A remote cell may be in one of two corre-
sponding energy positions. These positions are called cell polariza-
tions P1.00 and P1.00 as shown in Fig. 1, a. P0 denotes an 
unpolarised cell, which covers no information. A cell polarization P 
is 1, if the electrons are involved the locus 2 and 4; in the same 
way, a cell polarization P is 1, if electrons are involved the posi-
tion 1 and 3. The cell-polarization equation [29] is presented below: 

 
   
 

2 4 1 3

1 2 3 4

P
      


      

, (1) 

where the charge at dot i denoted by i. QCA wire encompasses of 
series of cells, where the cells are united one after another [26, 27]. 
QCA wire is employed to transfer signal from one position to anoth-
er in a circuit. Logical charges are moved from cell to cell because 
of the Coulomb contacts. There are two modes of alignments in a 
QCA wire namely binary wire and inverter chain. QCA wires can be 
either originated up of 45 cells or 90 cells as shown in Fig. 1, b. 
In case of inverter, if two cells point at 45 with regard to each 
other, their contact will be reverse and, for that, these cells are 
mostly employed for coplanar wire crossings. 
 The inverter is a pattern of cells that reverse the input topology 
from one logic to another. Usually, two categories of inverter are 
applied [28] that has been operated for the realization of several 
structures as an essential cell [14], [16], [28], [31]. The inverter can 
be designed by fixing QCA cells at 45 position [31] as appeared in 
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Fig. 1, c, which is potent and mostly used in circuit design. The 
logic values 0 and 1 transformed to 1 and 0 because of electrostatic 
repulsion. Binary wire transfers signal with similar polarity from 
one place to another, while inverter chain reverses the input cell 
polarity when odd figures of cells are employed in it. Majority gate 
is assembled of five QCA cells; a central cell, one output, and three 
inputs. Polarity of the middle cell, as identified as device cell, is 
imposed by the Coulomb repulsion to be equivalent to the output 
cell. The device cell at the centre of the gate has its least energy, 
when it accepts the polarization of the majority of the three input 
cells, since this is the formation, where the repulsion between the 
electrons in the three inputs cells and the electrons in the device 
cell is lowest. 
 Table 1 presents the output and input cells arrangements; ‘1’ 
signifies logic ‘1’ and ‘0’ implies logic ‘0’ in Table 1. So, an ar-
rangement of inverter and majority voter is appropriate to con-

   
  a   b    c 

   
d       e 

Fig. 1. QCA logical designs: a—plain cell; b—wires; c—potent inverter; 
d—3-input majority gate; e—5-input majority gate. 
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struct an extensive logic set for scheming of any circuit. 
 Majority voter can operate as AND or OR logic gate depending on 
the static polarity of the third input of the majority voter as pre-
sented in Fig. 1, d. The logical equation of the 3-input majority 
gate can be stated as follows: 

 MV(A, B, C)ABBCAC. (2) 

 Logical 2-input AND and 2-input OR functions can be executed 
using majority voter by putting one input cell to binary ‘0’ and ‘1’, 
subsequently. Equations (3) and (4) express the ‘AND’ and ‘OR’ 
gate process, while C0 and C1: 

 MV(A, B, 1)AB, (3) 

 MV(A, B, 0)AB. (4) 

 The satisfying attainment of realizing a 3-input majority voter 
with five QCA cells inspired the analysts to hypothesize an in-
ventive configuration for 5-input majority voter. Later, a specific 
layer [30] 5-input majority voter utilizing ten cells executed in a 
precise cell layout, which is displays in Fig. 1, e. The logic equation 
of the 5-input majority voter can be expressed as follows: 

MV(A, B, C, D, E)ABCABDABEACDACE 

 ADEBCDBCEBDECDE. (5) 

 To form more complicated QCA devices, the location of QCA cell 
is not only essential also needs to coordinate the information, so 
that evade having a signal extending a logic gate and proliferating 
before the other inputs move the gate. This specific characteristic is 
particularly imperative in QCA circuits, ensuring its accurate func-
tion, and this aspect is attained by QCA clock. The clock is an elec-

TABLE 1. Truth table of three input majority gate. 

A B C Output 

0 0 0 0 

0 0 1 0 

0 1 0 0 

0 1 1 1 

1 0 0 0 

1 0 1 1 

1 1 0 1 

1 1 1 1 
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trical region that switches the channelling barriers within the cell, 
therefore, retaining control, when a cell may or may not be polar-
ized. QCA clocking is produced of four periods lagging by /2 [32, 
33] (see Fig. 2) that generates an innovative way to conceive 
nanocircuits distinct from the regular CMOS circuits [34]. In each 
region, a certain potential can adjust the barriers between the dots, 
and the organization of clock zones allows a group of QCA cells to 
construct a particular calculation; then, its positions are stationary 
and its outputs can be applied as inputs to the following clock zone. 
 Switch period: the barrier between dots of QCA cell is elevated 
and the dots are motivated by the electron of its adjoining as well 
as electron begins channelling between dots; thus, the cell turns in-
to polarized. Hold period: cell barrier stays high and electron can-
not channel between dots, and the cell keeps its existing position. 
Release period: barrier between dots is decreased, the electron can 
channel within dots and cell comes to be unpolarised. Relax period: 
barrier remains at lowered and cell stays in unpolarised position. 

3. METHODOLOGY AND PROPOSED DESIGN 

An assay is fulfilled to acquire the required devices and selected to 
realize the suggested design. The composition level is permitted ap-
plying a number of approximate simulators as the nonlinear approx-
imation methods and bistable simulation device. However, these ap-
proximate do not develop the specified measures because these 
methods are iterative. In time, the QCA designer is preferred and 

 

Fig. 2. QCA switching between four stage clocking. 
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this simulation tool is demonstrated [35]. The bistable simulation 
tool has been occupied in the simulation interface between cells; 
clearly, the contact force linking two cells decomposes contrariwise 
with the fifth power of the length untangling them. During this 
estimation, not all the cells impact is counted and cells within the 
radius of R are being measured. For i-th cell, the scientific pattern 
is depicted by the following Hamiltonian: 

 
,

,

1
    

2

1

2

k

j i j

i

j k

j i j

PE

H

PE

 
   

  
   
 

 , (6) 

where Pj is the polarization for cell j, Ek
i,j is the kink energy be-

tween the cells (i and j), and  is the channelling energy. For every 
cell i, the amount of the Hamiltonian is over all cells (viz., j) in its 
radius of effect, R. The Jacobi algorithm has been utilized to obtain 
the eigenvectors and eigenvalues of the Hamiltonian. At the layout 
level, small QCA block is designed and simulated for analysis of its 
precision. Later, these QCA blocks are unified together through 
QCA wire to manage the proposed composition. Finally, the con-
sistency of the design is surveyed by the QCA designer. The simula-
tion outcome the essential waveform for the logical circuit and dur-
ing simulation, it created few criterions that contains default 
standards as the cell size, layer separation, relative permittivity, 
samples number, etc. The proposed design in CMOS is formulated 
and simulated using Microwind [36] tool. This engine is standard 
and appropriate to achieve the surface of the diverse logic circuit. 
In this paper, the waveform of the proposed layout seamlessly fits 
the logical input and output. 
 A gate is identified information-lossless or reversible, if there is 
a one-to-one correspondence between its number of output and input 
assignments. Information-lossless circuit stimulates a certain set of 
input vector for each set of the output vector and it accomplished 
common attention since their possibility to subside the dissipation 
of power. In this paper, a significant layout of BVF and XNOR cir-
cuits is organized. The XNOR gate (also denoted as ENOR or Exclu-
sive NOR) is a digital logic gate with two or more inputs and one 
output, which presents logical equivalence. The result of an XNOR 
gate is valid, when all of its inputs are false or all inputs are true. 
If certain of its inputs are true and others are false, then, the out-
come of the gate is false. Two input XNOR gate can be achieved by 
an inverter and three majority gates as presented in Fig. 3. 
 Among these majority voters, two majority gates are effected to 
perform like OR gates by making one input equivalent to ‘1’ and 
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the last majority gate is effected to perform like an AND gate by 
composing the third input equivalent to ‘0’. The logical equation of 
XNOR gate is as follows: 

 P(AB)(AB)ABAB. (7) 

 The TR gate (also familiar as Thapliyal and Ranganathan gate) 
[37] is a 3-input and 3-output reversible gate shown in Fig. 4. The 

 

Fig. 3. Proposed layout of XNOR gate in QCA. 

 
a 

 
b 

Fig. 4. Block diagram of (a) TR gate; (b) proposed layout of TR gate in QCA. 
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input vector of TR gate is stated as Iv(A, B, C) and the correspond-
ing output vector is Ov(P, Q, R). The outcome is denoted as PA, 
Q AB and RABC. The quantum cost of TR gate can be real-
ized from the quantum execution of Toffoli gate [38]. Using 2 NOT 
gates and 1 CNOT and Toffoli gate, the cost of TR gate is achieved. 
Therefore, the cost will be quantum cost of 1 Toffoli gatequantum 
cost of 1 CNOT gate, i.e.,6. 
 BVF gate also identified as 44 double XOR reversible logic gate 
[39]. The input vector is defined as Iv(A, B, C, D) and the output 
vector is Ov(W, X, Y, Z). The result is expressed as WA, 
XAB, YC and ZCD as shown in Fig. 5. This gate can be 
operated for the replication of the expected inputs to meet the fan 
out conditions, and the gate is employed to model the operand bits 
and the number of gates needed to copy is decreased by 50% with 
similar quantum effort. 
 A 1-bit comparator takes two 1-bit numbers, for example, A and 
B as inputs and generates an output specifying whether Y1AB, 
Y2A NOR B, and Y3AB for AB, AB, and AB, correspond-
ingly. Figure 6 illustrates the simulated layout of proposed XNOR, 

 
a 

 
b 

Fig. 5. Block diagram of (a) BVF gate; (b) proposed layout of BVF gate in QCA. 
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BVF, TR, and 1-bit comparator in Feynman gate, respectively, 
where: in Fig. 6, a, A, B and P are the input and output cell, corre-
spondingly; in Fig. 6, b, the inputs are A, B, C, D and their equiva-
lent outputs are W, X, Y, and Z; in Fig. 6, c, the inputs are A, B, C 
and their corresponding outcomes are P, Q, R; in Fig. 6, d, inputs 
are A, B and their corresponding outputs are Y1, Y2, and Y3. In cir-
cuit composition, two static polarizations P1 and P1 are op-
erated that are occupied to shift the logic form. 

4. SIMULATION-RESULTS’ ANALYSIS 

The design has been functionally fabricated and simulated using the 
QCA designer that presents some criterions in the coherence vector 
and bistable approximation, which are the default features in QCA 
designer. These parameters are exhibited in Table 2. The decisive 
QCA functioning design of the proposed XNOR, BVF, TR and 1-bit 
comparator design of Feynman gate is illustrated in Fig. 7, a, b, c 
and d, respectively. The first layout involves of 40 cells and cover-

 
   a     b 

 
    c    d 

Fig. 6. QCA simulated circuit design of proposed: (a) XNOR gate; (b) BVF 
gate; (c) TR gate; (d) 1-bit comparator by Feynman gate. 
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ing an extent of 0.04 µm2, the second layout involves of 79 cells 
and covering an extent of 0.07 µm2, the third layout involves of 92 
cells and covering an extent of 0.12 µm2 and the comparator in-
volves of 78 cells and covering an extent of 0.08 µm2. It is very es-
sential to create an operationally firm layout in QCA functions. 
There are certain concerns realized into account to raise the design 
stability. When building models in QCA, a substantial attempt 
should be made to maintain the wire length in a specified clocking 
region to a minimum. For smaller wires, it is almost certainly that 
all cells creating up the wire will switch effectively. 
 The scheme of proposed design in CMOS is organized in Fig. 8, a, 
b and c, respectively, which is performed using Microwind Lite en-
gine, a fast-systematized EDA tool for front and back-end chip 
fashion into an integrated flow. Table 3 explains the complication 
of the proposed design respecting the number of cells, majority vot-
ers, clocking zones and covered area applied to perform the layout. 
 Table 4 illustrates that the proposed XNOR has improvements of 
38.46% and 42.85% in terms of total cell and area respectively, 
relative to the design proposed in Ref. [40]. Similarly, the im-
provements of BVF, TR and 1-bit Feynman gate comparator are 
3.66% and 30.00%, 18.58% and 40.00%, 10.36% and 3.00%, cor-
respondingly, proposed in Refs. [41, 42]. 

TABLE 2. Parameters of bistable approximation and coherence vector. 

Criterion Value 

Size of cell 20 nm 

Dot diameter 5.000 

Number of samples 12800 

Temperature 1.00 K 

Relaxation time 1.000000e
15 s 

Convergence tolerance 0.001000 

Radius of effect (bistable) 65.000000 nm 

Time step 1.000000e
16 s 

Relative permittivity 12.900000 

Layer separation 11.500000 

Radius of effect (coherence) 80.000000 nm 

Clock amplitude factor 2.000000 

Clock high 9.800000e022 

Clock low 3.800000e023 

Lower threshold [0] 0.500 

Upper threshold [1] 0.500 

Maximum iterations per sample 100 

Total simulation time 7.000000e
11 s 
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5. DESIGN QUANTUM COST AND POWER DISSIPATION 
OF THE PROPOSED CIRCUIT AND ITS QCA OUTLINE 

The quantum cost of 22 reversible circuit is counted one, however 
all reversible 11 circuit have a quantum cost of zero [24]. Thus, 
the quantum cost of XNOR gate is one. BVF and TR gate have a 
quantum cost of two and four respectively. 
 The proposed 1-bit comparator in Feynman gate is organized of 
one Feynman gate and three reversible NOT gate, Thus, the pro-
posed 1-bit Feynman gate comparator has a quantum cost of 
(110), i.e., 1.0. The corresponding quantum costs of the proposed 
layouts are figured in Table 5. 
 The proposed XNOR design has area of 0.04 µm2 and latency of 
0.75. Therefore, the cost of the proposed QCA design is ar-
ealatency 20.040.752, i.e., 0.022. The proposed QCA BVF cir-
cuit has an extent of 0.07 µm2 and latency of 0.50, which reason 
the quantum cost of the proposed circuit is0.070.502, i.e., 0.017. 

  
a      b 

  
c      d 

Fig. 7. QCA outcome of the proposed: (a) XNOR, (b) BVF, (c) TR, and (d) 
1-bit comparator design of Feynman gate. 
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Just as, the costs of other circuits are estimated, and the results 
are presented in Table 5. The quantum cost of XNOR gate in typical 
design is 1.0, however in QCA-based design, it is of 0.022. For 1-bit 
Feynman gate comparator, typical layout has a quantum cost of 2.0, 
but QCA-based layout requires a quantum cost of 0.020. Table 5 il-
lustrates that the quantum cost of QCA-based layouts is lower than 
that of traditional layouts. Hence, QCA-based designs are cost ef-
fectual with corresponding to quantum cost. The relevant compari-
son is also illustrated in Fig. 9. 
 The dissipation of power by each QCA cell in a circuit is identical 
[43]. Therefore, in a range of connected QCA cells, the total dis-
pelled power can be projected by adding the dispelled power of each 
cell within the range. The circuit power consumption is reliant on 

 
a      b 

 
c 

Fig. 8. Simulated circuit design in CMOS: (a) XNOR gate; (b) BVF gate; 
(c) TR gate. 
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the logic gates operated in constructing the circuit. 
 Applying a larger quantity of logic gates involves larger power 
dissipation by the circuits. The dispelled energy of the circuit is the 
total of the power dissipated by all the majority voters, inverters, 
and the range of QCA cells. The computation is achieved with the 
QCA power dissipation tool QCA Pro [43]. This paper, in spite of 
using the QCA Pro, mathematical analysis of Hamming distance-
based assessment of power dissipation is applied to achieve the pow-
er dissipation of the proposed circuits. The assessment is achieved 
using the similar temperature (i.e., T2.0 K) and the similar chan-
nelling energies (i.e., 0.25Ek, 0.75Ek, etc.). It has been described [43] 
that, for a shift in the Hamming distance between inputs to the cir-
cuit, the energy dispelled will be differed too. In the case of the in-
verter, 11 or 0 0 input switching means Hamming distance 
‘0’, and the inverter has dispelled power of 0.8 meV at 0.25Ek 
and 2.7 meV at 0.5Ek. For 10 or 01 input switching, 
Hamming distance ‘1’ is considered for the inverter and the invert-
er has dispelled power of 28.4 meV at 0.25Ek and 28.6 meV at 
0.5Ek. A ceiling Hamming distance of ‘3’ is measured for the 

TABLE 3. Performance criterions of proposed design. 

Parameter 
Cell in-
tricacy 

Clock 
used 

Time 
delay 

Covered 
area, µm2 

Area in 
CMOS, µm2 

Improvement 
(in times) 

Proposed XNOR gate 40 3 0.75 0.04 
21.9 548 

XNOR gate [41] 65 4 1 0.07 

Proposed BVF gate 79 3 0.50 0.07 
47.6 595 

BVF gate [41] 82 3 0.50 0.10 

Proposed TR gate 92 4 1 0.12 
71 592 

TR gate [42] 113 4 1 0.20 

Proposed 1-bit Feyn-
man gate comparator 

78 3 0.50 0.08 

— 
1-bit Feynman 

gate comparator [42] 
87 4 0.50 0.11 

TABLE 4. Complexity of the proposed designs. 

Proposed design Cell area, µm2 
Area 

use, % 
Cell improve-

ment, % 
Area improve-

ment, % 

XNOR gate 0.013 32.50 38.46 42.85 

BVF gate 0.026 37.14 3.66 30.00 

TR gate 0.031 25.83 18.58 40.00 

1-bit Feynman 
gate comparator 

0.026 32.50 10.36 3.00 
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majority voter for 000111 input switching that affects the ceil-
ing dissipated energy of 41.0 meV by the majority voter at 
0.25Ek and 41.2 meV at 0.5Ek. Correspondingly, dissipation 
of power by the majority voter and inverter for several Hamming 
distances was testified in Refs. [44, 45]. The QCA design of the 
proposed XNOR consists of one inverter and three majority gates. 
Each of these majority voters has one stable input polarization. 
 Therefore, the Hamming distance for these majority voters is 
measured to be ‘2’, correspondingly. For maximum energy dissipa-
tion, Hamming distance ‘1’ is measured for each of the inverters. 
Applying the Hamming distances related to the input to logic gates 
and counting the QCA arrays perform in XNOR, the power dissipa-
tion of the proposed XNOR is analysed. The results are shown in 
Table 6. An equal method is applied for figuring the power dissipa-
tion by the BVF, TR and 1-bit Feynman gate comparator and the 
outcomes are denoted in Table 6. Table 6 illustrates that the power 
dissipated by the XNOR at 0.25Ek is of 79.3 meV, and at 
1.0Ek, it is of 94.6 meV. Similarly, for BVF gate, the dissipated 
power at 0.25Ek is of 260.4 meV, and at 1.0Ek, it is of 
295.6 meV; for TR gate, it is of 305.1 meV and 355.6 meV, corre-
spondingly. The power dissipated by the proposed 1-bit Feynman 
gate comparator is of 206.7 meV when 0.25Ek and 235.6 meV 
when 1.0Ek. Here, T is the temperature,  stands for channelling 
energy, and Ek denotes the kink energy. These outcomes show that 
all the circuits dissipate very little heat energy. The results are also 

TABLE 5. Complexity of the proposed designs. 

Proposed layout 
Quantum 

cost 
Area, 
µm2 

Latency 
Quantum cost of 
proposed layout 

XNOR gate 1 0.04 0.75 0.022 

BVF gate 2 0.07 0.50 0.017 

TR gate 4 0.12 1.00 0.120 

1-bit Feynman gate comparator 1 0.08 0.50 0.020 

 

Fig. 9. Quantum cost of the proposed circuit and its QCA layout. 
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outlined in Fig. 10. 
 The average output polarization (AOP) of any cell of the QCA 
circuit is decreased by enhancing the temperature. The outcome of 
temperature on the AOP of the urged circuits is presented in Fig. 
11. The AOP of the output cell P of the proposed XNOR is slowly 
lessened, up to a temperature of T8 K. TR gate work competently 
between 1 K and 4 K. Similarly, the BVF and 1-bit Feynman gate 
comparator circuit work proficiently between 1 K and 5 K. 
 To generate the AOP at separate temperatures, all the proposed 
designs are simulated by the QCADesigner tool [46] and the highest 
and lowest polarizations for each cell are observed. 
 For instance, at T1 K, the highest and lowest polarizations of 
output cell P of XNOR are of 9.54e1 and 9.52e1, correspondingly. 
So, the AOP for cell P is of [(9.54e1)(9.52e1)]/2 3.51. 
 In the similar way, the AOP for separate cells of each proposed 
circuit at several temperatures are analysed as shown in Fig. 11. 

6. CONCLUSION 

QCA is an evolving nanotech where elements are micro sized and 
current clock speed on terahertz range. By uniting the excessive low 
power consumption of reversible computing and QCA, it is possible 

TABLE 6. Energy dissipation by the proposed layouts. 

Proposed design 
T2.0 K (meV) 

0.25Ek 0.5Ek 0.75Ek 1.0Ek 

XNOR gate 79.3 82.8 88.3 94.6 

BVF gate 260.4 270.8 275.2 295.6 

TR gate 305.1 322.8 340.5 355.6 

1-bit Feynman gate comparator 206.7 213.8 224.9 235.6 

 

Fig. 10. Power dissipation by the proposed circuits (T2.0 K). 
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to design an extremely profitable logic device, which also apposite 
for reversible logic circuits. 
 This paper, a remarkable layout of XNOR, TR, BVF and 1-bit 
Feynman gate comparator is presented in QCA. The proposed 
XNOR, TR, BVF gate is 548, 592, 595 times reduced in area, corre-
spondingly, than CMOS technology and flout multilayer wire cross-
ing that would be extremely substantial for designing fault tolerant 
and compact low power expending nanomaterial. 
 For the first time, the power dissipation, quantum cost and con-
stancy of the XNOR, TR, BVF and 1-bit Feynman gate comparator 
have been proposed in this paper. 
 The proposed QCA circuits exceed the existing ones in terms of 
cell complexity, area, and latency. The quantum cost-based assess-
ment confirms that the proposed circuits have incredibly low quan-
tum cost measure up to typical designs. The layouts have extremely 
low heat-energy dissipations, presenting that QCA nanomaterials 
are appropriate for applying reversible circuits. 
 The analysis of constancy of the proposed designs under thermal 
randomness exhibits the permanence of the circuits. 
 The assessment of simulation outcomes of the proposed circuit 
with theoretical significances verifies the functionality of the cir-
cuits. 
 The projected design can be used to achieve the nanoscopic scale 
reversible computing architecture in communication through low 
power consumption. 

 

Fig. 11. Temperature effect on AOP of the proposed circuits: (a) XNOR, 
(b) BVF, (c) TR; (d) 1-bit Feynman gate comparator. 
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Розробка пристрою для одержання високої ентропії 
з фотонного шуму у криптографічних застосуваннях 

Т. О. Горелікова 

Запорізький національний університет,  
вул. Університетська, 66,  
69011 Запоріжжя, Україна 

Робота стосується розробки прототипу квантового ґенератора випадко-
вих чисел, що долає фундаментальні обмеження традиційних методів. 
На відміну від псевдовипадкових ґенераторів, які покладаються на об-
числювальну складність, і класичних апаратних ґенераторів, схильних 
до зовнішніх впливів, запропонований пристрій базується на онтологі-
чній природі випадковости мікросвіту. Джерелом ентропії є дробовий 
шум, що виникає внаслідок дискретної природи проходження зарядів у 
фотодетекторі. Такий підхід ґарантує непередбачуваність, що є основою 
для формування стійких криптографічних ключів і цифрових підписів. 
Представлений пристрій є комплексним апаратно-програмним рішен-
ням. Ця розробка пропонує ефективне та надійне джерело ентропії для 
інтеґрації у сучасні системи безпеки, забезпечуючи стійкість до атак, 
які використовують слабкість ґенераторів випадкових чисел. 

The work is concerned with the development of a prototype of a quantum 
random-number generator that overcomes the fundamental limitations of 
traditional methods. Unlike pseudo-random generators, which rely on 
computational complexity, and classical hardware generators, which are 
susceptible to external influences, the proposed device is based on the on-
tological nature of the randomness of the microworld. The source of en-
tropy is fractional noise that arises from the discrete nature of the pas-
sage of charges inside the photodetector. This approach guarantees unpre-
dictability, which is the basis for the formation of stable cryptographic 
keys and digital signatures. The presented device is a comprehensive 
hardware–software solution. This development offers an efficient and re-
liable source of entropy for integration into modern security systems, en-
suring resistance to attacks, which exploit the weakness of random-
number generators. 

Ключові слова: квантовий ґенератор випадкових чисел, істинна ентро-
пія, дробовий шум, криптографічна стійкість, фон Нейманів алґоритм, 
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апаратний захист інформації, системи безпеки. 

Key words: quantum random-number generator, true entropy, fractional 
noise, cryptographic stability, von Neumann algorithm, hardware infor-
mation protection, security systems. 

(Отримано 2 жовтня 2025 р.) 
  

1. ВСТУП 

Ó сучасному цифровому світі забезпечення надійної інформацій-
ної безпеки є одним з найбільш актуальних завдань. Зростання 
обсягів даних і популярности блокчейн-платформ створюють нові 
виклики для захисту від несанкціонованого доступу, шахрайства 
та кібератак. Одним з фундаментальних елементів безпечних ін-
формаційних систем виступає ґенерація випадкових чисел, адже 
саме від їхньої якости залежить стійкість криптографічних алґо-
ритмів, які, у свою чергу, є основою сучасних засобів захисту да-
них [1, 2]. 
 Âипадковість є необхідною для формування криптографічних 
ключів, одноразових паролів, цифрових підписів, а також для 
процедур автентифікації та верифікації. Будь-яке відхилення від 
істинної випадковости може мати катастрофічні наслідки. Дове-
дено, що слабкі ґенератори випадкових чисел ставали причиною 
численних компрометацій криптосистем: 
— компрометація RSA-ключів у чипах Infineon (2017) (через сла-

бкий ГÂЧ, що використовувався в чипах, дослідники змогли 
відновити приватні ключі RSA на основі відкритих); 

— вразливість Debian OpenSSL (2008) (помилка в коді призвела 
до того, що для ґенерації ключів використовувалися передба-
чувані значення, що зробило їх легко зламуваними); 

— компрометація Bitcoin-гаманців на Android (2013) (деякі дода-
тки для криптовалют використовували слабкий ГÂЧ, що дало 
змогу зловмисникам передбачити приватні ключі та викрасти 
кошти); 

— вразливість PHP (2007) (слабка ентропія в ґенераторі випад-
кових чисел PHP робила сеансові ідентифікатори передбачува-
ними, що давало змогу викрадати сеанси користувачів на веб-
сайтах) [3]. 

 Саме тому питання джерела випадковости не є другорядним; 
воно має першорядне значення у контексті побудови захищених 
систем. 
 Традиційно у цифрових системах використовуються псевдови-
падкові ґенератори чисел (PRNG). Їхня робота базується на дете-
рмінованих алґоритмах, які з початкового значення (seed) обчис-
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люють послідовності чисел, що виглядають випадковими. Попу-
лярними є алґоритми на основі лінійних конґруентних методів, 
зсувних реґістрів або криптографічних примітивів (наприклад, 
AES або SHA в режимі ґенератора). Перевагою PRNG є висока 
швидкодія, проте головним недоліком залишається їхня передба-
чуваність: знаючи початкове значення або внутрішній стан, зло-
вмисник може відтворити всю послідовність [4]. 
 Для підвищення рівня безпеки застосовуються криптографічно 
стійкі ґенератори (CSPRNG), які ускладнюють відновлення поча-
ткових умов навіть за відомої частини вихідної послідовности. 
Âтім, їхня безпека завжди спирається на припущення про обчис-
лювальну складність певних математичних задач. Тобто стійкість 
CSPRNG відносна: за умови відкриття нових алґоритмів чи роз-
витку швидкости обчислень такі ґенератори виявляються враз-
ливими [5]. 
 Іншою категорією є апаратні ґенератори випадкових чисел 
(HRNG), які використовують фізичні процеси як джерело ентро-
пії. Найчастіше це — тепловий шум у резисторах, коливання 
електронних схем або хаотичні зміни в електромагнетних середо-
вищах. Незважаючи на більш високу якість у порівнянні з 
PRNG, ці методи не позбавлені проблем: 
— фізичні процеси можуть піддаватися зовнішньому впливу (на-

приклад, температурних змін або електромагнетних наведень); 
— шумові процеси іноді мають латентні закономірності, що по-

нижує рівень ентропії; 
— складно формально довести істинну випадковість одержаних 

послідовностей. 
 Таким чином, обидва підходи, як псевдовипадкові, так і апа-
ратні класичні ґенератори, мають істотні обмеження. Ó контексті 
високонавантажених криптографічних систем, де ціна помилки є 
надзвичайно високою, цього виявляється недостатньо [6]. 

2. КВАНТОВІ ПРОЦЕСИ ЯК ПРИРОДНЄ ДЖЕРЕЛО 
ВИПАДКОВОСТИ 

На противагу класичним методам, квантові ґенератори випадко-
вих чисел (QRNG) базуються на фундаментальних законах кван-
тової механіки, які мають ймовірнісну природу. Âипадковість 
тут не є наслідком складности чи неповноти розуміння, а висту-
пає онтологічною характеристикою мікросвіту. Прикладами ква-
нтових процесів, що застосовуються у QRNG, є: 
— фотонна поляризація: вибір напрямку поляризації окремого 

фотона є непередбачуваним; 
— квантове тунелювання: час ймовірного переходу електрона че-

рез бар’єр не можна визначити наперед; 
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— дробовий шум (shot noise), який виникає внаслідок того, що 
носії заряду (фотони чи електрони) надходять у детектор у ви-
падкові моменти часу; 

 — спонтанне випромінювання в лазерах: момент емісії фотона 
має квантово-ймовірнісну природу. 

 На відміну від теплового чи електронного шуму, ці процеси 
принципово не піддаються класичному передбаченню. Âони є ре-
алізацією базових постулатів квантової теорії, і жоден алґоритм 
чи модель не дають змогу реконструювати їх наперед. Саме тому 
QRNG забезпечують істинну випадковість [7]. 
 Âибір QRNG як базового джерела випадкових чисел у даній 
роботі зумовлений багатьма об’єктивними причинами. Ó PRNG 
випадковість лише емулюється, а в HRNG вона може бути спо-
творена шумом або зовнішніми чинниками. Ó QRNG випадко-
вість ґарантована самою природою квантових явищ. Ґенерація 
значень на основі QRNG виключає ризик слабких значень, які 
виникають за недостатньої ентропії. Це критично важливо під 
час використання алґоритмів еліптичних кривих, де навіть неве-
лика втрата випадковости може призвести до повного компроме-
тування системи. На відміну від класичних джерел, QRNG не по-
требує статистичного моделювання для підтвердження випадко-
вости: її ґарантують закони квантової механіки [8]. 

3. ПРИНЦИПИ РОБОТИ КВАНТОВОГО ҐЕНЕРАТОРА 
ВИПАДКОВИХ ЧИСЕЛ 

Ìетод випадкового вибору учасників і контрольних точок базу-
ється на комбінації криптографії еліптичних кривих і ґенерації 
істинно випадкових чисел. QRNG у цьому контексті виступає не 
допоміжним, а визначальним елементом: 
— він забезпечує непередбачуваність вибору учасників, що уне-

можливлює маніпуляції з боку окремих вузлів; 
— ґарантує рівномірність розподілу під час вибору блоків, запо-

бігаючи концентрації контролю; 
— створює базу для формування ключів і підписів, стійких щодо 

атак на рівні як класичних, так і потенційних квантових 
комп’ютерів. 

 Âибір на користь квантового ґенератора випадкових чисел є 
свідомою відмовою від псевдовипадкових і класичних апаратних 
методів, які не відповідають сучасним вимогам щодо криптогра-
фічної безпеки. Âикористання QRNG уможливлює підняти рівень 
захищености системи на якісно новий щабель, забезпечуючи не-
передбачуваність і стійкість до будь-яких відомих типів атак. 
 Запропонований розроблений пристрій базується на викорис-
танні квантових джерел випадковости, що забезпечує якісно ви-
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щий рівень непередбачуваности у порівнянні з класичними ґене-
раторами псевдовипадкових чисел. Â основі роботи покладено 
явище дробового шуму (shot noise), яке виникає внаслідок дис-
кретної природи фотонів та електронів. За падіння світлового по-
току на фотодетектор процес реєстрації фотонів описується Пуас-
соновим розподілом, де ймовірність спостереження k фотонів за 
певний проміжок часу задається формулою 

 ( ; ) !
kP k e k   , (1) 

де  — середня інтенсивність фотонного потоку. 
 Ó струмі, що виникає в результаті такого процесу, спостеріга-
ється шумова складова з квантовою природою, спектральна гус-
тина якої описується рівнянням 

 SI(f)2qI, (2) 

де q — заряд електрона, а I — середній фотострум. Саме ця не-
передбачувана складова і стає основним джерелом ентропії у да-
ному пристрої. Для того, щоб оцінити якість одержаних випад-
кових послідовностей, використовується Шеннонова ентропія, 
яка визначається як 
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де pі — ймовірність появи відповідного симболу. Ідеальний випа-
дковий ґенератор забезпечує максимальне значення ентропії, 
близьке до одного біта на кожний зґенерований біт [9]. 
 Однак фізичні джерела випадковости, зокрема фотодетектори, 
можуть демонструвати статистичні перекоси у бік ґенерації бі-
льшої кількости нулів чи одиниць. Для усунення цієї проблеми у 
пристрої був реалізований фон Нейманів алґоритм. Його суть по-
лягає у тому, що вхідна послідовність розбивається на пари бітів, 
після чого відкидаються комбінації «00» і «11», тоді як «01» ін-
терпретується як нуль, а «10» як одиниця. Завдяки цьому збері-
гається лише рівноймовірна інформація, а перекіс джерела усу-
вається. Ôормально процедура описується таким чином: 
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 Таким чином, навіть якщо первинний фотонний шум містить 
структурні відхилення, вихідна послідовність після оброблення 
за фон Неймановим алґоритмом набуває властивостей рівномір-
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ного випадкового розподілу [10]. 
 Розроблений ґенератор випадкових чисел базується на викори-
станні фотонного шуму як джерела ентропії та його подальшому 
підсиленні за допомогою малошумних аналогових каскадів. Для 
практичної реалізації ґенератора було використано мікроконтро-
лер ESP32, який виконує функції дискретизації аналогового сиґ-
налу фотодіоди за допомогою вбудованого ÀЦП, його попередньо-
го оброблення та подальшої цифрової трансформації. Зібрані біти 
послідовности подаються на програмну реалізацію фон Неймано-
вого алґоритму для підвищення рівня ентропії. Такий підхід 
уможливлює одержати послідовності, що відповідають крипто-
графічним вимогам до випадковости й успішно проходять переві-
рку за статистичними тестами стандарту NIST SP 800-22. 
 Ó структурі пристрою можна виділити три функціональні бло-
ки: сенсорний, підсилювальний та обчислювальний. Сенсорну ча-
стину представлено фотодетектором, що працює в умовах слабко-
го освітлення або під впливом деякого джерела світла. Як базо-
вий варіянт, застосовується фотодіода BPW34 у режимі зворот-
нього зміщення; проте для підвищення рівня шуму може бути 
використана лавинна фотодіода (APD), що працює у режимі про-
бою. Через неї тече дуже малий струм, настільки малий, що його 
неможливо сприйняти безпосередньо без посилення; тому у схему 
пристрою також додано підсилювач. Цей струм — непостійний; 
він складається з окремих перенесень заряду, що хаотично вини-
кають. Електрони в напівпровіднику не рухаються як безперерв-
ний потік, а перестрибують випадково, підкоряючись ймовірніс-
ній природі квантових процесів. Це і є дробовий шум — флюкту-
ації (випадкові коливання), які виникають саме через дискрет-
ність електричного заряду, які неможливо передбачити або змо-
делювати, тому що вони відбуваються в квантовому масштабі, 
поза рамками класичної причинности. 
 Ôотодіода у цій системі виконує роль не просто давача світла, 
а квантового джерела ентропії. Âона створює сиґнал, який абсо-
лютно не піддається розрахунку, навіть якщо точно відомі всі 
параметри схеми, напруги, температури, рівня освітлення. Для 
підкреслення незалежности від зовнішніх чинників фотодіоду 
розташовано у світлонепроникній коробці. Ôотодіода ґенерує те-
мновий струм (dark current) навіть у повній темряві. Це 
пов’язане з тепловими коливаннями та квантовими ефектами у 
матеріялі, тому що сам факт проходження кожного окремого 
електрона крізь потенціяльний бар’єр — це процес ймовірнісний. 
Жодна програма, ніякий суперкомп’ютер не може заздалегідь 
зазначити, коли проскочить наступний електрон, і саме в цьому 
полягає фундаментальна непередбачуваність [11]. 
 Джерелом світла може виступати світлодіода з низьким рівнем 
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власних шумів, розташована у світлонепроникному корпусі ра-
зом із фотодіодою для формування стабільного шумового каналу. 
 Àналоговий каскад реалізовано на операційному підсилювачі 
малошумного типу (наприклад MOPA2340UA). Схему побудовано 
за конфіґурацією неінвертувального підсилювача з великим кое-
фіцієнтом підсилення, що забезпечує реєстрацію навіть незнач-
них флюктуацій фотоструму. Резистор зворотнього зв’язку номі-
налом у 100 кОм визначає величину підсилення, тоді як парале-
льно ввімкнений конденсатор у 100 нÔ виконує функцію обме-
ження високочастотної складової. 
 Âихід підсилювального каскаду подається на аналоговий вхід 
ESP32 (наприклад GPIO34), де сиґнал оцифровується вбудованим 
ÀЦП. Подальше оброблення передбачає застосування алґоритму 
за фон Нейманом, що усуває можливі статистичні перекоси у по-
слідовності бітів. 
 Представлений різновид розробленого ґенератора випадкових 
чисел складається з трьох незалежних пар фотоелементів (фото-
діод із відповідною підсилювальною обв’язкою), кожна з яких 
формує власний канал шумового сиґналу. Така архітектура дає 
змогу зменшити вплив локальних флюктуацій і підвищити стій-
кість системи: навіть якщо один канал тимчасово дає занижений 
рівень шуму, два інші залишаються активними, забезпечуючи 
ентропію. Для стабільности роботи додатково використовується 
допоміжна світлодіода, що створює контрольований рівень освіт-
лення фотодіод і мінімізує ризик повної втрати сиґналу через зо-
внішні перешкоди. Електричну схему пристрою представлено на 
рис. 1. 
 Àналогові сиґнали з кожної пари фотоелементів надходять на 
входи ESP32, де перетворюються в цифровий вигляд за допомо-
гою вбудованого ÀЦП. Подальше програмне оброблення передба-
чає поєднання даних трьох каналів у єдиний результат. Для цьо-
го використовується процедура з вибірковим застосуванням меді-
янного значення, яка пригнічує одиничні викиди, а також опе-
рації XOR, що забезпечують непередбачуваність вибору. Таким 
чином, кінцевий сиґнал містить як фізичну ентропію фотонного 
шуму, так і математично посилену випадковість. На рисунку 2 
представлено зображення макетної плати готового прототипу 
пристрою, де розміщено усі описані вище компоненти. 
 Ó демонстраційному варіянті пристрою передбачено викорис-
тання невеликого OLED-дисплея, який дає змогу у реальному ча-
сі виводити випадкове значення. Така функція має, насамперед, 
демонстраційний характер: вона дає можливість наочно показу-
вати зміну випадкових величин і контролювати працездатність 
системи під час експериментів чи публічних презентацій. 
 Разом із тим, наявність дисплея не є обов’язковою умовою для 
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роботи ґенератора. Ó практичних застосуваннях випадкові послі-
довності можуть безпосередньо передаватися через інтерфейс Se-
rial (UART/USB) або ж передаватися по бездротових каналах 
(Wi-Fi, Bluetooth) на інші пристрої, зокрема на персональний 
комп’ютер, сервер або вбудовану систему, де вони будуть викори-
стані для криптографічних або статистичних задач. Такий підхід 
робить систему гнучкою: вона може виступати як автономний 
демонстраційний модуль із візуалізацією, так і як повноцінне 
джерело ентропії для інтеґрації у складніші апаратно-програмні 
комплекси. Демонстраційний варіянт пристрою представлено на 
фотографії (рис. 3). 

4. ЕКСПЕРИМЕНТАЛЬНІ РЕЗУЛЬТАТИ Й ОЦІНКА ЕНТРОПІЇ 

Для оцінки якости зґенерованих випадкових чисел було проведе-
но статистичну аналізу вибірки з 2500 значень у діяпазоні від 

 

Рис. 1. Електрична схема розробленого прототипу квантового ґенерато-
ра випадкових чисел.1 
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101 до 9988. Óсі числа виявилися унікальними, повтори відсутні, 
що свідчить про високий рівень різноманітности та відсутність 
очевидних артефактів у ґенерації. Середнє значення склало 
4879,02, медіяна — 4619,5, а стандартний відхил — 2740,6, що 
добре узгоджується з очікуванням рівномірного розподілу. 
 Для перевірки рівномірности було виконано -тест із розбит-
тям вибірки на десять рівних інтервалів. Одержане значення 
5,68 із 9 ступенями свободи відповідає p-значенню приблизно 
у 0,77, що значно перевищує традиційний рівень значущости у 
0,05. Таким чином, гіпотеза про рівномірний розподіл не відхи-
ляється і можна стверджувати, що числа охоплюють увесь діяпа-

 

Рис. 2. Ôотографія розпаяної макетної плати прототипу квантового ґе-
нератора випадкових чисел.2 

  

Рис. 3. Зовнішній вигляд готового демонстраційного прототипу кванто-
вого ґенератора випадкових чисел.3 
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зон без концентрації у вузьких зонах. 
 Додатково було розраховано Шеннонову ентропію, яка склала 
H 7,97 біт/символ, що є майже максимально можливим зна-
ченням для множини з 2500 рівноймовірних унікальних елемен-
тів. Це підтверджує високу ступінь невизначености та випадково-
сти вибірки. 
 На рівні бітових послідовностей проведені тести на серійність, 
автокореляцію та стиснення не виявили статистично значимих 
відхилів. 
 Було проведено додаткові експерименти для незалежної вибір-
ки, що дало змогу підтвердити стійкість одержаних результатів: 
-тест рівномірності (10 інтервалів від 1 до 9999): 10,24, 

p0,3314; значення p0.05 означає відсутність значних від-
хилів від рівномірного розподілу; 

тест Êолмогорова–Смирнова (нормування на [0, 1]): KS0,070, 
p0,1663; тест останньої цифри ( для 0–9): 5,36, 
p0,8019; 

цифри розподілені рівномірно, відсутнє упередження на рівні 
молодших розрядів; автокореляція (лаги 1–20): значення ко-
ливаються навколо нуля, істотних залежностей не виявлено. 

 Одержані результати свідчать, що вибірка пройшла ключові 
статистичні тести на випадковість. Серйозних закономірностей 
чи упереджень не виявлено. Це підтверджує, що розроблений ґе-
нератор може використовуватися як надійне джерело ентропії 
для криптографічних задач та інших систем, де потрібна висока 
якість випадкових чисел. 

5. ВИСНОВОК 

Ó описаному пристрої поєднано фізичну непередбачуваність ква-
нтового шуму з математично обґрунтованими методами усунення 
перекосів і криптографічними механізмами постоброблення. За-
вдяки цьому досягається високий рівень ентропії за помірних 
апаратних витратах, що робить реалізацію на ESP32 ефективною 
як для наукових експериментів, так і для практичного викорис-
тання у системах безпеки, блокчейн-технологіях чи Інтернеті ре-
чей. 
 Продемонстрований прототип квантового ґенератора випадко-
вих чисел успішно вирішує актуальну проблему забезпечення 
криптографічних систем джерелом істинної випадковости, яке є 
невразливим до класичних методів злому чи обчислювального 
прогнозування. Створений пристрій є значним кроком вперед, 
оскільки він свідомо відходить від застарілих псевдовипадкових і 
класичних апаратних ґенераторів, чия стійкість є лише віднос-
ною. Натомість, у роботі інтеґровано фундаментальне квантове 
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явище, — шум на напівпровідниковому переході, — в архітекту-
ру, що забезпечує непередбачуваність на атомарному рівні. Àпа-
ратне рішення поєднує багаторазове фізичне джерело ентропії 
(три незалежні канали фотодетекторів) із спеціялізованими ана-
логовими каскадами. Ця багатоканальна архітектура у поєднанні 
з програмною корекцією, що використовує методи усунення пе-
рекосів, дала змогу досягти максимальної якости вихідної послі-
довности. 
 Експериментальні дослідження підтвердили, що ґенератор ви-
робляє послідовності, які відповідають вимогам щодо якости ви-
падкових чисел. Це робить розроблений пристрій джерелом ент-
ропії для важливих застосувань, включаючи формування ключів 
у блокчейн-технологіях, механізми автентифікації, а також інші 
системи, де ціна помилки є надзвичайно високою. Таким чином, 
реалізація прототипу квантового ґенератора випадкових чисел на 
базі ESP32 демонструє ефективний шлях щодо побудови захище-
них і стійких щодо майбутніх атак апаратно-програмних ком-
плексів. 
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Nanolasers Based on Semiconductor Quantum Dots 
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The minireview analyses fundamental experimental and theoretical re-
search and applied applications of nanolasers based on semiconductor (in-
cluding also perovskite) quantum dots. As shown, the development of 
nanolasers based on semiconductor and perovskite quantum dots is a con-
sequence of long-term progress in the physics and chemistry of semicon-
ductors. Due to the dimensional quantum limitation of the motion of qua-
siparticles (electrons and holes) in quantum dots, it becomes possible to 
vary the emission and absorption spectra by changing the sizes of quan-
tum dots in the nanorange. This allowed semiconductor and perovskite 
quantum dots to demonstrate a high quantum yield and a narrow width of 
the emission spectrum. These properties of semiconductor (including also 
perovskite) quantum-dots’ ensembles made it possible to develop a number 
of nanolasers with high optical characteristics. Current trends in laser-
technology development are focused on environmental requirements, in 
particular, on the development of lead-free perovskite quantum dots to 
reduce toxicity. Hybridization of perovskite quantum dots allows pas-
sivation of the surface, reduction of defect density and increase of charge-
carrier lifetime, which lowers the threshold of laser generation and in-
creases the stability of the devices. Such hybrid systems demonstrate im-
proved crystallinity, increased charge-carrier mobility and efficient 
charge transfer between layers that contributes to increasing quantum 
efficiency and expanding the emission spectrum from the visible range to 
the near-infrared range. This opens up new opportunities for the creation 
of highly efficient, stable and environmentally safe optoelectronic and la-
ser devices of a new generation. 

В мініогляді проведено аналізу фундаментальних експериментальних і 
теоретичних досліджень та прикладних застосувань нанолазерів на ос-
нові напівпровідникових (включаючи також перовськітних) квантових 
цяток. Показано, що розвиток нанолазерів на базі напівпровідникових 
і перовськітних квантових цяток є наслідком тривалого проґресу в фі-
зиці та хемії напівпровідників. Завдяки розмірному квантовому обме-
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женню руху квазичастинок (електронів і дірок) у квантових цятках 
стало можливим варіювати спектри випромінення та вбирання шляхом 
зміни розмірів квантових цяток у нанодіяпазоні. Це уможливило в на-
півпровідникових і перовськітних квантових цятках демонструвати ви-
сокий квантовий вихід і вузьку ширину спектру випромінення. Ці вла-
стивості ансамблів напівпровідникових (включаючи також перовськіт-
них) квантових цяток надали можливість розробити цілий ряд нанола-
зерів з високими оптичними характеристиками. Сучасні тенденції роз-
витку лазерних технологій орієнтовано на екологічні вимоги, зокрема 
на розробку безплюмбумових перовськітних квантових цяток для зме-
ншення токсичности. Гібридизація квантових цяток перовськітів 
уможливлює пасивувати поверхню, зменшити густину дефектів і під-
вищити час життя носіїв заряду, що понижує поріг лазерної ґенерації 
та підвищує стабільність роботи пристроїв. Такі гібридні системи де-
монструють поліпшену кристалічність, підвищені рухливість носіїв за-
ряду й ефективне перенесення заряду між шарами, що сприяє підви-
щенню квантової ефективности та розширенню спектру випромінення 
від видимого до близького інфрачервоного діяпазону. Це відкриває нові 
можливості для створення високоефективних, стабільних і екологічно 
безпечних оптоелектронних і лазерних пристроїв нового покоління. 

Key words: perovskites, quantum dots, optical transitions, quantum ener-
gy levels, nanolasers. 

Ключові слова: перовськіти, квантові цятки, оптичні переходи, кван-
тові енергетичні рівні, нанолазери. 
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1. INTRODUCTION 

Nanolasers based on semiconductor (including also perovskite) 
quantum dots (QDs) are attracting significant attention from re-
searchers due to the rapid advancement of nanolaser technologies 
driven by fundamental experimental and theoretical studies [1–20]. 
Their practical interest stems from their potential for creating 
compact photonic chips, biosensors, and single-photon sources, ena-
bled by high photoluminescent efficiency, narrow emission band-
width, and low lasing thresholds [20–28]. 
 A key theoretical challenge in studying nanosystems is describing 
the interaction of electromagnetic fields with surface electronic 
states localized at the interfaces of nanosystems [11–18]. This ap-
proach requires accurately modelling interactions (Coulomb, polari-
zation, exchange, spin–orbit, spin–spin, etc.) between quasiparticles 
(electrons, holes, and excitons) induced by electromagnetic fields at 
these interfaces. It is also necessary to determine the size limits of 
quantum objects (QDs, nanofilms, quantum wires), where the effec-
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tive mass approximation remains valid [11–18]. 
 In the 1960s and 1970s, despite the availability of advanced 
technologies (nuclear energy, semiconductor nanoheterostructures) 
and known perovskite materials, these materials were not used as 
the basis for devices (solar cells, LEDs, lasers) due to several objec-
tive reasons. Firstly, their unique optoelectronic properties, par-
ticularly those of organic–inorganic halide perovskites, which now 
drive fundamental and practical interest, were not yet discovered 
[12–18, 29–31]. Secondly, technologies for producing high-quality 
thin films and nanostructures with controlled parameters were una-
vailable, and synthesis methods were limited, preventing the crea-
tion of materials with the required purity and structure [30–32]. 
Additionally, there was a lack of theoretical understanding of 
charge transfer mechanisms, defects, stability, and interface inter-
actions, which are critical for developing efficient devices [11–18]. 
Furthermore, there was no urgent need for new materials in solar 
energy or displays, as silicon, GaAs, and other semiconductors met 
the technological demands of that time [32, 33]. 
 The development of nanolasers based on semiconductor (including 
also perovskite) QDs is the result of long-term progress in semicon-
ductor physics and chemistry. In the 1980s and 1990s, the founda-
tions for creating QDs—nanocrystals, which allow tuning of emis-
sion and absorption spectra by varying their size in the nanoscale 
range due to quantum confinement—were established. Classical 
QDs, such as CuCl, CdS, CdSe, ZnS, ZnSe, GaAs, and aluminium 
oxide, demonstrated high quantum yields and narrow spectral 
widths but faced limitations in stability and environmental safety 
[12–28, 34–51]. Concurrently, research on perovskite materials 
gained attention due to their unique properties, realized in solar 
cells: high absorption coefficients, long carrier diffusion lengths, 
and low defect concentrations [11–17, 52, 53]. A major break-
through occurred with the synthesis of halide perovskite QDs with 
the formula CsPbX3 (XCl, Br, I), which combined the advantages 
of classical QDs and perovskites—high photoluminescent efficiency 
(up to 90–100%), narrow spectral width (18–36 nm), a wide tunea-
ble emission range (from blue to red), and high carrier mobility [53, 
54]. Key contributions came from studies [6, 11, 15, 55], which 
first demonstrated the effectiveness of such QDs for nanolasers, 
providing low lasing thresholds and emission stability [53]. 
 In study [11], the photoluminescent properties of CsPbX3 QDs 
with average sizes of 10–12 nm were investigated. It was found 
that interband transitions between quantum-confined electronic 
states in these QDs exhibit giant dipole moments (on the order of 
10 Debye) [12, 15, 17]. Such quantum-confined electronic states can 
lead to strong optical absorption in these QDs. Additionally, these 
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states were found to be long-lived (on the order of 30 ns), raising 
hopes for achieving Bose–Einstein condensation of excitons in these 
QDs [12, 15, 17]. 
 Research has focused on optimizing the composition of perov-
skites (e.g., fully inorganic CsPbBr3), morphology, and surface lig-
ands to enhance the stability and efficiency of nanolasers, as well as 
developing new compositions from simple nanocrystals to hybrid 
structures and laser arrays [51, 52, 54]. Encapsulation of materials 
in bilayer mesoporous SiO significantly improved moisture re-
sistance and device durability, while the use of plasmonic 
nanostructures reduced lasing thresholds and expanded functionali-
ty for biophotonics [56]. Thus, the development of nanolasers based 
on semiconductor and perovskite QDs illustrates a rapid evolution 
from fundamental discoveries to practical applications in modern 
optoelectronic technologies [12–17, 51–54]. 
 Following initial studies of halide perovskites, which exhibited 
high absorption coefficients (10 cm

1) and long carrier diffusion 
lengths (up to 1 µm), their potential in laser technologies was rec-
ognized [52, 57]. The next step was the creation of CsPbX3 (XCl, 
Br, I) QDs with sizes of 3–13 nm, which, due to quantum confine-
ment, enabled precise tuning of emission spectra: blue (CsPbCl3, 
410–430 nm), green (CsPbBr3, 510–520 nm), and red (CsPbI3, 680–
700 nm) [52, 57]. Subsequently, hybrid structures such as ‘quan-
tum-dot-in-perovskite’ were developed, where colloidal QDs were 
integrated into a perovskite matrix, improving charge transfer and 
stability [58]. A significant breakthrough was the creation of nano-
lasers with ultralow lasing thresholds (e.g., 1.9 W/cm2 at 120 K for 
CsPbBr3 QDs) and small mode volumes ( 0.2%), enabling their inte-
gration into photonic chips [57]. Each step was accompanied by im-
provements in the physical parameters of materials and devices, fa-
cilitating the transition from laboratory samples to practical nano-
lasers with controllable properties [52, 56–58]. 
 This minireview analyses fundamental experimental and theoreti-
cal studies and applied applications of nanolasers based on semicon-
ductor (including also perovskite) quantum dots. As shown, their 
applied interest stems from their potential to create compact pho-
tonic chips, biosensors, and single-photon sources, enabled by high 
photoluminescent efficiency, narrow emission bandwidth, and low 
lasing thresholds. 

2. SEMICONDUCTOR QUANTUM DOTS IN NANOLASERS 

The unique optoelectronic properties of semiconductor and perov-
skite QDs have enabled the creation of nanolasers [17, 34, 44, 50]. 
QDs made of cadmium and zinc sulphides/selenides, gallium arse-
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nide, and perovskites such as CsPbBr3 and CsPbI3 exhibit low defect 
densities, high carrier mobility (up to 60 cm2/(Vs)), and low Auger 
recombination rates [59]. The bandgap energies (Eg) of such QDs 
range from 1.5 to 2.6 eV, allowing experimental observation of in-
terband transitions of charge carriers (electrons and holes) across a 
wide range, including near-infrared and optical spectral regions 
[59]. 
 Chemically, perovskites are easily synthesized by solution meth-
ods, which simplify their application in nanolasers [59, 60]. Quan-
tum confinement in semiconductor and perovskite QDs occurs, when 
the radii a of the QD become smaller than the Bohr radius of the 
exciton 2 2
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 Usually, the Bohr radii of quasiparticles ae, ah, aex are of the or-
der of 2–7 nm [11–18]. We will assume that the motion of qua-
siparticles (electrons, holes, and excitons) in QDs can be described 
in the effective-mass approximation [11–18]. We will describe QDs 
by the model of an infinite spherical-potential well. Then, the lower 
energy levels of the electron 
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where the subscripts ( , )e en l  and ( ),h hn l  are the principal and azi-
muthal quantum numbers for the electron and the hole; and 

,n l  are 
the roots of the Bessel function, i.e., 

1/2 ,
( ) 0l n lJ


  . The expressions 

,
( )

e en lE a  (2) and 
,

( )
h hn lE a  (3) correctly describe the lower quantum-

dimensional energy levels of the electron and hole within the QD, if 
their position is much lower than the depth of the QD potential well 
(of the order of the band gap width Eg). In this case, the conditions 
are satisfied as follow: 

 , ,
( ) ( ),

e e h hn l n l gE E aa En l n l ga En l n l ga En l n l g . (4) 

 Fulfilment of condition (4) also allows us to consider the motion 
of quasiparticles within the QD, in which the conduction band and 
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the valence band have a parabolic shape. To observe the energy lev-
els of an electron (2) and a hole (3) in a QD at room temperature T0, 
it is necessary that the energy distance between adjacent levels, 

 
( ) 0

( )e h BaE k T
( ) 0( ) 0e h B( ) 0

E k T
( ) 0

E k T
( ) 0( ) 0e h B( ) 0

E k T
( ) 0e h B( ) 0

, (5) 

was much smaller than a quantum of thermal energy kBT0 [11–18]. 
 When conditions (1), (4) and (5) are met, as a result of interband 
transitions of an electron from quantum-dimensional energy levels 

,
( )

e en lE a  (2) to quantum-dimensional energy levels 
,

( )
h hn l aE  (3) in a 

QD, emission (absorption) spectra are formed [11–18]: 

 
, , ,
( ) ( ) ( )  

e e h hn l n l n l gE a Ea a E  ( ) ( ) ( )n l n l n l g,n l n l n l g,
( ) ( ) ( )n l n l n l g( ) ( ) ( )  ( ) ( ) ( )  ( ) ( ) ( )n l n l n l g  n l n l n l g( ) ( ) ( )n l n l n l g( ) ( ) ( )  ( ) ( ) ( )n l n l n l g( ) ( ) ( )( ) ( ) ( )a a( ) ( ) ( )  ( ) ( ) ( )a a( ) ( ) ( )( ) ( ) ( )n l n l n l g( ) ( ) ( )a a( ) ( ) ( )n l n l n l g( ) ( ) ( )  ( ) ( ) ( )n l n l n l g( ) ( ) ( )a a( ) ( ) ( )n l n l n l g( ) ( ) ( ) , (6) 

where ,
( )n l a

,
( )n l,n l, ( )a( )  is the quantum of light emitted during the transi-

tion. The selection rules allow only interband transitions, in which 
the quantum numbers ( )e hn n  and ( )e hl l  of the electron and hole 
are preserved. With a decrease in the radius a of the QD, the posi-
tions of the quantum-dimensional energy levels 

,

2
( )

e en lE a a  (2) of 
the electron and 

,

2
( )

h hn lE a a  (3) of the hole shift upward, ap-
proaching the boundary of the QD potential well. As a result, the 
energy levels 

,
( )

e en l aE  (2) of the electron and 
,

( )
h hn l aE  (3) of the hole 

are pushed out of the QD potential well. For instance, for the CdS 
QD with a radius a2 nm, only two electron levels ( 1, 0)e en l  , 
( 1, 1)e en l   and two hole levels ( 1, 0h hn l  ), ( 1, 1h hn l  ) re-
main in the QD potential wells [17]. These interband transitions can 
be used in the operation of CdS QD nanolasers [17]. The decrease in 
the radius a of the QD also led to an increase in the effective band-
gap width 

2

,
( ( ) )n l a a 
of the QD

,
( ( ) )n l,n l,( ( ) )n l( ( ) )

,
( ( ) )

,n l,( ( ) )
,

( ( ) )a( ( ) )( ( ) ) ( ( ) )( ( ) )n l( ( ) ) ( ( ) )n l( ( ) )( ( ) )a( ( ) ) ( ( ) )a( ( ) )  of the QD [11–18, 61, 62]. Therefore, 
varying the parameters of nanosystems, such as the values of the 
effective masses of quasiparticles and the radii a of the QD, allows 
for the directed production of nanosystems with predetermined op-
tical properties. 
 For CsPbBr3 perovskite QDs, a size reduction from 8.5 to 4.1 nm 
causes an increase in the band gap from 2.37 to 2.5 eV, which is 
accompanied by a blue shift of photoluminescence [11, 61, 62]. In 
such QDs, an increased exciton binding energy is observed (for ex-
ample, for CsPbBr3 nanoplates, it can exceed 40 meV), which ensures 
efficient charge transfer and a longer lifetime of excited states 
compared to bulk crystals [11, 63, 64]. In two-dimensional perov-
skites, a decrease in the layer thickness leads to an increase in the 
effective mass of carriers and an increase in the exciton binding en-
ergy, which allows tuning the optical properties [65]. Quantum con-
finement also affects the rate and mechanisms of relaxation: for 
example, in MAPbI3 QDs, multiexciton generation processes occur 
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in a few femtoseconds and radiative recombination in nanoseconds 
[66]. Due to these effects, perovskite QDs exhibit high photolumi-
nescence quantum efficiency, narrow emission spectrum width, and 
the ability to tune precisely the colour of the glow through control 
of size and composition [61, 62]. This makes perovskites unique 
structures for creating efficient nanolasers, LEDs, and solar cells 
[11, 61–63]. 
 Compact nanolasers based on perovskite and semiconductor QDs 
are a new class of miniature coherent light sources that combine 
ease of fabrication, a wide tuning range, and high optical character-
istics. Perovskite QDs, in particular CsPbBr3, allow the creation of 
lasers with extremely small dimensions (e.g., 1010 µm2), narrow 
emission linewidth 0.1 nm, and low losses due to the use of quasi-
continuum-coupled states (quasi-BIC) [67]. Vertical cavity lasers 
based on CsPbBr3 QDs demonstrate an ultralow generation threshold 
0.39 µJ/cm2, high stability of operation (over 5 hours or 1.810 
pulses), and the ability to operate in the femtosecond regime, which 
is important for portable electronics and optical communications 
[67, 69]. Nanolasers based on perovskite QDs provide a wide range 
of wavelength tuning (from blue to near-infrared ones), a narrow 
emission band (0.1–0.2 nm), and the possibility of flexible 3D pat-
terning for integration into miniature photonic chips, displays, sen-
sors, and biomedical devices [56, 67, 70, 71]. An important ad-
vantage of these lasers over semiconductor QD lasers is also their 
high stability to moisture and temperature, especially in composites 
with SiO or liquid crystal resonators [56, 72]. Recent developments 
include topological lasers based on CsPbBr3 QDs, which are defect-
resistant and provide single-mode generation even with miniaturiza-
tion [69]. 

3. THEORETICAL MODEL OF AN OPTICAL NANOLASER 
ON HEAVY HOLE TRANSITIONS 

The optical properties of quasi-0D structures consisting of spherical 
semiconductor (or dielectric) nanocrystals (NCs) (or QDs) of radius 
a1–10 nm, grown in transparent dielectric (or semiconductor) 
matrices, are currently being intensively studied [11–18]. Optical 
and nonlinear optical properties of heterophase nanosystems are de-
termined by the energy spectrum of spatially limited electron–hole 
pairs (EHP) (or excitons) [11–18]. Quantum size effects have been 
detected in the energy spectra of electrons and excitons in such 
quasi-0D structures using optical spectroscopy [11–18]. 
 The motion of charge carriers in NC, like in QDs, is limited in 
three directions. Therefore, the energy spectrum of charge carriers 
is discrete in NC with linear dimension of the order 1–10 nm [12, 
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15, 17, 34, 44, 50]. This property can be used to create optical 
nanolasers or optical computers [37, 44, 50]. In this context, we 
point out that the size (i.e., radius) a of a QD should be in the range 
of a few nm in order to provide that the difference, i.e., energy 
splitting 

( )e hE , between electron and hole levels are of the order of 
a few 

 0 
 Bk T  at the room temperature T0. In Ref. [17], it was dis-

cussed theoretically the prospect of using semiconductor NCs for 
designing nanolasers. 
 The energy spectrum of an EHP 
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 (7) 

in the quantum state 
, 0

( , )e e hn l t


; ( ,e en l ) are the principal and orbital 
quantum numbers of the electron, and th are the principal quantum 
number of the hole in a spherical NC with permittivity 

2
 , sub-

merged in a dielectric matrix with 1 such that 21 was obtained 
in Ref. [17] within the adiabatic approximation (memh, where me 
and mh are the effective masses of an electron and a hole in the NC) 
using only the first-order perturbation theory in the functions of a 
spherical-potential well of infinite depth. Here, 2 0,1,h r ht n l    
(nr is the hole radial quantum number and lh is the orbital quantum 
number of a hole), Sa/ah is the dimensionless radius of the NC, 
and ah and Eg—the Bohr radius of the hole and the band gap in an 
infinite semiconductor with permittivity 

2
 , respectively. The ener-

gy in Eq. (1) is measured in the units of 2 2
(2 )h hRy m a

respectively.
2 22 22 2

(2 )
2 2

h hRy m aRy m a2 2Ry m a2 22 2Ry m a2 2
(2 )Ry m a(2 )

2 2
(2 )

2 2Ry m a2 2
(2 )

2 2

h hRy m ah h(2 )h h(2 )Ry m a(2 )h h(2 ) , the coef-
ficient K0.67 accounts for the variance of the NCs with respect 
to the radii a [17], and the parameter bme/mh. The parameters 

,0
 

enZ  and ,0
 

enP  were determined in Refs. [17]: 

 

1

2 1

,

2

0

0

2 (1  ) sin ( )
en eZ dx x n x   , (8) 

 
0 2 1,

 2 (2 ) 2ln(2 ) 2 1
en e eP Ci n n          , (9) 

where Ci(y) is the cosine integral and d0.577—the Euler constant. 
 The EHP spectrum (7) was obtained for NCs whose sizes a are 
limited by the condition 

 a0ahaae, (10) 

where ae are the Bohr radius of the electron in an infinite semicon-
ductor with permittivity 2, and a0 is a characteristic length of the 
order of the interatomic distance. When this condition is satisfied, 
the polarization interaction of an electron and a hole with the sur-
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face of the NC plays a large role in the potential energy of the 
EHP. The condition (10) also makes it possible to study the motion 
of an electron and a hole in the NC in the effective-mass approxi-
mation. 
 The last term in the EHP spectrum (7) gives the hole spectrum 

, 0,
( )

e e hn l t S


  in oscillator form [17]: 

  ,

1

, 0, 0
) ( ) 3 2( ,

e e h en l t n e hP S S tS n


     , (11) 

  
1/2

2 2 3/2
( , ) 2.232 1 (2 3)e eS n n S    , (12) 

where (S,ne) is the frequency of the hole-oscillator vibrations, in 
an adiabatic electronic potential [17]. The second term in Eq. (7) 
(kinetic energy of the electron), which is due to the purely spatial 
limitation of the quantization region, makes the main contribution 
to the EHP spectrum (1) obtained within the adiabatic approxima-
tion, and the last two terms, which are associated with the Coulomb 
and polarization of the electron and the hole with the surface of the 
NC, appear only as corrections. 
 Thus, the polarization interaction of an electron and a hole with 
the surface of a NC, just as the quantization of the charge carriers, 
contributes to the renormalization of the energy gap (8) of the NCs. 
 In Ref. [17], interband absorption spectra of CdS NC (29.3) of 
sizes varying from 1 to 10 nm dispersed in a transparent dielectric 
matrix of silicate glass were investigated. The effective masses of 
electrons and holes in CdS were (me/m00.205) and (mh/m05), re-
spectively (i.e., memh). 
 In the experiment reported in Refs. [16, 34, 44, 50], an energy 
structure consisting of an equidistant series of levels was found in 
the region of transitions to the lower level of dimensional quantiza-
tion of the electron (ne1). The above structure is caused by quan-
tization of the hole energy spectrum in the adiabatic potential of 
the electron. 
 From the comparison of formula (6) (for ne1) with the experi-
mental dependence of the splitting magnitude of the NC size a ob-
tained in Refs. [17], it follows that, for NC of radii 1.5a3.0 
nm, the splitting (S, ne) (12) is in good agreement with the exper-
imental data [34, 44, 50] and differs from the latter only slightly 
(4%) [17]. 
 Based on the presented results, a scheme of operation of a laser 
developed on the basis of CdS NCs grown in boric–silicate glass ma-
trices was formulated [17] as follow. 
 1. Pumping: the hole transition from energy level 

1, 0, 1
( )

e e hn l t S
  

  
(11) to electron state ( 1, 0e en l  ) (1s state) (7) in conduction band 
with energy 
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 2. Creation of inverse population on the hole level (th0 by 
means of electron transition from the energy level 
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 3. Lasing step: transition of the hole in the valence band between 
equidistant levels (th0)(th1) separated by the energy 
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for NC of the radius a2 nm, 54 meV (15) is several times 
greater than the thermal energy Bk T . 
 Thus, in a nanolaser on CdS NCs, the pumping energy ħ13.12 
eV (7) would correspond to visible light, and lasing at energy 
54 meV (9) would occur in the infrared range. 

4. APPLICATION OF NANOLASERS IN OPTICAL 
INTERCONNECTS 

Due to their unique properties, nanolasers based on perovskite and 
semiconductor QDs fined a variety of applications. In each specific 
application (for example, optical interconnects, photonics, biopho-
tonics), not all general properties of perovskite and semiconductor 
QDs are used, namely those that are critical to achieving the de-
sired functions and efficiency of the device. Properties such as band 
gap width, emission wavelength, generation threshold, carrier 
transfer rate, and moisture stability are not just universal charac-
teristics, but those that are specially selected and optimized for a 
specific field of application. 
 Thus, in the field of optical interconnects, nanolasers based on 
perovskite and semiconductor QDs are used as sources of coherent 
light for ultrafast data transfer between chips. The most common 
perovskite QDs used for this purpose are methylammonium lead 
bromide (MAPbBr3), methylammonium lead iodide (MAPbI3), and 
caesium lead bromide (CsPbBr3). QDs often have the formula CsPbX3, 
where X is Cl, Br or I [56, 57, 73, 74]. They are used to create in-
tegrated photonic circuits, sensors, spectroscopic systems, and opti-
cal computers. High quantum efficiency, a wide emission spectrum, 
and the ability to tune precisely the wavelength make these materi-
als versatile for such photonic applications [1, 56, 74]. For example, 
CsPbBr3 perovskite QDs embedded in a two-layer mesoporous silica 
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matrix demonstrate efficient two-photon excitation and moisture 
resistance, which allows them to be used in biophotonics and sen-
sors. Such nanolasers are characterized by high optical quality fac-
tor, high carrier transfer rate and bright emission even in the near 
infrared range [56, 73]. Experiments have shown that photoelec-
trons and holes generated in a perovskite matrix with a significant 
band gap (of the order of 2.5 eV) are transferred to the QD with an 
efficiency of up to 80%, where intense light emission occurs [73]. 
Thus, nanolasers based on perovskite QDs (e.g., MAPbBr3, CsPbBr3, 
CsPbX3) characterized by a band gap of 1.5–2.3 eV, a radiation 
wavelength of 520–800 nm, an ultralow generation threshold (up to 
1.9 W/cm2), and a high optical Q-factor have the potential for ef-
fective integration into optical interconnects and photonic devices 
[57, 73–76]. 

5. APPLICATION OF NANOLASERS IN BIOMARKET 
DETECTION, SENSING AND DIAGNOSTICS 

Promising nanolasers for use in biomarker detection, sensing and 
diagnostics are created based on perovskite QDs with the general 
formula ABX3, where A is an organic or inorganic cation (e.g., Cs


, 

MA+—methylammonium, FA
—formamidine), B is a metal (usually 

Pb²

), X is a halogen (Cl


, Br


, I


). Typical examples are CsPbBr3, 

MAPbBr3, and CsPbI3. 
 The quantum dimensional effect in QDs with sizes of 2–10 nm 
makes it possible to tune precisely the values of the effective band 
gap and emission spectra by changing the particle size [12–18, 61, 
75, 77]. Perovskite QDs used in nanolasers are characterized by 
high photoluminescence quantum efficiency (PLQY90%), narrow 
emission bandwidth (FWHM15–30 nm), wide wavelength tuning 
range (400–800 nm) and low lasing threshold (I_th 10–100 
µJ/cm2) [61, 74, 75, 77], existence of long-lived edge-dimensional 
electronic states with lifetime 20–50 ns [12–18, 61, 77]. Due to 
high defect tolerance and ease of synthesis, such QDs demonstrate 
stable luminescence even without additional surface passivation [61, 
75]. CdSe, InP-based QDs, as well as perovskite QDs (e.g., CsPbIX3, 
where XCl, Br, I) are used for cell biomarkers, protein and DNA 
sensing, and for the creation of highly sensitive biosensors [74, 77]. 
In biomedical applications, perovskite QDs are encapsulated in bio-
compatible shells (e.g., SiO2, polymers), which ensures stability in 
aqueous media and minimizes toxicity [61, 75]. Thus, CsPbBr3@SiO 
QDs are used for high-resolution cell labelling and for sensing metal 
ions and biomolecules due to changes in luminescence intensity up-
on interaction with the analyte [61, 74]. In laser biosensors based 
on perovskite QDs, a generation threshold of  100 µJ/cm2 is 
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achieved that allows them to be used for point sensing of biological 
objects [77]. Thus, nanolasers based on perovskite QDs (ABX3, in 
particular, CsPbBr3, MAPbBr3) and QDs (CdSe, InP, CsPbBr3), which 
have found application in this field combine high photolumines-
cence, narrow emission band, low generation threshold and the pos-
sibility of biofunctionalization, which makes them ideal for modern 
biomarkers, sensing and diagnostics [61,74, 75, 77]. 

6. APPLICATIONS IN QUANTUM AND NEUROMORPHIC 
TECHNOLOGIES 

Nanolasers based on perovskite QDs (ABX3, e.g., CsPbBr3, CsPbI3) and 
semiconductor QDs (CdSe, InP, PbS) demonstrate unique physical 
properties, which makes them promising for quantum and neuro-
morphic technologies (systems whose architecture and operating 
principles are similar to the biological brain). The main physical pa-
rameters, which give them promise in such applications, are the 
bandgap widths (from 1.7 to 2.3 eV); photoluminescence quantum 
efficiency (PLQY) can exceed 90–99% even without additional pas-
sivation; emission bandwidth (FWHM)—15–30 nm; excited state 
lifetime—10–100 ns; QD sizes are of 4–12 nm (strong quantum 
confinement) [11, 12, 15, 17, 34, 44, 50, 61, 77]. 
 For quantum technologies, the important properties are single-
photon emission, narrow spectral line, spin control and coherence: 
for example, CsPbBr3 QDs demonstrate emission coherence up to 80 
ps, as well as the possibility of spin control through size and com-
position [61, 77]. In quantum computing and cryptography, such 
QDs are used as single-photon sources for quantum communica-
tions, as well as for multistimulus optical coding and 3D optical 
memory [61, 74, 77]. 
 In neuromorphic technologies, hybrid structures based on CsPbBr3 
QDs/graphene or QDs/carbon nanotubes provide photonic synapses 
with energy consumption on the order of tens of attojoules, simula-
tion of short- and long-term memory, and associative learning [61]. 
Promising transistors based on perovskite QDs demonstrate high 
carrier mobility (up to 10 cm2/(Vs)), an extended hysteresis win-
dow, and stability under multiple switching [61]. Highly confined 
CsPbBr3 QDs with dimensions (4–8 nm) are a source of single pho-
tons for quantum computing, with high colour purity and stability 
[77]. Hybrid perovskite/QD structures are used for optical memory, 
where the information storage time can reach several hours, and 
recording/erasing is performed by a laser pulse [61, 77]. QDs in 
photonic neuromorphic sensors provide sensitivity up to 10

15 
Joules, which allows us to recognize weak signals and simulate syn-
aptic transmission [61]. 
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7. PROSPECTS FOR THE DEVELOPMENT OF LASER-
TECHNOLOGY RESEARCH 

One of the main problems of theoretical research on nanosystems is 
the correct description of the interactions of nanoparticles (Cou-
lomb, polarization, exchange, spin–orbit, spin–spin ones) with the 
interfaces of nanosystems (semiconductor–dielectric–metal) [12–
18]. Theoretical modelling of hybrid nanosystems based on perov-
skite and semiconductor QDs, which takes into account quantum-
dimensional effects, allows us to predict the influence of the size, 
shape and composition of QDs on the effective band gap, emission 
and absorption spectra that is key to optimizing the optoelectronic 
properties of materials [12–18, 78, 79]. Studies show that the in-
teraction between nanoparticles localized above the QD surfaces in 
the perovskite matrix can lead to efficient energy transfer, changes 
in the emission and absorption spectra (e.g., red and blue shifts) and 
even to the emergence of quantum effects such as coherence, which 
opens up prospects for quantum technologies [73, 78]. Hybrid struc-
tures of the ‘quantum-dot-in-perovskite’ type provide high quality 
interfaces, which contribute to efficient charge transfer and in-
crease the stability and diffusion length of charge carriers [73, 78]. 
 Current trends in the development of laser technologies are fo-
cused on environmental requirements, in particular, on the devel-
opment of lead-free perovskites and QDs to reduce toxicity [12–18, 
31, 44, 50, 79, 80]. Hybridization of perovskite QDs allows pas-
sivation of the surface, reduction of defect density and increase of 
charge carrier lifetime, which lowers the threshold of laser genera-
tion and increases the stability of the devices [11–17, 78, 81]. Such 
hybrid systems demonstrate improved crystallinity, increased 
charge carrier mobility and efficient charge transfer between lay-
ers, which contributes to the increase of quantum efficiency and 
expansion of the emission spectrum from the visible to the near in-
frared range [12–18, 73, 78, 81]. This opens up new opportunities 
for the creation of highly efficient, stable and environmentally safe 
optoelectronic and laser devices of a new generation [78, 79, 80]. 
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The OMeATP/Cs2AgBiBr6/TiO2/FTO solar cell is studied using SCAPS-1D 

simulation, where a compound with nanoparticles with sizes ranging from 1.2 

to 2.9 nm is used. Previous practical research is compared with the program, 
and good results are obtained that mimic the results of the practical research 

used. The cell is improved by increasing the work function; so, the conversion 

efficiency is increased from 0.31% to 1.01%. The distortion rate of the reflec-
tion layer is increased; so, the efficiency is increased from 1.01% to 1.22%. 
The thickness of the absorption layer is changed; so, the efficiency is increased 

from 1.22% to 3.91%. Then, the radiation recombination coefficient is 

changed. It is noticed that the cell efficiency is increased and the recombina-
tion is decreased; so, the efficiency is increased from 3.91% to 4.79%. 

Сонячний елемент OMeATP/Cs2AgBiBr6/TiO2/FTO досліджено за допомо-
гою моделювання симулятором ємности сонячних елементів SCAPS-1D, 

де використано сполуку з наночастинками розміром від 1,2 до 2,9 нм. По-
передні практичні дослідження порівняно з програмою й одержано хоро-
ші результати, що імітують результати використаних практичних дослі-
джень. Елемент вдосконалено шляхом збільшення роботи виходу; тому 

ефективність перетворення збільшилася від 0,31% до 1,01%. Швидкість 

спотворення шару відбивання збільшено; тому ефективність збільшилася 

від 1,01% до 1,22%. Товщину шару вбирання змінено; тому ефективність 

збільшилася від 1,22% до 3,91%. Потім змінено коефіцієнт рекомбінації 

випромінення. Помічено, що ефективність елементу збільшилася, а ре-
комбінація зменшилася; тому ефективність збільшилася від 3,91% до 

4,79%. 
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1. INTRODUCTION 

Over the past ten years, lead-halide perovskite (LHP) nanocrystals 
have garnered a great deal of attention because of their exceptional 
optical and optoelectronic qualities, which include long photocarrier 
diffusion lengths, low exciton binding energies, and high photolu-
minescence quantum yields (PL QYs) [1–3]. Over the past ten years, 
lead-halide perovskite (LHP) nanocrystals have garnered a great 
deal of attention because of their exceptional optical and optoelec-
tronic qualities, which include long photocarrier diffusion lengths, 
low exciton binding energies, and high photoluminescence quantum 
yields (PL QYs) [4, 5]. The materials exhibit diffusion of both holes 
and electrons of more than approximately one micron, and the dif-
fusion length means that these materials can operate effectively in 
a thin structure, and that charges can be transported in the perov-
skite itself over long distances [6, 7]. Recent research has indicated 
that the charges of perovskites always exist in the form of free 
electrons and holes, rather than as bound excitons, because the ex-
citon binding energy is low enough to enable charge separation at 
room temperature [8]. Double perovskite materials, Cs2AgBiBr6, 
have been discovered, as they are layered. Absorption is suitable for 
the manufacture of solar cells, as it is a highly crystalline com-
pound, which encourages energy generation [9, 10], as it is more 
stable because it is not affected by moisture [11]. In this research, 
we will take the main absorption layer, the perovskite compound 
Cs2AgBiBr6, which is a double layer that is free of toxicity and less 
affected by humidity, with a back reflection layer, OMeTAD, a 
matching layer, TiO2, and FTO permeation. The theoretical work 
was compared with experimental work, and a great convergence in 
the results was revealed, to show the extent of the program sobrie-
ty, because we performed an improvement on the cell generated 
through the SCAPS-1D program. 

2. NUMERICAL SIMULATION IN SCAPS 

Modelling can be performed using the SCAPS program, which is a 
one-dimensional solar cell simulation program designed at the Uni-
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versity of Ghent in Belgium to simulate traditional semiconductor 
crystalline materials such as CIGS, CdTe, or other materials such as 
SnS. The user can describe a cell consisting of a maximum of seven 
layers for different properties such as optical absorption, thickness, 
doping concentration, energy gap, etc. The spectral responses are 
determined and can be calculated in the dark and in the light as a 
function of temperature. This program has been developed and ap-
plied to all solar cells. It is a program is available free. The pro-
gram is based on solving semiconductor equations. We begin by 
writing the Poisson equation, an elliptical partial differential equa-
tion, named after the French physicist Simeon Poisson, who discov-
ered its application in universal gravity and static electricity with 
the equation also known by its name, the Poisson–Boltzmann equa-
tion, which regulates the relationship between electric potential and 
the distribution of electric charge, and in general, it has applica-
tions in quantum theory [12, 13]: 

  
 

   D A

q
E p n N N     


. (1) 

Then, the continuity equation gives the following relationships [14]: 

  
1

      n n n

dn
J G R

dt q
    , (2) 

  
1

     p p p

dp
J G R

dt q
     . (3) 

Finally, the charge carrier equations for the diffusion and drift 
current density can be obtained from the following equations [15]: 

      ,n n nJ q nE D n     (4) 

     p p pJ q PE D p    . (5) 

 To measure the quality of photovoltaic cells, fill factor (FF), 
short circuit current Jsc, open circuit voltage Voc, and conversion 
efficiency  must be known, as these variables are related to each 
other with the following equations [15]: 

 max max max

 

  
t oc sc

P V I
FF

P V J
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P P
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 The age of the minority carriers can be determined, which is the 
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average time required for the recombination of the minority carri-
ers, and it is linked to the doping concentration and recombination 
by the following relationships [16]: 

 
1

( )th tV N    , (8) 

 n/R. (9) 

 The saturation current equation for the diode is one of the im-
portant equations, which determines the effect of propagation 
length and carrier density on cell performance [12, 15]: 
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 Likewise, quantum efficiency (QE) greatly affects the perfor-
mance of the cell, whose equation can be written [16, 17] as follows: 

 1.24QE R  . (11) 

3. SOLAR CELL INSTALLATION 

The OMeATP/Cs2AgBiBr6/TiO2/FTO solar cell consists of a FTO 
window layer of transparent metal oxides that has a relatively large 
energy gap; then, it is followed by the TiO2 compatibility layer, 
which has an energy gap suitable for the gradient of the absorption 
layer with the penetration, and then the Cs2AgBiBr6 absorption lay-
er, which has a relatively small energy gap and forget. It has a flat 
band front and silver ohmic contact with a work function 4.26 V 
and the cell is on a glass floor [18]. Table 1 gives the values of the 
program parameters. Table 2 gives the values of the defects that 
must be entered in the absorption layer for the SCAPS program to 
study the performance of the experimental cell. The temperature 
was 300 K. Figure 1 shows the installation of the solar cell. 
 To enhance the efficiency of solar cells, we must work on: compare 

the experimental cell with the theoretical cell; optimize the cell by 

changing the back-connection work function; improve the cell by 

changing the thickness and the impurity ratio to obtain the best cell. 

4. DISCUSSION OF RESULTS 

4.1. Comparing the Experimental Cell with the Theory 

To simulate the performance of the solar cell, the program used 
must be verified and the extent of its conformity with the practical 
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results must be verified. We conducted a simulation of the practical 
research by FAN, Ping et al. [24] on the SCAPS program, and the 
results showed a great match between the practical and theoretical 
results, as shown in Table 3, but the match is not complete. 
 Among the results, it is a decrease in the filling factor, which led 
to a decrease in the conversion efficiency. The reason is due to the 
defects in the interface P-OMeATD/Cs2AgBiBr6, p-Cs2AgBiBr6/TiO2 
and the defects in the absorption layer p-Cs2AgBiBr6. With a de-

TABLE 1. Physical parameters for all layers [19–23]. 

Parameters Symbol, unit OMeTAD Cs2AgBiBr6 TiO2 FTO 

Thickness W, µm 0.05 0.5 0.07 0.05 

Band gap Eg, eV 2.9 2.05 3.45 3.5 

Electron affinity , eV 2.2 4.19 4.2 4 

Dielectric permittivity r 3.0 5.8 10 9 

CB effective density 
of states 

NC, cm
3 2.51018 1.01016 2.21018 2.21018 

VB effective density 
of states 

NV, cm
3 2.21018 1.01016 1.81019 1.81019 

Electron thermal velocity Vn, cm/s 1.0107 1.0107 1.0107 1.0107 

Hole thermal velocity VP, cm/s 1.0107 1.0107 1.0107 1.0107 

Electron mobility n, cm
2/(Vs) 110

4 11.8 100 20 

Hole mobility p, cm
2/(Vs) 110

4 6.49 25 10 

Shallow uniform donor 
density 

ND, 1/cm3 0 1.01019 1.01019 1.01020 

Shallow uniform accep-
tor density 

NA, 1/cm3 1.01019 1.01019 0 0 

Coefficient absorption , 1/cm 1.0105 4.5103 1.0105 1.0105 

Radiative recombination 
coefficient 

cm3/s 1.010
9 4.010

9 2.310
9 2.310

9 

TABLE 2. Surface defects and absorption layer defects. 

Characteristics of defects 
Surface defects 

OMeTAD/Cs2AgBiBr6 

Absorption 
defects p-

Cs2AgBiBr6 

Surface defects 
Cs2AgBiBr6/TiO2 

Energy level with respect 
to reference, eV 

1.3 0.6 1.3 

Total density, Nt, cm
2 1.0107 1.01013 1.0109 

Capture cross section 
area of electrons, e, cm

2 
2.310

18 1.010
15 2.310

18 

Capture cross section 
area of holes, h, cm

2 
2.310

18 1.010
15 2.310

18 
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crease in Nt defects, the correspondence of the experimental work 
with the theory increases, due to the increase in durability. Minori-
ty carriers, which are inversely proportional to defects, as shown in 
Eq. (8); so, recombination will decrease, and as shown in Eq. (9), 
the efficiency of the theoretical cell increases over the experimental 
cell. 

4.2. Effect of the Work Function 

The layers of the solar cell consist of semiconductor materials and 
have a front connection and a back connection to transfer electrical 
power outside the cell. The front connection is between a metal and 
a semiconductor, and its resistance is very small compared to the 
resistance of the device. It is called ohmic contact because the re-
sistance is very small [25]. Ohmic contact depends on the form Main 
on the relative difference between the work function of a conductor 
and the electronic affinity of a semiconductor material. The work 
function can be defined as the lowest binding energy of an electron 
to the surface of the metal. The front connection in the program 
has a flat band icon, but the back connection has a certain re-
sistance and is called as the Schottky connection. 
 The Schottky connection works the opposite of the ohmic connec-
tion, as it does not allow current to flow except in one direction, 
that is, it resembles a one-sided p–n diode. Therefore, we notice 
that the concentration of carriers on the conductive side is much 
higher than its focus is on Semi Mosul. For the back connection, 
silver metal was used [26], and the work function was changed from 

Ag 

OMeTAD 

Cs2AgBiBr6 

TiO2 

FTO 

Glass 

Fig. 1. Solar cell installation. 

TABLE 3. Theoretical and experimental cell outputs. 

, % FF, % J, mA/cm2 V, V Solar cell 

0.70 0.65 1.24 0.87 
OMeATD/Cs2AgBiBr6/TiO2/FTO (Experimental) 
[24] 

0.72 32.2 2.61 0.84 OMeATD/Cs2AgBiBr6/TiO2/FTO (Theoretical) 



 IMPROVING THE EFFICIENCY OF LEAD-FREE NANOPEROVSKITE CELLS 89 

4.2 eV to 4.9 eV. We noticed an increase in the conversion efficien-
cy, fill factor, and open circuit voltage. This is because for a p-type 
metal-semiconductor connection, the work function of the metal is 
less than the work function of the semiconductor, which leads to 
the flow of electrons from the conductor to the semiconductor, and 
increasing the work function helps to achieve quickly a state of 
thermal equilibrium [27]. 
 Figure 2 shows the effect of the work function on the cell out-
puts. Figure 3 shows the relationship of voltage with current, and 
we notice an increase in efficiency and fill factor with an increase 
in the work function. Quantum efficiency was studied, which is the 
percentage of the number of carriers generated in the cell to the 
number of photons falling on the solar cell. 
 Figure 4 shows the relationship of wavelength as a function of 
quantum efficiency, and we notice that there is no it as affected by 
the change in the work function because it depends on the spectral 
response and wavelength [16, 17]. 

4.3. Effect of Acceptance on Reflection Layer 

The distortion of the back reflection layer was changed from 11019 
cm

3 to 11022 cm
3 so we noticed an increase in the conversion effi-

ciency and filling factor, and Fig. 5 shows the change. 

 

Fig. 2. Work function as a function of cell output. 
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 The cell outputs increase the doping ratio, because increasing the 
doping ratio leads to an increase in carriers; so, the saturation cur-
rent of the cell decreases, as shown in Eq. (10). Figure 6 shows the 

 

Fig. 3. Voltage as a function of current. 

 

Fig. 4. Wavelength as a function of quantum efficiency. 

 

Fig. 5. Percentage of midwife defects as a function of cell output 
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relationship of voltage with current. Figure 7 shows the relation-
ship of wavelength with quantum efficiency, and that quantum ef-
ficiency begins at 7% at the length. The wavelength is of 100 nm 
and increases to 17% with the greatest amount at the wavelength 
of 370 nm; then, it begins to decrease gradually until it reaches ze-
ro. The reason is that the length of propagation decreases and the 
absorbance is at the lowest amount at high wavelengths because the 
efficiency is inversely proportional to the wavelength according to 
Eq. (11) [28]. 

4.4. Effect of Thickness and Radiation Recombination of the Ab-
sorption Layer 

The thickness of the absorption layer was changed from 0.5 µm to 
2.5 µm. We noticed an increase in the shunt efficiency and a de-
crease in the fill factor and short circuit current, as shown in Fig. 
8. This is because increasing the thickness leads to an increase in 
the absorption of photons, so the generation of the electron-gap pair 
increases and the recombination process at the interface decreases, 
which leads to an increase in the optical current [29, 30]. 
 Figure 9 shows the relationship of voltage with current. 
 Figure 10 shows the wavelength with quantum efficiency. Notice 
the increase in quantum efficiency that starts at the smallest thick-
ness of 7% until it reaches 15% at the largest thickness, where the 
quantum efficiency increases and reaches the greatest amount of 

 

Fig. 6. Voltage as a function of current. 

 

Fig. 7. Relationship of wavelength with quantum efficiency nm. 
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45% at the wavelength of 370 nm; then, it begins to decrease. 

 

Fig. 8. Thickness as a function of cell output. 

 

Fig. 9. Voltage as a function of current for different absorption layer thick-
nesses. 

 

Fig. 10. Wavelength as a function of quantum efficiency for different ab-
sorption layer thicknesses. 
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 Therefore, because the value of the absorption coefficient is high 
at short wavelengths, absorption occurs near the surface because 
the recombination time is short; so, the previously generated carri-
ers are captured by the p–n crystal diode [31]. 
 Figure 11 shows the relationship of recombination with the cell 
output. You notice an increase in cell efficiency and fill factor 
whenever recombination decreases, with both current and voltage 
remaining constant, because the decrease in recombination increases 
the durability of the minority carriers, which increases the cell effi-
ciency according to Eq. (8) and Eq. (9), due to the increase in the 
voltage barrier [32, 33]. 
 Figure 12 shows the relationship of voltage with current. Figure 
13 shows the relationship of wavelength with quantum efficiency. 
We notice a slight increase in Auger recombination, which leads to 
a decrease in the average life of the carriers at the surface, in addi-
tion to the formation of deposits and deformation on the surface 

 

 

Fig. 11. Recombination as a function of cell output of the absorption layer. 

 

Fig. 12. Voltage as a function of current for different recombination val-
ues of the absorber layer. 
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[34]. Quantum efficiency is zero at long wavelength because no 
light can be absorbed below the forbidden energy gap. 

5. CONCLUSIONS 

The OMeATP/Cs2AgBiBr6/TiO2/FTO cell was simulated using the 
SCAPS program and compared with an experimental cell. A very 

 

Fig. 13. Wavelength as a function of quantum efficiency for different re-
combination values of the absorption layer. 

TABLE 4. Meaning of the symbols used in the research. 

Symbol Mean of Symbol Symbol Mean of Symbol 
E Electric filed Voc Open circuit voltage 
q charge  Conversion efficiency 
P Holes constriction Pmax Maximum power 

n Electron constriction Pt Actual power 

NA
 

Acceptance consternation Pin Input power 

Jn Electron current density  Time of minority carriers 
Jp Holes current density Nt Defects concentration 
Gn Electron generation rate Vth Heat velocity 
Gp holes generation rate  Conductivity 

Rn The rate of electron re-
combination n Various concentrations of minority 

carriers 

Rp 
The rate of holes recom-

bination I0 saturation current 

Dn Electron diffusion con-
stant Le 

The propagation length of elec-
trons 

Dp Holes diffusion constant Lp The propagation length of holes 

n Electron mobility ni
2 Electron concentration of pure 

semiconductor 
p Holes mobility QE Quantitative efficiency 
FF Fill factor R Spectral acceptance 
Jsc Short circuit current  Wave length 
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large convergence was found between theoretical and experimental. 
The cell was also improved by increasing the work function. It was 
noted that increasing the distortion of the back reflection layer in-
creases the performance of the cell to return photons to the cell. The 
thickness of the absorption layer has a significant impact on the per-
formance of the cell. We noticed that increasing the thickness in-
creases the efficiency of the cell due to increasing the absorption co-
efficient, and decreasing recombination increases the cell efficiency 
because recombination reduces the generation of the electron-gap 
pair. 

REFERENCES 

1. Zhenyang Liu, Hanjun Yang, Junyu Wang, Yucheng Yuan, Katie Hills-Kimball, 
Tong Cai, Ping Wang, Aiwei Tang, and Ou Chen, Nano Letters, 21, Iss. 4: 1620 

(2021);  https://doi.org/10.1021/acs.nanolett.0c04148 

2. Masataka Higashiwaki, Kohei Sasaki, Akito Kuramata, Takekazu Masui, 
and Shigenobu Yamakoshi, phys. status solidi (a), 211, No. 1: 21 (2014); 
https://doi.org/10.1002/pssa.201330197 

3. Miao He, Qing Zeng, and Lijuan Ye, Crystals, 13, No. 10: 1434 (2023); 
https://doi.org/10.3390/cryst13101434 

4. Xing Chen, Kewei Liu, Zhenzhong Zhang, Chunrui Wang, Binghui Li, Haifeng 

Zhao, Dongxu Zhao, and Dezhen Shen, ACS Appl. Mater. Inter., 8, Iss. 6: 4185 

(2016); https://doi.org/10.1021/acsami.5b11956 

5. Sudheer Kumar, and R. Singh, phys. status solidi (RRL), 7, Iss. 10: 781 (2013); 
https://doi.org/10.1002/pssr.201307253 

6. D. Y. Guo, Z. P. Wu, Y. H. An, P. G. Li, P. C. Wang, X. L. Chu, X. C. Guo, 
Y. S. Zhi, M. Lei, L. H. Li, and W. H. Tang, Appl. Phys. Lett., 106, No. 6: 042105 

(2015); https://doi.org/10.1063/1.4907174 

7. R. H. Al-Saqa, and I. K. Jassim, Journal of Nanomaterials & Biostructures, 18, 
No. 1: 165 (2022); doi:10.15251/DJNB.2023.181.165 

8. Rikiya Suzuki, Shinji Nakagomi, Yoshihiro Kokubun, Naoki Arai and Shigeo Ohi-

ra, Appl. Phys. Lett., 94, No. 22: 222102 (2009); 
https://doi.org/10.1063/1.3147197 

9. K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi, IEEE 

Electron. Device Lett., 34, No. 4: 493 (2013); 
https://doi.org10.1109/LED.2013.2244057 

10. Masataka Higashiwaki, AAPPS Bull., 32: 3 (2022); 
https://doi.org/10.1007/s43673-021-00033-0 

11. Kohei Sasaki, Masataka Higashiwaki, Akito Kuramata, Takekazu Masui, and Shi-

genobu Yamakoshi, J. Cryst. Growth, 378: 591 (2013); 
https://doi.org/10.1016/j.jcrysgro.2013.02.015 

12. O. M. Bordun, B. O. Bordun, I. Yo. Kukharskyy, and I. I. Medvid, J. Appl. Spec-

trosc., 86, No. 6: 1010 (2020); https://doi.org/10.1007/s10812-020-00932-4 

13. Ashwin Kumar Saikumar, Shraddha Dhanraj Nehate, and Kalpathy B Sundaram, 
ECS J. of Solid State Science and Technol., 8, No. 7: Q3064 (2019); 
https://doi.org/10.1149/2.0141907jss 

14. Lingyi Kong, Jin Ma, Caina Luan, Wei Mi, and Yu Lv, Thin Solid Films, 520, 

https://doi.org/10.1021/acs.nanolett.0c04148
https://doi.org/10.1002/pssa.201330197
https://doi.org/10.3390/cryst13101434
https://doi.org/10.1021/acsami.5b11956
https://doi.org/10.1002/pssr.201307253
https://doi.org/10.1063/1.4907174
doi:10.15251/DJNB.2023.181.165
https://doi.org/10.1063/1.3147197
https://doi.org10.1109/LED.2013.2244057
https://doi.org/10.1007/s43673-021-00033-0
https://doi.org/10.1016/j.jcrysgro.2013.02.015
https://doi.org/10.1007/s10812-020-00932-4
https://doi.org/10.1149/2.0141907jss


96 Hardan T. GHANEM, Muaamar A. KAMIL, and Mahmood H. MAYOOF 

No. 13: 4270 (2012); https://doi.org/10.1016/j.tsf.2012.02.027 

15. O. M. Bordun, B. O. Bordun, I. I. Medvid, and I. Yo. Kukharskyy, Acta Physica 

Polonica A, 133, No. 4: 910 (2018); 
https://doi.org/10.12693/APhysPolA.133.910 

16. K. H. Choi and H. C. Kang, Materials Letters, 123: 160 (2014); 
https://doi.org/10.1016/j.matlet.2014.03.038 

17. C. B. Willingham, J. M. Wahl, P. K. Hogan, L. C. Kupferberg, T. Y. Wong, and 

A. M. De, Proc. SPIE, 5078: 179 (2003); https://doi.org/10.1117/12.500986 

18. T. Igarashi, M. Ihara, T. Kusunoki, K. Ohno, T. Isobe, and M. Senna, Appl. Phys. 
Lett., 76, No. 12: 1549 (2000); https://doi.org/10.1063/1.1260921 

19. O. M. Bordun, I. M. Bordun, and S. S. Novosad, J. Appl. Spectr., 62, No. 6: 1060 

(1995); https://doi.org/10.1007/BF02606760 

20. K. Wasa, M. Kitabatake, and H. Adachi, Thin Film Materials Technology: Sput-

tering of Compound Materials (New York: Springer–William Andrew Inc Publish-

ing: 2004). 

21. O. M. Bordun, B. O. Bordun, I. J. Kukharskyy, I. I. Medvid, O. Ya. Mylyo, 
M. V. Partyka, and D. S. Leonov, Nanosistemi, Nanomateriali, Nanotehnologii, 
17, Iss. 1: 123 (2019); https://doi.org/10.15407/nnn.17.01.123 

22. Carl V. Thompson, Sol. State Phys., 55: 269 (2001); 
https://doi.org/10.1016/S0081-1947(01)80006-0 

23. Carl V. Thompson, J. Appl. Phys., 58: 763 (1985); 
https://doi.org/10.1063/1.336194 

24. O. M. Bordun, B. O. Bordun, I. Yo. Kukharskyy, I. I. Medvid, I. I. Polovynko, 
Zh. Ya. Tsapovska, and D. S. Leonov, Nanosistemi, Nanomateriali, Nano-

tehnologii, 19, Iss. 1: 159 (2021); https://doi.org/10.15407/nnn.19.01.159 

25. J. E. Palmer, C. V. Thompson, and Henry L. Smith, J. Appl. Phys., 62, No. 6: 2492 

(1987); https://dx.doi.org/10.1063/1.339460 

26. O. M. Bordun, I. O. Bordun, I. M. Kofliuk, I. Yo. Kukharskyy, I. I. Medvid, 
Zh. Ya. Tsapovska, and D. S. Leonov, Nanosistemi, Nanomateriali, Nano-

tehnologii, 20, Iss. 1: 91 (2021); https://doi.org/10.15407/nnn.20.01.091 

27. Tejaswini Sahoo and Paresh Kale, Advanced Materials Interfaces, 8, Iss. 23: 
2100649 (2021); https://doi.org/10.1002/admi.202100649 

28. Sophie de Reguardati, Juri Pahapill, Alexander Mikhailov, Yuriy Stepanenko, 
and Aleksander Rebane, Optics Express, 24, Iss. 8: 9053 (2016);  
https://doi.org/10.1364/OE.24.009053 

29. Amrita Masurkar and Ioannis Kymissis, Applied Physics Reviews, 2, Iss. 3:  (2015); 
https://doi.org/10.1063/1.4926767 

30. Mahmood M. Saleh, Hamadi Khemakhem, Ismel K. Jassim, and Read Hashim Al-

Saqa, Ochrona przed Korozją, 67, Nr. 1: 9 (2024); doi:10.15199/40.2024.1.2 

31. Henry Kressel, Semiconductors and Semimetals, 16: 1  (1981); 
https://doi.org/10.1016/S0080-8784(08)60128-3 

32. Mehdi Leilaeioun and Zachary C. Holman, Journal of Applied Physics, 120, Iss. 12: 
123111 (2016); https://doi.org/10.1063/1.4962511 

33. Raed Hashim Al-Saqa, Ismail Kalil Jassim, and Mohammad Mahmood Uonis, 
Ochrona przed Korozją, 66, Nr. 8: 243 (2023); doi:10.15199/40.2023.8.3 

34. Richard Haight, Surface Science Reports, 21, Iss. 8: 275  (1995); 
https://doi.org/10.1016/0167-5729(95)00002-X 

https://doi.org/10.1016/j.tsf.2012.02.027
https://www.scopus.com/authid/detail.uri?authorId=6603117351
https://www.scopus.com/authid/detail.uri?authorId=56418611800
https://www.scopus.com/authid/detail.uri?authorId=57185721000
https://www.scopus.com/authid/detail.uri?authorId=55801554300
https://www.scopus.com/authid/detail.uri?authorId=55801554300
https://www.scopus.com/sourceid/26936?origin=resultslist
https://www.scopus.com/sourceid/26936?origin=resultslist
https://doi.org/10.12693/APhysPolA.133.910
https://doi.org/10.1016/j.matlet.2014.03.038
https://doi.org/10.1117/12.500986
https://doi.org/10.1063/1.1260921
https://doi.org/10.1007/BF02606760
https://doi.org/10.15407/nnn.17.01.123
https://doi.org/10.1016/S0081-1947(01)80006-0
https://doi.org/10.1063/1.336194
https://doi.org/10.15407/nnn.19.01.159
https://dx.doi.org/10.1063/1.339460
https://doi.org/10.15407/nnn.20.01.091
https://doi.org/10.1002/admi.202100649
https://doi.org/10.1364/OE.24.009053
https://doi.org/10.1063/1.4926767
doi:10.15199/40.2024.1.2
https://doi.org/10.1016/S0080-8784(08)60128-3
https://doi.org/10.1063/1.4962511
doi:10.15199/40.2023.8.3
https://doi.org/10.1016/0167-5729(95)00002-X


97 

 

PACS numbers: 42.70.Qs, 72.40.+w, 78.40.Fy, 78.67.-n, 84.60.Jt, 88.40.hj 

Solar-Cell Properties of Porous Silicon/Cadmium Telluride 
Junction 
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PSi–CdTe junction is prepared using spray pyrolysis and photoelectro-
chemical etching methods; the deposition method of thin CdTe films is 
performed at 90C; thin CdTe films are completely crystalline with energy 
gap of 2.4 eV. The grain sizes are investigated using SEM and x-ray spec-
troscopy; both measurement techniques show that the grain sizes are 
within the nanoscale. The junction show I–V characteristics similar to the 
diode in both forward and reverse bias; the junction also show solar-cell 
characteristics with fill factor of 0.594. 

Перехід PSi–CdTe одержано методами розпорошувальної піролізи та 
фотоелектрохемічного щавлення; метод осадження тонких плівок CdTe 
виконано за температури у 90C; тонкі плівки CdTe є повністю криста-
лічними із забороненою енергетичною зоною у 2,4 еВ. Розміри зерен 
досліджено за допомогою сканівної електронної мікроскопії та рентґе-
нівської спектроскопії; обидва методи міряння показують, що розміри 
зерен знаходяться в наномасштабі. Перехід демонструє вольт-амперні 
характеристики, подібні до діоди, як у прямому, так і у зворотньому 
зміщенні; перехід також демонструє характеристики сонячного елеме-
нта з коефіцієнтом заповнення у 0,594. 

Key words: porous silicon, cadmium telluride, thin films, semiconductors, 
optical properties of semiconducting thin films, diode characteristics, so-
lar-cell characteristics. 
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характеристики діоди, характеристики сонячних елементів. 

(Received 7 September, 2024; in revised form, 8 October, 2024) 
  

1. INTRODUCTION 

Cadmium telluride CdTe is one of the II–VI group semiconductors; 
cadmium telluride has unique properties, which enable it to enter 
into many applications, including gamma-ray detection [1], fuel 
cells [2], photocatalytic hydrogen production [3], sensors [4, 5], la-
ser materials [6], and solar panels [7]. It is a p-type semiconductor 
and can be converted to n-type by heat treatment [8], has a band-to-
band energy gap of about 1.4–1.5 eV [9–12], high absorption coeffi-
cient of 104 cm

1 [13, 14]. Cadmium telluride can be deposited via 
different easy methods including chemical bath deposition [15–17], 
flash evaporation [18], close spaced sublimation [19], spray method 
[20], thermal evaporation [21, 22], and electrodeposition [23]. 
 In our work, thin CdTe films have been deposited on porous sili-
con to fabricate PSi–CdTe solar cell; the optical, structural, and 
electrical properties were measured for thin CdTe films and PSi–
CdTe junction. 

2. EXPERIMENTAL METHOD 

n-type silicon wafer was used as a substrate to construct PSi–CdTe so-
lar cell. The silicon wafer was etched to obtain the porous silicon using 

photoelectrochemical-etching technique; the method was performed 

with etching current of 15 mA/cm2, etching period of 10 min with 18 

wt.% HF and ethanol (99.9%) (1:1) aqueous solution [24]. 
 Tellurium oxide TeO2 was dissolved in 25 ml distilled water in-

 

Fig. 1. Experimental setup for the fabrication of porous silicon by electro-
chemical etching of silicon wafers [25]. 
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cluded 5 ml HCl, while ZnCl2 was dissolved in 25 ml of distilled wa-
ter; both solutions were mixed for 1 hr at 90C using magnetic stir-
rer. Finally, the deposition of the mixture was performed using 
spray-pyrolysis method with deposition temperature of 100C, 20 
sprays, nozzle distance of 30 cm, and air pressure of 7.5 kg/cm2. 

3. RESULTS AND DISCUSSION 

Thin films of CdTe on porous silicon were deposited; the optical, 
structural, and electrical properties of the CdTe film and the junc-
tion have been discovered. 
 The film show a high transmittance, which increases with wave-
length, where the maximum transmittance was of 97.3. The absorb-
ance spectrum has a peak at wavelength of 540 nm, which belong to 
the CdTe nanotubes (Fig. 2). 
 The energy gap of the cadmium-telluride films was calculated us-
ing Scherrer equation; it was of about 2.4 eV (Fig. 3). 

 

Fig. 2. The transmittance and absorbance of thin CdTe films. 

 

Fig. 3. Energy gap of thin CdTe films. 
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 Field-emission scanning electron microscope has been used in the 
examining of thin CdTe films (Fig. 2); the images show the for-

  
a      b 

Fig. 4. FE–SEM images of thin CdTe films on porous silicon substrate: (a) 
magnification 30000, (b) magnification 120000. 

 

Fig. 5. XRD spectrum of thin CdTe films on porous silicon substrate. 

TABLE 1. The average grain size of thin CdTe film. 

2-theta,  FWHM [2Th.] D, nm Average grain size, nm 

27.0091 0.4489 18.20207032 

37.07802849 

27.7446 0.5628 14.54100846 

27.832 0.0858 95.39885917 

27.9339 0.1667 49.1123415 

28.8395 1.0083 8.135862994 



 SOLAR-CELL PROPERTIES OF POROUS Si/CdTe JUNCTION 101 

mation of the CdTe nanotube in different orientations and diame-
ters; the average nanotube diameters was of about 39.47 nm. 
 XRD spectrum of the CdTe shows that the film was completely 
crystalline, where a single significant peak appear at 227.82 
with the (111) orientation. The average grain size was calculated 
using Scherrer equation; it was equal to 37.07802849 nm (Fig. 5 
and Table 1); this result agrees with the FE–SEM image. 
 The electrical properties of PSi–CdTe junction were investigated; 
the junction show I–V characteristics similar to diode characteris-
tics in both forward and reverse bias as shown in Fig. 6. PSi–CdTe 
junction also show solar-cell characteristics with short circuit cur-
rent density of 9.362 mA/cm2, open circuit voltage of 0.730 V, fill 
factor of 0.594, and efficiency of 4.061% (see Fig. 7 and Table 2). 

4. CONCLUSIONS 

Thin films of CdTe have been deposited via spray-pyrolysis method 

  

Fig. 6. I–V diode characteristics of 
PSi–CdTe junction. 

Fig. 7. Solar-cell characteristics of 
PSi–CdTe junction. 

TABLE 2. Solar-cell parameters’ values of PSi–CdTe junction. 

Area cm2 10 min 

Pin mW/cm2 100 

Jsc mA/cm2 9.362 

Voc V 0.730 

Jmax mA/cm2 8.122 

Vmax V 0.500 

FF 
 

0.594 

PCE % 4.061 
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on porous silicon, which has already been prepared using photoelec-
trochemical etching technique. The energy gap of thin CdTe films 
was of 2.4 eV. The grain sizes were measured using SEM images 
and x-ray spectrum; they were of about 39.47 nm and 37.07 nm, 
respectively. The x-ray spectrum shows also that the film was com-
pletely crystalline. The PSi–CdTe junction show diode and solar-cell 
characteristics with fill factor of 0.594 and efficiency of 4.061%. 
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The thin films of zinc sulphide (ZnS) with nanograins are produced on 
(glass) substrates at 250C using the spray-pyrolysis deposition technique 
(SPDT). The films have a polycrystalline cubic structure with preferred 
orientation along (111) direction of growth. The optical characteristics of 
the thin ZnS film indicate a direct optical energy gap of 3.320 eV. The 
film displays a thickness of 250.25 nm with grain sizes ranging from 
9.76 nm to 11.46 nm. For approximate values, the measurements are done 
with the use of a computer simulation tool ‘Hebal Optic’. It is also ob-
served for all the films that there is an inverse proportional change in 
resistance to temperature and that the formed films have two activation 
energies. 

Тонкі плівки сульфіду Цинку (ZnS) з нанозернами було одержано на 
скляних підкладинках за 250C за допомогою методу осадження розпо-
рошувальною піролізою. Плівки мали полікристалічну кубічну струк-
туру з переважною орієнтацією вздовж напрямку росту (111). Оптичні 
характеристики тонкої плівки ZnS вказували на ширину прямої опти-
чної забороненої енергетичної зони у 3,320 еВ. Плівка мала товщину у 
250,25 нм із розмірами зерен від 9,76 нм до 11,46 нм. Для одержання 
приблизних значень міряння виконувалися за допомогою засобу 
комп’ютерного моделювання «Hebal Optic». Також було відзначено, що 
для всіх плівок є обернено пропорційна зміна опору з температурою та 
що утворені плівки мають дві енергії активації. 

Key words: software ‘Hebal Optic’, nano-ZnS, thiourea, energy gap, spray-
pyrolysis deposition technique. 

Ключові слова: програмні засоби «Hebal Optic», нано-ZnS, тіосечовина, 
заборонена енергетична зона, метод розпорошувальної піролізи. 
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1. INTRODUCTION 

Zinc sulphide (ZnS), also referred to as sphalerite, is a chemical 
compound having the chemical formula ZnS. Its name suggests a 
lack of similarity with other minerals. ZnS is a transparent, semi-
conducting, and yellow salt. The dissolution of ZnS is limited be-
cause to its low sublimation; hence, it is soluble in acids but not in 
water. Additionally, it exhibits low toxicity [1]. Because of its 
broad energy gap, ZnS is an excellent material for luminescence, 
which may be achieved in the almost visible range with appropriate 
grafting. ZnS is now considered as one of the best materials for di-
odes among multi-buffer layers. Compared with CdSe or CdS, bene-
fits of the ZnS include its environmentally safe handling and non-
toxic, and moreover, its ability to provide better lattice matching to 
CIGS absorbers with energy gaps ranging from 1.30 to 1050 eV, 
when compared to CdS, which transmits photons with higher energy 
and boosts light absorption in the absorber layer [2]. ZnS has many 
applications according to the physical and chemical properties for 
it, including field effect transistors. ZnS has two phase composi-
tions: one is the cubic zinc blende phase, the most appropriate phase 
at 300 K, which may transform into the hexagonal phase, upon 
heating to 1298 K under atmospheric pressure; while, the other 
compound belongs to the wurtzite-type phase of hexagonal system, 
which is the most preferred phase for its optical optimum, ZnS is 
consistently utilized in blue light-emitting lasers’ diodes, and anti-
reflective and corrosion coatings. It is always used to create televi-
sion and x-ray screens [3]. 

2. EXPERIMENTAL PART 

Nanosize thin ZnS films are produced using an aqueous solution of 
zinc nitrate (a white powdered material, which is dissolved more 
rapidly in water than in other liquids, with a molecular weight of 
297.364 g/mole and a purity of 99.96%) and thiourea (C.S. (NH2)2). 
The colure is a white powder rapidly soluble in water. An initial so-
lution, weighing 76.614 g/mole and having a purity of 98%, was 
obtained by dissolving 1.480 g of zinc nitrate in 0.1 L of distilled 
water at room temperature. A second solvent, with a concentration 
of 0.01 M, was also made at room temperature. The solvent were 
mixed using a magnetic mixer to dissolve completely thiourea 
(0.076 g) in 100 mL of distilled water. The solvent was placed on a 
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magnetic mixer for 10 minutes until homogenous and free of plank-
ton. The two solvent were then mixed in an equal volume ratio 
(1:1); for getting a homogeneous solution, the solution was stirred 
with a magnetic stirrer for an additional 10 minutes. 
 Thin ZnS films are formed, when the solution is deposited onto a 
glass substrate using a chemical decomposition process. Thermo-
chemical spraying technology was chosen to appropriate for creating 
oxide and sulphate materials and is inexpensive according to the 
cheap cost of the equipment required to generate these films. The 
film can be created by combining two components or by combining 
materials with various melting points. The film is formed using 
normal conditions. The prepared solution is applied to the glass 
substrate at 250C; the average distance from the sprayer (nozzle) 
to the glass substrate is of 28 cm, as a larger distance would cause 
the material to evaporate before reaching the substrate. 
 The glass substrate with a thickness of 0.1 cm is covered with a 
thin layer. The properties of the resulting film can be affected by 
the presence of impurities; so, the glass substrate is thoroughly 
cleaned before spraying. The substrate is cleaned after cutting it 
into small squares of 2.5 cm2.5 cm. To remove plankton, the sub-
strate is first rinsed with water. The substrate is then incubated in 
a glass flask with 99.99%-pure acetone for 10 minutes. The sub-
strate is then incubated in another container with 99%-pure ethanol 
for 10 minutes. Finally, to remove any residual acetone and etha-
nol, the substrate (glass) was put in a flask containing only distilled 
water and let to stand for 15 minutes; to clean the glass lens, the 
glass substrate is finally wiped dry with a cloth. At 250C, a thin 
layer of ZnS was deposited on the glass substrate. 

3. RESULTS AND DISCUSSION 

3.1. Structure 

ZnS was prepared on a substrate (glass) at 250C; then, it was an-
nealed at 300C for 30 min. XRD data showed that the system was 
cubic with (111) being the main growth direction. In Figure 1, an-
gle 227.55, 47.87, 56.39 corresponds to (220), (311) and (111) 
in sequence [4, 5]. The peak positions of ZnS in XRD were com-
pared with ICDD 00-001-0792 and the structural characteristics of 
the standard peaks (Table 1). 
 Table 1 shows how close they are to each other. In addition, we 
observed that with increasing base temperature, the peak intensity 
of the ZnS nanocrystal-size film increased and the full width at 
half-maximum (FWHM) curve decreased. This supports the increase 
in the percentage of crystallization, as the increase in peak height 
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indicates a decrease in crystal defects and an increase in crystalliza-
tion [6]. The average grain size of ZnS was within the range of 9.76 
nm–11.46 nm, when computed using Eq. (1): 

 
0.9

cos
aveD 

 
 (1) 

(1.5406 Å is x-ray wavelength (K-line);  is XRD ‘full width at 
half-maximum’ [in radians];  is Bragg’s diffraction angle) [7]. 

 

Fig. 1. XRD for ZnS at substrate temperature of 250C. 

TABLE 1. Structural parameters of ZnS at 250C. 

D, nm FWHM dhkl, Å hkl 2 Sample 

9.87 0.8659 3.12 (111) 27.55 

ZnS-250C 9.76 0.8755 1.91 (220) 47.87 

11.46 0.7456 1.63 311)) 56.39 

 

Fig. 2. FE-SEM for thin ZnS-250C film. 
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 When observing the morphology of the film surface using a 
scanning electron microscope (FE-SEM), as in Fig. 2, the ZnS-250C 
film consists of orderly arranged nanosheets, which adhere to each 
other. This is the result of increasing heat to stimulate grain 
growth and alignment. As can be seen in Fig. 2, the particles have 
this shape, which is related to Refs. [4–6]. The thickness of the 
film was calculated using a computer simulation tool called ‘Hebal 
Optic’. Based on the permeability value, the film thickness was de-
termined to be approximately of 250.25 nm. The film was found to 
have a thickness of 250.25 nm. 

3.2. Optical Properties 

To calculate the absorption coefficients, we used equation 

  
r

gh h E       (2) 

( is a constant,  is the absorption coefficient, h represents the 
energy of photon, Eg is optical energy gap, and r1/2 is allowed 
direct transition) and Fig. 3, which depicts the absorption spectrum 
(Alog(T/d), d is thickness of the sample, T is transmission) as a 
function of wavelength. The findings indicated that, when the sub-
strate temperature increases, the generated thin-film absorbency 
improves, indicating enhanced crystallization (increase in crystal 
size). 
 Figure 4 depicts how the absorption coefficient varies with inci-
dent photon energy. The results indicated that the absorption coef-
ficient of thin ZnS films developed on a glass substrate increased 
with photon energy. The maximum absorption was seen at 320 nm, 

 

Fig. 3. The absorption of thin ZnS-250C films. 
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with the highest values occurring at high photon energy ranging 
from 4 to 4.3 eV. This indicates that the absorption occurs within 
this specific frequency range, which encompasses the optical ab-
sorption edge. 
 The probability of electronic transitions occurring between the 
conduction and valence bands aligns with the results of empirical 
investigations [8, 9, 10]. The difference between the valence and 
conduction bands was calculated using the energy-gap value, which 
may be used to evaluate a material’s electrical, thermal, and elec-
tronic properties. Equation (2) [11] demonstrates the application of 
the Tauc equation in computing the direct energy gap. Given that 
the transitions are permitted to be of the direct kind, characterized 
by a value of (r1/2), draw the link for tangent (h)2 and the in-
cident photons’ energy, then extend the curve straight portion to 
determine the point, where it crosses (where (h)20), represent 

 

Fig. 4. The absorption coefficient of thin ZnS-250C films. 

 

Fig. 5. Tauc plot for thin ZnS-250C films. 
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the optical energy gap. 
 In Figure 5, the band gap of the films was observed for ZnS; it 
has an optical energy gap of 3.32 eV at 250C, which is nearly in 
line with the findings of Refs. [12, 13]. 

3.3. Electrical Properties 

Figure 6 illustrates the link between inverse temperature and con-
ductivity. The conductivity increases, when temperature increases 
from 40C to 180C, indicating that the layers are semiconductors. 
With increasing temperature, conductivity increases, while activa-
tion energy decreases. The underlying cause could be large particle 
sizes and excellent crystallization. Grain-boundary scattering has a 
general effect on charge-carrier mobility and film crystallinity. In 
our situation, grain expansion caused by the charge-carrier 
transport mechanism reduced grain-boundary scattering [14, 15]. 
To evaluate electrical conductivity, we use the given equation: 

 
0
exp a

B

E

k T

 
    

 
 (3) 

(0 is temperature-independent constant, Ea is activation energy for 
conduction, kB is Boltzmann’s constant, and here, T is a tempera-
ture [K]). 
 The conductivity and activation energy are shown in Table 2. 

 

Fig. 6. Energy gap from electrical conductivity of ZnS-250C films. 

TABLE 2. The activation energy and optical energy gap. 

Ea 
Ea2 

(363–453 K) 
Ea1 

(313–363 K) 
Sample 

3.32 eV 1.833 eV 0.903 eV ZnS-250C
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 Energy gap can be computed using the linear relationship, as il-
lustrated in Fig. 6. 
 For the thin ZnS films, the presence of two linked zones is the 
reason for the alteration in the conduction mechanism. The temper-
ature in the first zone is low (313–363 K), whereas the second zone 
is greater (363–453 K) [16]. 

4. CONCLUSION 

The thin ZnS films were formed on a glass substrate using spray-
pyrolysis deposition technique. The x-ray diffraction (XRD) study 
of this thin film revealed a ‘full width at half maximum’ (FWHM) 
value of 0.141. This indicates that the crystallinity of the films 
can be enhanced by increasing the temperatures of the glass sub-
strate. It was also shown that all films had a cubic crystal structure 
with a favourite (111) orientation. An increase in substrate temper-
ature resulted in enhanced crystalline quality of the films, accom-
panied by a growth in grain sizes of thin film from 9.760 nm to 
11.460 nm. A comprehensive analysis of the morphological, optical, 
and structural characteristics of the films was carried out using the 
computer program ‘Hebal Optic’ of simulation. The findings indi-
cated an energy gap of 3.32 eV as well as nanoscale branching den-
dritic formations. As a result, it has semiconductor properties, 
which are important in electronic devices and solar cell manufac-
ture. 
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In this research, strontium fluoride doped with antimony in different 
proportions is prepared using solid-state method. The prepared compounds 
are characterized using XRD, FT-IR and photoluminescence techniques. 
As found, the prepared compounds crystallize according to the cubic pat-
tern with nanosize grains and have a clear fluorescence property. 

У цьому дослідженні фторид Стронцію, леґований Стибієм у різних 
пропорціях, був одержаний твердофазним методом. Одержані сполуки 
було охарактеризовано за допомогою методів рентґенівської дифракції 
(XRD), інфрачервоної спектроскопії на основі Фур'є-перетвору (FT-IR) 
та фотолюмінесценції. Було виявлено, що одержані сполуки кристалі-
зуються у кубічну структуру із нанорозмірними зернами, а також ма-
ють чітку флюоресцентну властивість. 

Key words: strontium fluoride, doping, SrF2:Sb, photoluminescence. 

Ключові слова: фторид Стронцію, леґування, SrF2:Sb, фотолюмінесценція. 
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1. INTRODUCTION 

Since the first Nd:YAG laser ceramic was reported by Ikesue et al. 
in 1995 [1], transparent polycrystalline ceramics have found in-
creased interest over the last few years. The majority of transpar-
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ent ceramics researches focus on oxide materials like Nd3xY33xAl5O12 
(Nd:YAG), however, fluoride materials are very attractive and 
promising materials for laser applications [2–5]. Among the fluo-
ride compounds, strontium fluoride (SrF2) is an attractive material. 
Because of its excellent optical properties, e.g., the high transmis-
sion in the infrared and ultraviolet spectral range 0.13–11 µm, the 
low refractive index nD¼1.439 and 589 nm, and the extremely low 
solubility in water 120 mg L1, SrF2 is an ideal material for optical 
applications and is often used as a coating material for high-quality 
optical windows, prisms and lenses to reduce reflection and to in-
crease transmission. Furthermore, as the isotype of CaF2, SrF2 has 
gained great interest as a laser material when doped with rare-earth 
ions [6–8]. 
 For example, thanks to its broad emission bands, Yb:SrF2 single 
crystal is a promising gain medium in tuneable laser and ultra-short 
pulse laser generator [9, 10]. With their superior optical and chemi-
cal properties, SrF2 ceramics are highly suitable for a wide range of 
industrial and scientific applications such as laser technology, scin-
tillators, photolithographic processing and specialized window pro-
duction. However, few works have been done on the preparation of 
SrF2 transparent ceramics. Basiev et al. reported laser operation of 
rare-earth doped ceramics of Nd:SrF2 and its solid solutions fabri-
cated by a hot-forming method [11]. However, it is deformation of 
single crystals and lacks for advantages of ceramics such as much 
superior mechanical property, lower temperatures than single crys-
tal growth process. 
 In this study, we have focused on preparation of SrF2 nanopow-
ders doped with Sb. 

2. EXPERIMENTAL 

2.1. Preparation of Sb:SrF2 Nanoparticles 

The solid-state method was used to prepare SrF2:Sb 0.0, 0.1, 0.15, 
0.2, 0.25, 0.3 wt.% as follow accurately weighed in the required 
proportions and thoroughly mixed and ground using an agate slurry 
and pestle to convert into very fine powders. Acetone was used to 
help the solid compounds mix during the sample preparation pro-
cess in relatively small quantities. The previous materials were 
ground and mixed with an agate mortar to ensure obtaining a ho-
mogeneous mixture after adding an amount of acetone in order to 
improve the homogeneous mixing process for it for about 15 
minutes until the acetone dried. This process was repeated three 
consecutive times for each of the samples. After that, the resulting 
mixture was dried by heating it to a temperature of 100C for a pe-



 PREPARING OF Sb:SrF2 117 

riod of time sufficient to ensure the removal of moisture. The sam-
ples were annealed at 350С for 4 hours, after which the samples 
were gradually cooled in the heating oven to room temperature at a 
rate of 1С/min. 

2.2. Characterization 

The crystallite structure and size of the synthesized nanoparticle 
samples were calculated using an x-ray powder diffractometer 
(XRD) (Philips-PW-1840) with a CoK radiation of 1.789 Å in a 2 
range of 20–80. While the analysis of the chemical composition 
was carried out using Fourier transformation infrared (FT-IR mod-
el: Jasco Spectrum 4100 FT-IR) spectroscopy. The luminescence 
properties were studied using UV-Vis Spectroscopy. 

3. RESULTS AND DISCUSSION 

3.1. DTA Analysis 

The DTA curve shown in Fig. 1, demonstrate the thermal behaviour 
of the system as it was scanned within a temperature range 0–
1000C. The ratio of 0.25 was chosen to study the thermal changes. 
 The DTA diagram shows exothermic effects. The first exothermic 
effect at 288C indicates the entry of antimony into the crystal 
structure of strontium fluoride. The second exothermic effect at 

 

Fig. 1. DTA of SrF2:Sb (0.25 wt.%). 
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504.4C indicates the formation of antimony pentoxide Sb2O5. The 
third exothermic effect at 745.9C indicates the formation of stron-
tium oxide. 

3.2. XRD Analysis 

Figure 2 shows x-ray diagrams of strontium fluoride compound 
doped with antimony in different proportions. These diagrams are 
consistent with the reference card (SrF2: 96-900-9044) for pure 
strontium fluoride with some displacement, indicating a clear 
change in the dimensions of the primary lattice cell as a result of 
the entry of antimony into the structure of strontium fluoride. The 
diagram SrF2:0.3Sb shows a significant change in the structure in 
accordance with the reference card and this is explained by the 
formation of antimony pentoxide. 
 The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [14]: 

 
cos

K
D



 

, (1) 

where K is Scherrer’s constant (K0.89 assuming spherical parti-

 

Fig. 2. XRD patterns of SrF2:Sb nanoparticles. 
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cles),  is the x-ray wavelength,  is the peak width at half maxi-
mum (FWHM), and  is the Bragg’s diffraction angle. The average 
crystal size was of 7.778 nm for SrF2:0.25Sb. 

3.4. FT-IR Spectroscopy 

The FT-IR spectrum of SrF2:Sb nanoparticles is presented in Fig. 3. 
 By comparing the infrared spectra of the compounds prepared 

 

Fig. 3. FT-IR spectra of synthesized SrF2:Sb nanoparticles. 
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with different proportions of antimony, it was found that new ab-
sorption bands appeared that were different from the absorption 
bands of the pure strontium fluoride compound. These bands appear 
at 469, 615, 728, 876, 953, 1115, 1147, 1172 cm

1. These bands 
may be due to the vibration of the bonds according to the vibration-
al patterns: Sr–Sb–Sr, Sb–Sr–Sb, Sr–Sb–F, Sb–Sr–F, Sb–F–Sb, and 
F–Sb–F. This is evidence of the occurrence of a bond between the 
antimony atoms and the strontium fluoride, which confirms the en-
try of these atoms into the crystal structure of the compound. 
 As for the doping ratio (0.3), it was observed in the resulting 
spectrum that the previously formed bands disappeared, indicating 
the dissociation of antimony from strontium fluoride and the ap-
pearance of new absorption bands at wave numbers 414, 447 cm

1 

TABLE. The emission wavelength and the calculated energy gap. 

 Wavelength Energy gap 

excitation 200 6.18 

emission 310 3.99 

emission 340 3.64 

emission 355.4 3.48 

emission 420 2.94 

emission 451 2.74 

emission 473 2.61 

emission 495 2.50 

 

Fig. 4. Luminescence spectrum of SrF2:Sb nanoparticles at 200 nm excita-
tion wavelength. 
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due to the bonds Sb–O–Sb, O–Sb–O, and this is evidence of the 
formation of antimony oxide (Sb2O3). 

3.3. The Luminescence Properties 

The luminescence of the samples was measured using a UV-Vis 
spectroscopy, where the samples were excited at different wave-
lengths and the emission spectrum of these samples was recorded 
(Table). 
 Figure 4 shows the luminescence spectrum of the prepared sam-
ples with different doping ratios at 200 nm excitation wavelength. 
 These electronic transitions can be represented by the following 
diagram shown in Fig. 5. 

CONCLUSION 

SrF2:Sb nanoparticles were successfully synthesized using soled 
state method. The resulting compounds were characterized using 
XRD techniques, which confirmed the size of nanoparticles, and IR 
spectroscopy. The photoluminescence was studied and have a clear 
fluorescence property. 
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Prediction of the Thermodynamic Stability and Limits 

of Isomorphous Substitutions in Solid Solutions Y1−xLnxPO4, 

Where Ln = Gd–Lu, Sc 
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Using V. S. Urusov’s crystal-energy theory of isomorphous miscibility, 
the mixing energies (interaction parameters), critical decomposition (sta-
bility) temperatures, and limits of isomorphous substitutions are calculat-
ed, as well as the thermodynamic stability regions of zircon-type ortho-
phosphate solid solutions with the composition Y1xLnxPO4, where Ln—
lanthanides or Sc. The contributions to the mixing energy arising from 
differences in the sizes of the substitutional structural units and from 
differences in the nature of the chemical bonding of the system compo-
nents are characterized. A thermodynamic-stability diagram of solid solu-
tions and the corresponding decomposition domes are presented, enabling 
graphical prediction of the decomposition temperatures of solid solutions 
for given substitution limits, or the equilibrium substitution limits for a 
given temperature and thermodynamic-stability region. The results do not 
contradict the experimental data reported in the literature. They may be 
helpful in the search for compositions of mixed matrices and activators 
for new luminescent, laser, and other materials based on Y1xLnxPO4 
(LnGd–Lu, Sc) solid solutions, including nanomaterials. 

З використанням кристалоенергетичної теорії ізоморфної змішуваности 
В. С. Урусова розраховано енергії змішання (параметри взаємодії), 
критичні температури розпаду (стабільности), границі ізоморфних за-
міщень, а також визначено області термодинамічної стабільности твер-
дих розчинів ортофосфатів зі структурою циркону складу Y1xLnxPO4, 
де Ln — лантаноїди або Sc. Охарактеризовано внески в енергію змі-
шання, зумовлені відмінностями у розмірах заміщуваних структурних 
одиниць, а також у характері хемічного зв’язку компонентів систем. 
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Подано діяграму термодинамічної стабільности твердих розчинів і ку-
поли їхнього розпаду, що дає змогу графічно прогнозувати температури 
розпаду твердих розчинів за заданими границями заміщення або рівно-
важні границі заміщення за заданої температури та області термодина-
мічної стабільности. Результати роботи не суперечать експерименталь-
ним літературним даним і можуть бути корисними під час пошуку 
складів змішаних матриць та активаторів нових люмінесцентних, ла-
зерних та інших матеріялів на основі твердих розчинів Y1xLnxPO4 
(LnGd–Lu, Sc), у тому числі й наноматеріялів. 

Key words: solid solutions, lanthanides, yttrium, scandium, orthophos-
phates, isomorphous substitutions, mixing energy, thermodynamic stabil-
ity, substitution limits. 

Ключові слова: тверді розчини, лантаноїди, Ітрій, Скандій, ортофосфа-
ти, ізоморфні заміщення, енергія змішання, термодинамічна стабіль-
ність, границі заміщень. 

(Received 11 August, 2025; in revised form, 18 August, 2025) 
  

1. INTRODUCTION 

Solid solutions based on rare-earth element (REE) orthophosphates 
are promising materials with excellent luminescent properties and 
high thermal and radiation stability. They are used as scintillation 
detectors, phosphors for radiography and plasma panels, materials 
for radioactive waste storage [1], laser media, protective coatings, 
cements, high-temperature ion exchangers [2], light-emitting di-
odes, solar panels, thermal barrier coatings, and in optical ther-
mometry [3]. 
 In addition, in recent years, REE orthophosphate-based nano-
materials have begun to find medical applications. Nanocrystals of 
yttrium orthophosphate (YPO4) doped with Dy3 ions at various con-
centrations are considered promising for use in laser-induced hyper-
thermia of cancerous tumours. The local temperature of nanoparti-
cle powders increases linearly with increasing laser power and Dy3 
concentration, enabling high heating and cooling rates. This allows 
for precise control of the exposure time and minimal doses of laser 
irradiation on patients [4]. 
 UV phosphors emitting in the 200–280 nm range are of particu-
lar interest for medical applications due to their pronounced bacte-
ricidal properties, resulting from the coincidence of their emission 
wavelengths with the range of maximum DNA sensitivity of micro-
organisms to UV irradiation. Moreover, ultraviolet radiation effec-
tively destroys surface cancer cells without damaging deeper tissues 
[5]. REE orthophosphates are also employed in drug delivery sys-
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tems and as fluorescent labels for visualizing biomolecules and cel-
lular structures [6]. 
 Initially, materials based on individual orthophosphates were 
used. Later, it was found that ‘double’ orthophosphates containing 
two or more rare-earth elements (REEs) in the host lattice are more 
effective. For example, very high intensity under ultraviolet excita-
tion was observed for the solid solution Gd0.5Y0.5PO4:Tb3, which ex-
hibits a twofold increase in luminescence intensity compared to 
YPO4:Tb3 [6]. 
 The choice of yttrium orthophosphate as one of the components 
in the Y1xLnxPO4 systems is because, along with gadolinium and 
lutetium compounds, it is most commonly used as a host matrix for 
mixed orthophosphates. In addition, it is isostructural with the or-
thophosphates of REEs, and the crystal ionic radius of yttrium 
(1.159 Å) differs only slightly from the radii of other REE ions 
(from 1.193 Å for Gd3+ to 1.117 Å for Lu3) [7]. Therefore, a con-
tinuous series of solid solutions between the components is possible 
in most of the previously described systems (see, e.g., Refs. [1–3, 5, 
6, 8–11]). In some works (e.g., Refs. [4, 12, 13]), only individual 
fragments of continuous solid solution series were synthesized, as 
substitution limits were not reported. 
 At the same time, to the best of our knowledge, there is no liter-
ature data on Y1xLnxPO4 systems (LnGd–Lu, and Sc) with limited 
solid solution series. However, it is known [14–16] that, in general, 
continuous solid solution series should decompose upon cooling 
samples synthesized at high temperatures, forming limited composi-
tion ranges based on the system components. 
 The choice of YPO4-based systems for the present study was also 
motivated by the absence of intrinsic luminescence in YPO4 crystals 
down to 5 K [17]. 
 Considering the above, before synthesizing solid solutions and 
studying the ‘composition–property’ relationships, it is desirable to 
know the limits of isomorphous substitutions and their thermody-
namic stability under synthesis, intended use, and even storage 
conditions. Knowledge of the thermodynamic stability regions of 
solid solutions is essential for controlling their properties and en-
suring their reproducibility over time and under varying tempera-
tures. 
 Experimental determination of substitution limits and stability 
regions of solid solutions synthesized by the ‘annealing and quench-
ing’ method using x-ray diffraction analysis (XRD) is complicated 
by the difficulty of achieving equilibrium at low temperatures due 
to the low diffusion rate in the solid phase, as well as by the possi-
bility of partial decomposition upon cooling from high tempera-
tures. 
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 In addition, XRD may be of limited informativeness when the 
components are isostructural with very close sizes of the substitut-
ing structural units, as in the case of the Y1xDyxPO4 system [4], in 
the case of spinodal decomposition of the solid solution [14–16], or 
when the studied samples are of nanoscale size, due to broadening 
and overlapping of x-ray reflections. 
 A lack of data on the limits of isomorphous substitutions and the 
stability regions of solid solutions forces researchers to select ma-
trix and dopant compositions either by analogy with closely related 
systems or through a ‘trial and error’ approach. Such a method is 
often accompanied by excessive consumption of costly reagents and 
a significant increase in the time required for research. In this re-
gard, it is advisable to use experimental methods and computational 
approaches that allow for a preliminary assessment of the stability 
of solid solutions and the substitution ranges, thus avoiding the 
mentioned limitations. 
 An example of such a rational approach can be found in studies 
[3, 5], where, in selecting the synthesis conditions for compounds in 
the Y1хScхPO4 system, the authors used calculation results for this 
system presented in Ref. [18]. 
 It should be noted that nanoscale orthophosphates exhibit en-
hanced practically relevant properties due to their larger specific 
surface area. This is related to the fact that structural units located 
at the surface differ in coordination numbers from those inside the 
bulk, and this difference becomes more pronounced as the particle 
size decreases, leading to modifications of the material properties. 
As reported in Ref. [19], the conventional concepts of surface ener-
gy developed for macroparticles remain applicable to nanoparticles 
larger than 10 nm. 
 At the same time, it is known that in nanocrystalline materials 
with particle diameters above 6 nm, the volume of the surface layer 
remains smaller than that of the crystal interior [20]. Furthermore, 
according to Ref. [20], the structural characteristics of solid solu-
tions do not depend on the particle size, at least within the range of 
6-to-40–80 nm. 
 Based on the above considerations, the present work aimed to 
predict the thermodynamic stability and the limits of isomorphous 
substitutions in zircon-type orthophosphates of the composition 
Y1xLnxPO4, where LnGd–Lu, Sc. In this study, the calculated 
mixing energies (Qmix), substitution limits (x), and critical decompo-
sition temperatures (Tcr), obtained regarding the key energetic con-
tributions (size-related, QR, and bond-ionicity contribution, Q), 
provide a framework both for assessing the stability of Y1xLnxPO4, 
including their nanoscale forms, and for selecting the optimal con-
ditions for their synthesis. 
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2. INITIAL DATA AND CALCULATION METHOD 

Within the Urusov’s crystal-energy theory of isomorphous substitu-
tions, the main challenge in determining the limits of isomorphous 
substitutions is finding the mixing energy. In the quasi-chemical 
approach, this corresponds to the interchange energy, and in the 
theory of subregular solid solutions, it corresponds to the interac-
tion parameter [14–16]. Within the approximation of regular solid 
solutions, the critical (maximum) decomposition temperatures Tcr 
are calculated using Eq. (1) [14]: 

 ТcrQmix/(2kBN), (1) 

where Qmix is the mixing energy, kB is the Boltzmann’s constant, 
and N is Avogadro’s number. 
 In the considered systems, the relative differences in interatomic 
distances ‘cation–tetrahedral anion’ are significantly less than 0.1 
(ranging from 0.0003 to 0.0411; Table 1). Therefore, according to 
Ref. [14], the calculation of solid-solution decomposition tempera-
tures can be performed in the regular-solution approximation using 

TABLE 1. Selected initial data, calculated mixing energies, and critical de-
composition temperatures of solid solutions Y1xLnxPO4, LnGd–Lu, and Sc. 
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Gd 3.561 0.0177 4.250 1.386 2.314 0.712 0.010 0.618 4.868 291 

Tb 3.537 0.0108 1.582 1.410 2.290 0.708 0.014 1.212 2.794 167 

Dy 3.526 0.0077 0.804 1.426 2.274 0.705 0.017 1.787 2.591 155 

Ho 3.512 0.0037 0.186 1.433 2.267 0.703 0.019 2.233 2.419 144 

Er 3.498 0.0003 0.001 1.438 2.262 0.702 0.020 2.474 2.475 148 

Tm 3.490 0.0026 0.092 1.455 2.245 0.695 0.027 4.521 4.613 275 

Yb 3.480 0.0054 0.395 1.479 2.221 0.692 0.030 5.597 5.992 358 

Lu 3.467 0.0092 1.148 1.431 2.269 0.704 0.018 2.023 3.171 189 

Sc 3.361 0.0411 22.869 1.415 2.285 0.707 0.015 1.449 24.318 1452 

Y 3.499 — — 1.340 2.360 0.722 — — — — 
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Becker’s equation (Eq. (2)) [21]: 
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where x is the mole fraction of the dissolved component, Rg is the 
universal gas constant, and Td is the solid-solution decomposition 
temperature. In both equations, Rg and Qmix are expressed in calo-
ries [14]. 
 Since the system components are isostructural, the mixing energy 
Qmix was calculated using Urusov’s equation (Eq. (3)), representing 
it as the sum of two contributions caused by differences in the de-
gree of ionicity of the chemical bond in the system components (Q) 
and the sizes of the substituting structural units (QR) [14–16]: 
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where m2—the number of different structural units in the system 
components in the pseudo-binary approximation of the zircon struc-
ture; zmzx3—the charge magnitudes of the substituting and 
common structural units in the components; 1.723—the reduced 
Madelung’s constant calculated using Templeton’s formula [22]; 
C113 kJ—an empirical value depending on compressibility and 
other crystal characteristics taken from Ref. [14]; n6—the co-
ordination number of the substituting structural unit in the pseudo-
binary approximation of the structure; R—interatomic distances 
‘cation–tetrahedral anion’ Ln–PO4 in the system components taken 
from Ref. [23]; R and R/R1—the difference and relative differ-
ence of interatomic distances ‘cation–tetrahedral anion’; R1—the 
interatomic distance in the system component with the smaller cati-
on radius; —the difference in the degree of ionicity of the chemi-
cal bond in the system components. 
 The degrees of ionicity  of the chemical bonds in the REE phos-
phate systems were determined based on the difference in electro-
negativities (Ln3) of the cations [24] and the PO4

3 anion. The 
electronegativity of the PO4

3 anion was taken as 3.7 according to 
Batsanov [25]. 

3. RESULTS OF CALCULATIONS AND DISCUSSION 

3.1. Mixing Energies of Solid Solutions 

Some initial data and calculation results of the contributions QR, 
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caused by differences in the sizes of substituting structural units in 
the system components, to the total mixing energy Qmix, are pre-
sented in Table 1 and Fig. 1, a. 
 As seen from the presented data, with increasing REE atomic 
number, the contributions QR, caused by differences in the sizes of 
substituting structural units, change smoothly. They decrease sig-
nificantly from 4.250 to 0.001 kJ/mole along the series of solid so-
lutions from Y1xGdxPO4 to Y1xErxPO4 and then increase to 1.148 
kJ/mole in the series from Y1xErxPO4 to Y1xLuxPO4. 
 In the case of the Y1xScxPO4 system, the contribution QR is sig-
nificantly larger (22.869 kJ/mole) because the crystal ionic radius 
of scandium is much smaller than those for the REEs [7], resulting 
in a larger size parameter R/R1 for Y1xScxPO4, accordingly. 
 The smooth (regular) variation of QR values is apparently because 
the size parameter R/R1 was calculated based on sufficiently accu-
rate interatomic distances. The minimal values of QR in the middle 
of the dependence result from minimal differences in interatomic 
distances between the orthophosphate ions Y3 (3.499 Å) and Ho3 
(3.512 Å), Er3 (3.498 Å), and Tm3 (3.490 Å). 
 The contributions caused by differences in the degree of ionicity 
of the chemical bond in the system components, Q, to the total 
mixing energies Qmix increase with the atomic number of the rare-
earth element (REE) from Gd to Yb, rising from 0.618 to 5.597 
kJ/mole, and then sharply decrease to 2.023 kJ/mole in the case of 
lutetium orthophosphate (Table 1, Fig. 1, b). This behaviour is due 

 

Fig. 1. Dependences of the contributions QR (curve a) and Q (curve b) to 
the total mixing energies Qmix (curve c) of solid solutions Y1xLnxPO4, 
LnGd–Lu, Sc, on the atomic numbers of the rare-earth elements. 
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to symbiotic changes both in the differences in ionicity degrees of 
the chemical bonds among the system components and in the elec-
tronegativities of the REEs. 
 The latter is explained by the fact that in the REE series, when 
moving from Tb to Yb, one electron is added to the 4f-sublevel of 
the REE with each step. In contrast, the transition from Yb to Lu 
does not add an electron to the 4f-sublevel but instead places it in 
the 5d-sublevel. 
 Overall, for REE orthophosphates from Dy to Lu, the total mix-
ing energy Qmix is mainly determined by contributions associated 
with differences in the degree of ionicity of the chemical bond Q, 
while for Gd and Tb orthophosphates, the contributions due to dif-
ferences in the sizes of substituting structural units QR dominate. 

3.2. Substitution Limits and Thermodynamic Stability Regions 

The decomposition temperatures Td for limited solid-solution series 
were calculated using Eq. (2) for given substitution limits: x0.01, 
0.03, 0.09, and 0.20 (Table 2). Based on the calculated decomposi-
tion temperatures (Td) and critical decomposition temperatures (Tcr), 
their dependences on the atomic numbers of the REEs were plotted 
(Fig. 2). 
 These dependencies allow graphical determination, for limited 
solid solution series, of the equilibrium substitution limits x at giv-
en decomposition temperatures, or the decomposition temperatures 
at given substitution limits, for the orthophosphate systems rang-
ing from Gd to Lu. 
 The intersection points of an isotherm drawn at the given decom-
position temperature with a vertical line drawn from the REE atom-
ic number enable estimating the composition interval within which 
the substitution limit lies. Interpolation along this vertical segment 
between the two closest curves then gives the substitution limit it-
self [26, 27]. The substitution limit can be refined by constructing, 
for a specific system, the dependence of the calculated decomposi-
tion temperatures (from Becker’s equation) on the given composi-
tion, i.e., by plotting the decomposition domes. 
 The calculated critical decomposition temperatures of the contin-
uous solid solution series for the systems under consideration (Table 
1, Fig. 2, e) are of 144–358 K for REEs orthophosphates and 1452 
K for scandium orthophosphate. These values allow one to deter-
mine the temperature range for a continuous solid solution series. 
Thus, at TTcr (curve e), the unlimited solid solutions are thermo-
dynamically stable over the entire concentration range 0x 1. At 
TTcr, the unlimited solid solutions are unstable and may decom-
pose into phases with limited solubility, if the diffusion rate and 
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time are sufficient for their formation. 
 It should be noted that the solid solutions in the Y1xLnxPO4 sys-
tems have very low critical decomposition temperatures, with most 
of them even below room temperature. Consequently, they will re-
main stable over a wide temperature range from the critical tem-
peratures up to the melting points of the system components, which 
exceed 2400 K [28]. This fact may indicate an advantage of materi-
als based on continuous solid-solution series of yttrium orthophos-

TABLE 2. Decomposition temperatures (Td [K]) of limited solid-solution 
series in the Y1xLnxPO4 systems for substitution limits: x0.01, 0.03, 
0.09, and 0.20. 

Ln 
Decomposition temperatures Td [K] for substitution limit x 

0.01 0.03 0.09 0.20 

Gd 124 157 206 251 

Tb 71 90 119 144 

Dy 66 84 110 134 

Ho 62 78 102 125 

Er 53 80 105 128 

Tm 117 149 195 238 

Yb 153 193 254 310 

Lu 81 102 134 164 

 

Fig. 2. Dependences of the calculated decomposition temperatures of solid 
solutions in the Y1xLnxPO4 system on the REE numbers (thermodynamic 
stability diagram) for substitution limits x0.01 (a), x0.03 (b), x0.09 
(c), x0.20 (d), and x0.50 (e). 
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phate with the composition Y1xLnxPO4 in terms of property stabil-
ity and reproducibility compared to similar materials based on solid 
solutions of other orthophosphates, such as scandium orthophos-
phate Sc1xLnxPO4, whose critical temperatures range from 810 to 
2880 K [18]. Moreover, materials based on continuous solid-solution 
series of the Y1xLnxPO4 system may find preferential use in the 
production of nanomaterials by the sol–gel or low-temperature hy-
drothermal method, since nanomaterials are usually synthesized at 
low temperatures. 
 For all Y1xLnxPO4 systems, where LnGd–Lu, and Sc, the de-
composition temperatures were calculated in the composition range 
1.0x 0 with a step of x0.05, and decomposition domes were 
plotted (Figs. 3, 4). From these data, with greater accuracy than in 
Fig. 2, one can graphically determine the decomposition tempera-
ture for a given substitution limit, the substitution limit for a giv-
en temperature, and the regions of thermodynamic stability of the 
solid solutions. Above the peaks of the decomposition domes, con-
tinuous solid-solution series will be stable; below the peaks but 
above the dome lines, two limited solubility regions will exist; below 

 

Fig. 3. Decomposition domes of solid solutions in the Y1xLnxPO4 systems: 
(a) LnGd, Tb, Er; (b) LnHo, Tm, Lu; (c) LnDy, Yb. 
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the dome lines, mixtures of two solid solutions based on each com-
ponent of the systems will be present. 

4. COMPARISON OF CALCULATION RESULTS 
WITH LITERATURE DATA 

Since the size parameters R/R1 for the substitution of yttrium by 
scandium (Table 1), or scandium by yttrium [18], are less than 0.1 
and equal, the solid solutions in the Y1xScxPO4 [3, 5] and ScxY1xPO4 
[11] systems can be considered within the regular solution approxi-
mation [14], and the calculated critical decomposition temperatures 
for both solid solutions will be practically identical. 
 To our knowledge, there is no literature on the critical decompo-
sition temperatures, thermodynamic stability, or substitution limits 
for the Y1xLnxPO4 solid solution systems with limited component 
solubility. Of course, this complicates the assessment of the reliabil-
ity of the performed calculations. 
 However, there are reports on the synthesis temperatures of spe-
cific solid-solution compositions (Table 3). As seen from the data in 
Table 3, in most of the cited works (12 out of 13), the synthesis 
temperatures exceed the calculated critical decomposition tempera-
tures, above which a continuous series of solid solutions exists in 
these systems. This indicates that the calculation results do not 
contradict the experimental literature data in the sense that synthe-

 

Fig. 4. Decomposition dome of the Y1xScxPO4 solid solution (■ ) and exper-
imental data on synthesis temperatures for samples at 1233 K [3] and 
1723 K [3, 5] (single-phase  and multiphase ●  samples). 
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sis was carried out within the thermodynamic-stability regions of 
solid solutions predicted by us. 

TABLE 3. Comparison of calculated Tcr results with synthesis tempera-
tures from experimental studies*. 

Composition, Ref. х or % 
Synthesis  
method 

Synthesis tem-
perature, K 

Tcr, K 

Y1xLuxPO4 [2] 
0.0, 0.25, 
0.50, 0.75, 

1.00 

Precipitation 
from aqueous 

solutions 
293–383; 773 189 

Y1xScxPO4:0.5 mol.% 
Eu3 [3] 

0, 0.2, 0.4, 
0.5, 0.6, 0.8, 

1,0 

Sol–gel method 
annealing 

12331723 1452 

Y1xDyxPO4 [4] 
0.01, 0.05, 

0.475 

Sol–gel method 
with microwave–

hydrothermal 
(MW–HT) 
treatment 

473 155 

Y1xScxPO4 [5] 

0, 0.01, 0.05, 
0.10, 0.2, 

0.4, 0.5, 0.6, 
0.8, 1.0 

Solid-
state method 

1723 1452 

(GdxY1x)1–yPO4:yTb3 
(y 0 or 0.15) [6] 

0, 0.25, 0.5, 
1.0 

Solvothermal 
method 

4331023 
1273 

291 

Y0.95(1x)Yb0.95xEr0.05PO4 
[8] 

0, 0.3, 0.5, 
0.7, 1.0 

MW–HT 473 358 

Y1xYbxPO4 [9] 0х1 
Solid-state meth-

od 
1473 358 

YPO4 doped with Tm3 
(0.1, 0.3, 0.5, 1 
mol.%)/Yb3+ (10 

mol.%) [10] 

0.001, 0.003, 
0.005, 0.01 
(for Tm3+); 
0.10 (for 

Yb3+) 

Co-precipitation 
from aqueous 

solution followed 
by annealing 

333, 1073 

275 (for 
Tm3+); 

358 (for 
Yb3+) 

ScxY1xPO4:0.5 мол.% 
Eu3+ [11] 

0, 0.2, 0.4, 
0.5, 0.6, 0.8, 

or 1.0 

Sol–gel meth-
odannealing 

1373 1450 

Y1xDyxPO4 [12] 0.005–0.1 
Flux growth 
technique 

1673–1073 155 

Y1xPO4:xYb3 [13] 0–0.1 
Low-temperature 

hydrothermal 
method 

473 358 

Notes: *1. References [2, 6] provide synthesis and subsequent annealing temperatures of 
nanomaterials aimed at eliminating defects that, according to Refs. [29–31], are typi-
cally present in nanomaterials obtained at low temperatures. 2. References [3, 11] list 
only the annealing temperatures after synthesis by the sol–gel method. 3. References 
[4, 12, 13] do not specify substitution limits; it is possible that fragments of continuous 
series of solid solutions were synthesized. 
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 At the same time, the synthesis of zircon-type solid-solution 
samples in the Y1xScxPO4:0.5 mol.% Eu3 [3] and ScxY1xPO4:0.5 
mol.% Eu3 [11] systems have been described, carried out by anneal-
ing mixtures of the components at 1233 and 1373 K, respectively. 
Under these conditions, according to XRD data, continuous solid-
solution series were formed, as reported in those studies. However, 
in the luminescence spectra, which, according to the authors of Ref. 
[3], are more sensitive than XRD, additional bands were observed, 
indicating the multiphase nature of the synthesized samples. This 
agreed with our previously calculated [18] critical decomposition 
temperature for these solid solutions (1450 K), according to which, 
at 1233 and 1373 K, a continuous solid-solution series should not 
form (Fig. 4). Therefore, considering the critical decomposition 
temperature reported by us in Ref. [18], the authors of Refs. [3, 5] 
annealed Y1xScxPO4:0.5 mol.% Eu3 samples at 1723 K, obtaining a 
continuous solid-solution series (Table 3, Fig. 4). 
 It should be noted that the orthophosphates Y1xLuxPO4nH2O 
(x0.0, 0.25, 0.50, 0.75, and 1.00) obtained in Ref. [2] at 293–383 
K were nanosized (particle size of 5–10 nm); after calcination at 
773 K, the particle size increased to 10–20 nm, and after calcina-
tion at 1373 K, it further increased to 40–80 nm. 
 The Y1xDyxPO4 samples synthesized in Ref. [4] exhibited a high 
degree of crystallinity, with average particle sizes determined by 
transmission electron microscopy of 4015 nm for x0.01, 6522 
nm for x 0.475, and 12545 nm for x 1. 
 The GdPO4 powders obtained in Ref. [6] consisted of nanowires 
with lengths of 600 nm–3 µm and diameters of 20–70 nm; for 
Gd0.75Y0.25PO4, the nanorods of 100–600 nm in length and 40–80 nm 
in diameter were observed, whereas, for Gd0.5Y0.5PO4, the nanorods 
were of 100–400 nm in length and 50–100 nm in diameter. In con-
trast, YPO4 powders displayed a rice-grain-like morphology, with 
particle sizes of 60–100 nm. Analysis of the data in Ref. [6] clearly 
shows that the amount of Y substituting for Gd in the GdPO4 ma-
trix affects the length-to-diameter ratio of the nanorods’ morpholo-
gy. 
 The particle sizes of Y0.95(1x)Yb0.95xEr0.05PO4 (x0, 0.3, 0.5, 0.7, 
and 1) obtained in Ref. [8], as estimated from transmission electron 
microscopy images, ranged from 20 to 45 nm. 
 The average particle size of YPO4 doped with Tm3 (0.3 mol.%) 
and Yb3+ (10 mol.%) was approximately of 140 nm [10]. At the 
same time, the average crystallite sizes of YPO4 doped with Tm3 
(0.1, 0.3, 0.5, and 1 mol.%) at a fixed Yb3 concentration (10 
mol.%) were 23, 22, 21, and 22 nm, respectively [10]. 
 According to TEM data, Y1xYbxPO4 particles (x0–0.1) exhibit-
ed a leaf-like nanomorphology with particle sizes of about 80 nm in 
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length and of about 16 nm in width [13]. 
 Thus, comparison of the calculated critical decomposition tem-
peratures with the synthesis data (Table 3) shows that the composi-
tions obtained by sol–gel, hydrothermal, or microwave methods at 
293–473 K [2, 4, 6, 8, 10, 13] are formed under conditions in 
which surface effects of nanoscale particles may significantly influ-
ence thermodynamic stability. At the same time, the calculated Tcr 
values for these systems are lower than the synthesis temperatures 
that confirms the applicability of the crystal-energy theory of iso-
morphous miscibility for predicting the conditions of nanoparticle 
formation. Therefore, the proposed computational approach opti-
mizes the synthesis conditions, including those of nanocrystalline 
forms obtained at relatively low temperatures. 

4. CONCLUSIONS 

1. It has been shown that in the Y1xLnxPO4 systems, the Q contri-
butions to the mixing energies Qmix increase with the atomic 
number of the rare-earth element (REE) in the series of systems 
involving orthophosphates from Gd to Yb and, in most cases, de-
termine the total values of the mixing energies (in 6 out of 8 sys-
tems, except for those involving Gd and Tb orthophosphates). 

2. It has been established that the QR contributions to the mixing 
energy decrease in the Gd–Er series from 4.250 to 
0.001 kJ/mole, and then increase to 1.148 kJ/mole in the Er–Lu 
series. Such variations in Q and QR lead to nearly identical val-
ues for the total mixing energies and the critical decomposition 
temperatures of solid solutions in systems involving Tb, Dy, Ho, 
and Er orthophosphates. 

3. A thermodynamic stability diagram for the Y1xLnxPO4 (LnGd–
Lu) systems and decomposition domes for the Y1xLnxPO4 
(LnGd–Lu, and Sc) systems are presented, enabling graphical 
prediction of solid-solution decomposition temperatures for given 
substitution limits, equilibrium substitution limits for a given 
temperature, and thermodynamic stability regions. 

4. It has been established that most Y1xLnxPO4 systems have criti-
cal decomposition temperatures either much lower than room 
temperature (systems Y1xTbxPO4, Y1xDyxPO4, Y1xHoxPO4, 
Y1xErxPO4, and Y1xLuxPO4) or, within the calculation error, close 
to room temperature (Y1xGdxPO4, Y1xTmxPO4, and Y1xYbxPO4). 
Therefore, they may be promising to produce nanomaterials, as 
the latter are synthesized at comparatively low temperatures. 

5. Due to the extensive temperature range of thermodynamic stabil-
ity (of about 2000 K), materials based on yttrium orthophosphate 
solid solutions Y1xLnxPO4 may surpass materials based on solid 
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solutions of other REE orthophosphates in terms of stability of 
properties and reproducibility. 

6. It has been shown that the calculation results do not contradict 
the experimental literature data in the sense that the synthesis of 
solid solutions in the Y1xLnxPO4 systems in [2–6, 8–10, 12, 13] 
was carried out within the thermodynamic stability regions pre-
dicted by us. In addition, our calculated critical decomposition 
temperature for Y1xScxPO4, as well as the previously reported 
value for Sc1xYxPO4 [18], agree with the results of Refs. [3, 5] 
concerning the choice of synthesis conditions for Y1xScxPO4. 

7. Since the critical decomposition temperatures, substitution lim-
its, and regions of thermodynamic stability of solid solutions are 
derived from the mixing energy Qmix, which in the systems con-
sidered is governed primarily by differences in the interatomic 
distances of the components, and given that these distances have 
been shown in Ref. [20] to be independent of nanoparticle size in 
the range of 6-to-40–80 nm, the quantitative theory of isomor-
phous miscibility can be confidently applied for predicting iso-
morphous substitutions in particles larger than 6 nm. 
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Study of Meloxicam Adsorption on Prepared Activated 
Nanocarbon from Pinecones: Thermodynamics and Kinetics 
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College of Education for Girls,  
Department of Chemistry,  
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Mosul, Iraq 

This research involves the preparation of activated nanocarbon using pine-
cones obtained from the forestry of the city of Mosul, Iraq. The prepared 
carbon is observed as nanoparticles with a particle size of 16.08 nm meas-
ured by a scanning electron microscope and a BET-theory surface area of 
1.9719 nm2. The iodine number of 1147 mg/g

1 and x-ray diffraction spec-
trum of the prepared activated carbon are also evaluated. The adsorption 
of meloxicam onto prepared activated carbon is studied in aqueous solu-
tions. Freundlich and Langmuir isotherms are applied; the Freundlich 
model is more relevant to the practical data for the studied system due to 
the significant results of high R20.9968 values compared to Langmuir’s 
R20.9915. The study of adsorption thermodynamically at equilibrium has 
shown that the adsorption process is spontaneous, as indicated by the neg-
ative value of Gibbs free energy (G0) and the low value of the entropy af-
ter the adsorption process (negative S0). Moreover, the type of adsorption 
refers to physical absorption (H33.090 kJ/mole) due to the force con-
trolling the bond between the drug and the surface of carbon, which indi-
cates adsorption as a heat-releasing process. Pseudo-first-order, pseudo-
second-order, and intraparticle molecular diffusion are studied. The kinetic 
results show that the adsorption process at equilibrium follows the equa-
tion of a pseudo-second-order reaction, while interaction and molecular 
diffusion are not the only mechanisms dominating the adsorption process. 

Це дослідження включало приготування активованого нановуглецю з 
використанням соснових шишок, отриманих з лісництва міста Мосул, 
Ірак. Підготовлене вугілля спостерігалося у вигляді наночастинок з 
розміром частинок у 16,08 нм, виміряним за допомогою сканувального 
електронного мікроскопа, та площею поверхні за Брунером, Емметом і 
Теллером (БЕТ-теорією) у 1,9719 нм2. Також були оцінені йодне число 
1147 мг/г

1 та спектер рентґенівської дифракції підготовленого активо-
ваного вугілля. Адсорбцію мелоксикаму на підготовленому активова-
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ному вугіллі вивчали у водних розчинах. Були застосовані ізотерми за 
Фрейндліхом і Ленґмюром; Фрейндліхів модель був більш релевантним 
для практичних даних стосовно досліджуваної системи завдяки знач-
ним результатам із високими значеннями R2

0,9968 порівняно з 
R2

0,9915 за Ленґмюром. Термодинамічне дослідження адсорбції в рі-
вновазі показало, що процес адсорбції є спонтанним, на що вказує не-
ґативне значення Ґіббсової вільної енергії (G0) та низьке значення ен-
тропії після процесу адсорбції (неґативне S0). Більше того, тип адсор-
бції відноситься до фізичної абсорбції (H33,090 кДж/моль) через 
силу, яка контролює зв’язок між препаратом і поверхнею вуглецю, що 
вказує на те, що адсорбція є процесом виділення тепла. Була дослі-
джена псевдопершого порядку, псевдодругого порядку та внутрішньо-
частинкова молекулярна дифузія. Кінетичні результати показують, що 
процес адсорбції в рівновазі відповідає рівнянню реакції псевдодругого 
порядку, хоча взаємодія та молекулярна дифузія є не єдиними механі-
змами, що домінують у процесі адсорбції. 

Key words: pinecone, nanocarbon, surface area, Freundlich and Langmuir 
isotherms, adsorption, meloxicam, activated carbon. 

Ключові слова: соснова шишка, нановуглець, площа поверхні, Фрейн-
дліхові та Ленґмюрові ізотерми, адсорбція, мелоксикам, активоване 
вугілля. 
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1. INTRODUCTION 

The major problems of environmental pollution are one of the big-
gest facing the modern world and the most widespread due to indus-
trial progress, which has caused an increase in the world’s popula-
tion. Industry is considered one of the biggest pollutants in the en-
vironment. Chemicals, or their biological decomposition products, 
are among the pollutants that affect the water ecosystem because 
they contain harmful chemical groups. Recently, pharmaceutical 
products have increased in their application, depending on their 
widespread use. As a result, large amounts of pharmaceutical prod-
ucts are discharged as waste materials, which cause the main envi-
ronmental pollutants in liquids to be wasted due to their toxicity [1]. 
 It is also considered an antibiotic-resistant pathogen. The classi-
fication of non-steroidal anti-inflammatory drugs (NSAIDs) repre-
sents one of the most important groups of pollutants due to their 
widespread use, as these medicines treat diseases that affect hu-
mans and animals in terms of their analgesic effect [2], anti-
inflammatory effect, and antipyretic effect. In addition, NSAIDs 
belong to the OTC group of medications; without a prescription, 
they are the most common drugs observed in aqueous wastewater 
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because of their characteristics in terms of their hydrophobicity and 
stability [3]. 
 NSAIDs can remain in the aqueous phases and can also exist at a 
surface concentration of up to 1 µg/L of water molecules [4]. The 
most common wastewater contamination is from homes, hospitals, 
clinics, or production plants. Medicine has prolonged exposure and 
caused bioaccumulation, which leads to chronic effects of toxicity 
that may include growth patterns, metabolism, and reproductive 
problems. The removal of NSAIDs has been applied in several ways, 
such as photocatalytic degradation [5, 6], microextraction [7], oxi-
dation [8], biodegradation [9], chlorination [10], biofiltration [11], 
electrochemical oxidation [12] and an adsorption using activated 
carbon from different sources. 
 Meloxicam (MLX) is a member of NSAIDs has been observed in 
waste water in despite of its poor water solubility, its more soluble 
in alkaline solution at pH of 10.7 up to 19.9 mg/mL in recent study 
three type of activated carbon were synthesized and applied as 
sorbent for MLX removed sorbent for MLX removed from aqueous 
solution [1]. 
 The aim of this study is to synthesized activated carbon from 
pinecone to be used for the removal of MLX from aqueous solution. 
This study includes the determination of adsorption efficiency and 
capacity of MLX in terms of isotherms, kinetics and thermodynam-
ics at equilibrium. 
Freundlich Isotherm. The Freundlich equation is one of the well-
known isotherm models that can be successfully applied to single-
component systems. This model assumes that the surface of the ad-
sorbent is not homogeneous due to the irregularity of the potential 
energy on it as a result of the adsorption sites having varying levels 
of energy, the strength of the linear relationship can be expressed 
through the value of the correlation coefficient R2, as this value is 
used to evaluate the extent, to which experimental data for adsorp-
tion can be represented by this isotherm. The linear model can be 
expressed as follows: 

 logqelogKfn
1logCe, (1) 

where Kf and n represent Freundlich isotherm constants, the value 
of qe represents the amount of adsorbed material per gram of adsor-
bent, which is known as the adsorption capacity (at equilibrium) 
(mg/g), while Ce represents the concentration of the remaining ma-
terial, which is the non-adsorbed at equilibrium (mg/L). When 
drawing the relationship between logqe versus logCe, it gives a 
straight line with a slope equal to 1/n, which represents a measure 
of the intensity of adsorption, and a cross section equal to logKf, 
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which is a function of the adsorption capacity, whereas the value of 
n indicates the best value for obtaining the adsorbent feature and 
the degree of non-openness to the adsorbent feature layer, where, 
when it is only limited between 1–10, this means that adsorption is 
good and preferred; however, when the value of n is less than one, 
this adsorption is preferred and not preferable. When n1, this 
adsorption is linear, whereas when n1, the adsorption is chemical, 
and when n1, there is physical adsorption [13]. 
Langmuir Isotherm. This model assumes that molecules adsorb on a 
specific number of openings (pores) located on a specific weight of 
the adsorbent surface, which are energetically equivalent and each 
hole can hold only one adsorbed molecule, the molecules adsorbed on 
the adsorbent surface do not interfere with each other or with other 
attacking molecules present in the solutions. Therefore, a single 
layer of adsorbed molecules is formed on the adsorbent surface. Ac-
cording to this model, the adsorption phenomenon is rapid in the 
beginning and then reaches a state of equilibrium after the relative 
rate of speed equals due to the attachment of molecules on the sur-
face of the adsorbent and the rate of their return to the solution 
[14]. According to this model, the amount of adsorbed material is 
proportional to the part exposed to the adsorption phenomenon, 
while the amount of returning particles is proportional to the cov-
ered part of the surface, this model can be expressed as follows: 

 Ce/qe1/QmaxCe/(bQmax), (2) 

where b is the Langmuir isotherm constant and indicates the 
strength of the drugs’ attachment to the surface of the adsorbent 
material, while the value of Qmax represents the maximum theoreti-
cal capacity for adsorption of the adsorbent material (milligrams of 
adsorbent per gram of adsorbent material), while the values of Ce 
and qe are the remaining concentration and adsorption capacity at 
equilibrium, respectively [15]. 
Kinetic Study. In order to obtain accurate information that ex-
plains the mechanism of adsorption and the kinetic forces affecting 
it, kinetic models were studied on the studied drug as follows. 
 The first description of the kinetic data for adsorption was by 
Lagergren, and that was through the pseudo-first-order equation, 
which is considered the first equation used to describe the speed 
rate of adsorption, based on its capacity, and then it was used by 
many researchers [16, 17]. The pseudo-first-order equation can be 
expressed as follows: 

 ln(qeqt)lnqek1t. (3) 

 In order for this model to apply to practical data for adsorption, 
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by plotting the relationship between ln(qeqt) versus time t, it must 
give a linear relationship and a match must be obtained between the 
calculated and practical adsorption capacity value. 
 This model is also used to describe the kinetics of adsorption, as 
this model explains how the rate of speed depends on the adsorption 
capacity of the solid adsorbent and not on the concentration of the 
adsorbent. Unlike the other kinetic models, it predicts the behav-
iour of adsorption along the time period of adsorption, this is con-
sistent with an adsorption mechanism that includes a step that de-
termines the rate of speed, which may include countervailing forces 
through the sharing or exchange of electrons between the solution 
and the adsorbent, where the pseudo-second-order equation can be 
expressed as follows: 

 t/qt1/{k2(qe)
2}(1/qe)t. (4) 

 In order for this model to apply to practical adsorption data, by 
plotting the relationship between t/qt versus time t, it must give a 
linear relationship, and a match must be obtained between the cal-
culated and practical adsorption capacity value [16, 17]. It is also 
possible to use the adsorption rate constant k2 to find the value of 
the initial pseudo-second-order adsorption speed (h) through Eq. (5): 

 hk2(qecal.)
2. (5) 

 The overall rate of adsorption will be determined by the slowest 
step, which may be diffusion from the outer boundaries of the liq-
uid to the adsorbent surface, or the implicit molecular diffusion 
within the pores of the adsorbent material. The rate of adsorption 
speed on the active sites is assumed to be fast, and one of the im-
portant things that must be found and determined is the potential 
rate of speed specific to the adsorption mechanism. If the implicit 
molecular diffusion is the controlling factor, depending on the reac-
tion rate, the process of removing adsorbed materials changes with 
the square root of time. As a result, it is possible to calculate the 
rate of adsorption speed by calculating the adsorption capacity of 
the adsorbent as a function of the square root of time, as the im-
plicit molecular diffusion model can be represented by Eq. (6) [18]: 

 qtKdifft
1/2C; (6) 

Kdiff (mgg
1min

1/2) represents the velocity rate constant for implic-
it molecular diffusion, while C (mgg

1) is the value of the cross-
section, and the value of Kdiff can be found from the slope of the 
straight line. 
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2. EXPERIMENTAL METHOD 

2.1. Instruments 

Ultraviolet–Visible Spectrophotometer, double beam type (model 
1800-UV) supplied by Shimadzu company, Japan. pH meter (Jenway 
3510 model) was used for pH measurement. Scanning electron mi-
croscopy (SEM) was used to study the morphology. Oven and muffle 
furnace were used for drying and carbonization purposes, respec-
tively. Water bath shaker of Type ST402 from Jwrio Tech. of Kore-
an origin centrifuge used to isolate samples; the Hermle (LDZ4-
2MEDICAL Low SPEED CENTERFUGE) type is of German origin 
and equipped by HERME LABORTECHNIK, SEM scanning device 
of MIRA3LMU model. The measurements were conducted at the 
University of Tabriz in Iran. 

2.2. Chemical Materials 

All chemical used, including hydrochloric acid (0.1M), potassium car-
bonate and distilled water supplied by BDH-Fluke company, thiosul-
phate, starch, iodine, meloxicam (MLX) 4-hydroxy-2-methyl-N-(5-
methyl2-thiazolyl)-2H-1.2-benzothiazine-3-carboxamide-1,1-dioxide 

(Fig. 1) were supplied from Sammara drug company, Iraq. All sol-
vents and reactants were at analytical grade. 
 Synthesized activated carbon (SAC), a new type of charcoal, was 
prepared using pine cone by cutting them, washing several times, 
drying under atmosphere air, and then, drying using oven at a tem-
perature of 105–110C for 48 hours, then, carry out the initial car-
bonization process by heating the powder at temperature of 450C 
for 1:15 hour, then, the charcoal is cooled at room temperature, 
and for the purpose of performing the final carbonization, it is 
heated the charcoal powder using muffle furnace after mixing it 
with (K2CO3) in ratio of (1:1) by weight of (K2CO3:charcoal) to a de-
gree of temperature of 750C for one hour. Then, the mixture was 
cooled and washed with distilled water several times until the pH of 

 

Fig. 1. Structural formula of meloxicam. 
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the washing water was equal to 7. Then, it was treated with a solu-
tion of 5% hydrochloric acid and heated for two hours. Then, it is 
cooled to laboratory temperature and washed until the acidity of the 
wash water reaches7. The prepared activated charcoal was dried 
well, then, mechanically crushed, and molecular sieves were used to 
isolate it and preserved in sealed containers for subsequent study. 

2.3. Adsorption 

Many factors may be affected on the adsorption efficiency and ad-
sorption capacity like the amount of activated carbon, initial con-
centration of MLX, contact time, temperature and pH were studied 
to investigate the optimum condition of these parameters. 
Determination of the Iodine Number of SAC. The adsorption of io-
dine was reported in a simplest test for determination of surface ar-
ea of a synthesized activated carbon (SAC), which correlated to the 
volume of pores. Iodine number was considered as the amount of io-
dine solution per 0.25 mg of activated carbon placed in 250 mL of 
conical flask, then, added 5 mL of cone HCl and boiling for 30 sec. 
After cooled, the sowing 25 mL of iodine solution (0.1 N) were add-
ed and shaken for 10 min. The suppurated was filtrated; 5 mL of 
filtrate was calibrated with sodium thiosulphate (0.1 N) using addi-
tion of two drops of starch. Iodine number (1. N) was calculated as 

 
 1 2 2

5 10 1.2 126.93C C V D
IN

m


 , (7) 

where C1 [moleL
1] refers to the concentration of standard iodine 

solution; C2 [moleL
1] represents the concentration; V2 [mL] volume 

of burette; m [gm] weight of coal; D is the correction factor. 

2.4. Determination of the Amount of Adsorbent 

Both the adsorption efficiency and capacity are used to express the 
amount of the adsorbed substance, by estimating the remaining 
amount of the substance in the solution. Since the drug that was 
studied is not coloured, the spectroscopic method in the (UV) re-
gion, which falls in the lower range 362 nm, was calculated. The 
amount of adsorbed material is determined by the difference be-
tween the initial concentration and the remaining concentration in 
the solution. The calibration curve was adopted to find these con-
centrations. The adsorbed material, adsorption efficiency, and ad-
sorption capacity were found using Eq. (8), (9): 

 AbCl, (8) 
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 ( )e i e Lq C C V m  , (9) 

  Adsorption [%] ( ) 100i e iС C C   , (10) 

where A represents the absorption,  is the absorption coefficient, b 
is length of the light path for visible rays, C is the concentration, l 
represents the cell width (l1 cm), Ci represents the initial concen-
tration, Ce represents the remaining concentration, (CeCi) repre-
sents the adsorbed concentration, which is symbolized by Cads, while 
qe represents the adsorption capacity, as for Vl is the volume of the 
drug solution in [litres], and m is the weight of the adsorbed mate-
rial [g]. All concentrations are in [mg/L]. 

2.5. The Use of the Batch Method 

All studies have been completed on the influence of factors on the 
adsorption process and its kinetic studies, which include applying 
the study in a one-shot method by changing some variables and fix-
ing others, as follows. 
 Solutions of different concentrations of the drug were prepared 
in tightly sealed conical glass flasks under the same conditions. 
Then, quantities of adsorbent material prepared activated carbon 
were added to it, and it was shaken continuously at specific times 
and at a rate of shaking (100 revolutions/minute) using a water 
bath shaker after with temperature controller [19]. 

3. RESULTS AND DISCUSSION 

3.1. Adsorbent Material 

The surface of the material was characterized using an experi-
mental study with Debye–Scherrer Eq. (11) [20]: 

 Dk/(cos), (11) 

where D—the size of minutes in aggregate unit, k—Debye’s con-
stant equal to 0.94, —the total wavelength of 1.5406 Å copper, 
—the total width at the maximum opening of the apex. The full 
width at half-maximum FWHM is measured in the degree unit 
[deg.] and converted to the unit [rad]), as the FWHM value is set 
by /180, and  is the diffraction angle in [deg.] (Fig. 2). 
 The x-ray spectrum notes the presence of several bands, each 
band indicating a specific phase. The bands located at the location 
(223) and (243) belong to the (100) and (002) phases, re-
spectively, which confirm the natural porous structure of activated 
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carbon. In addition, the presence of this broad band in the spectrum 
of activated carbon indicates that the carbon has a high surface ar-
ea, and these results were consistent with the values of the surface 
area and the microscopic image of the scanning electron device, 
which showed that activated carbon possesses structural porosity 
[21]. 
 From the high-field scanning electron microscope images shown 
at different magnification powers, the carbon surface has porous as 
it contained a large number of pores in different shapes and sizes. 
It was also noted that there were white crystals on the surface of 
the activated carbon, which play an essential role in the process of 
removing pollutants from the liquid phase, as shown in Fig. 3. 

3.2. Determine the Maximum Wavelength and Calibration Curve 

The maximum wavelength max was determined at the highest ab-
sorption of the solution prepared from the drug under study, by re-
cording the absorption spectrum of the drug solution with an ap-
propriate concentration, through which the highest wavelength of 
the drug solution was determined. Different concentrations of drug 
solution were prepared from stock solution 1000 ppm, then, the ab-
sorption of the solution at those concentrations was detected to plot 
the relationship between the absorption with the corresponding con-
centrations by applying the Beer–Lambert law. It was found that 
the max value of MLX is of 362 nm, as shown in Fig. 4. 

3.3. The Effect of Adsorbent Weight 

This study was conducted for a series of solutions of 25 mL with 
concentrations of the drug meloxicam at 35 ppm with different 

 

Fig. 2. X-ray diffraction (XRD) spectrum of prepared activated charcoal. 
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weights of activated charcoal prepared to obtain the required remov-
al ranging from 0.01 g to 0.12 g. After shaking these solutions for a 
period of 60 minutes, the solutions were separated and the absorp-
tion was measured and calculated. The concentrations of the remain-
ing materials were then estimated, and the adsorption capacity and 
percentage of adsorption were estimated based on Eq. (1) and Eq. 
(2), respectively. Studying the effect of the amount of adsorbent ma-
terial is considered very important because it has a significant im-
pact on the adsorption process, and those weights mentioned were 
adopted in our current study [22], as in the following Table 1. 
 The adsorption capacity decreases with an increase in the weight 
of the adsorbent, accompanied by an increase in the percentage of 

  
a 

 
b 

Fig. 3. a—SEM; b—XRD shapes of the surface of prepared carbon (SAC). 

 

Fig. 4. Calibration curve for the MLX. 
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adsorption. This can be explained by the fact that increasing the 
amount of adsorbent increases the number of empty effective ad-
sorption sites [23], which leads to a decrease in the adsorption ca-
pacity when a specific number of drug molecules are adsorbed using 
fixed concentrations of meloxicam, and at the same time the per-
centage of adsorption increases. With the increase in the amount of 
adsorbent material, this is due to the easily attachment between the 
drug molecules and the sites eligible for adsorption on the surface 
of the adsorbent material. 

3.4. The Effect of Initial Concentration 

The results obtained with studying the effect of the initial concen-

TABLE 1. Effect of the amount of adsorbent in the efficiency and capacity 
of adsorption for 60 min. at 25C; shaking speed of 100 rpm; a concentra-
tion of 35 ppm of 25 mL of MLX drug solution. 

Type of adsorbent Ci, mg/L 
Quantity of 
adsorbent, g 

Ce, mg/L % qe, mg/L 

SAC 35 

0.01 21.467 38.665 33.832 

0.02 20.405 41.699 18.243 

0.04 13.320 61.941 13.549 

0.06 9.131 73.910 10.778 

0.08 6.833 80.474 8.801 

0.1 4.305 87.699 7.673 

0.12 2.278 93.491 6.817 

TABLE 2. The effect of concentration in the efficiency and capacity of ad-
sorption for 60 min.; the amount of adsorbent is of 0.12 g at 25C; shak-
ing speed of 100 rpm of 25 mL of MLX solution. 

Type of adsorbent Ci, mg/L Ce, mg/L % qe, mg/g 

SAC 

15 0.424 97.168 3.036 

20 0.965 95.173 3.965 

25 1.312 94.749 4.934 

30 2.007 93.307 5.831 

35 2.277 93.491 6.817 

40 4.729 88.175 7.347 

45 6.196 86.229 8.083 

50 7.760 84.478 8.798 

55 9.961 81.888 9.383 
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tration are shown in Table 2. 
 The results in Table 2 is a sequential adsorption reduction with 
increasing concentration and for all adsorbed materials, because in-
creasing concentrations at the beginning of adsorption lead to an 
increase in the number of available molecules over time as they 
compete among molecule by molecule in association to achieve dis-
tinction of sites, and the continuity remaining on the surface of the 
adsorbent was with a constant quantity that is likely to be used 
with increasing the concentration leading to the occurrence of a 
larger amount of adsorbent in the solutions. Thus, an increase in 
the remaining amount in the solutions is greater with increasing 
concentrations in working on an effective rate of adsorption (an ef-
fective rate of adsorption), while the safety of adsorption increases 
with increasing concentrations due to the increase in concentra-
tions. In the adsorbent material, small quantities are recorded [24]. 

3.5. Effect of Contact Time 

The effects of contact time shown in Table 3. 
 These results obtained in the Table 3 regarding the effect of con-
tact time indicate that the adsorption process in the beginning, 
from the first minutes, is very fast, and then it begins to slow 
down gradually until the adsorption is reached to a state of equilib-
rium, since the adsorption process takes place after the equilibrium 
occurs, it remains approximately constant, since the adsorption pro-
cess reaches the speed, at which the molecules of the adsorbent 
(drug) bond to the surface of the adsorbent, equal to the speed of 
the return of other molecules from the adsorbent surface to the so-
lution. This is called as the state of equilibrium. It has been found 

TABLE 3. Effect of contact time in the efficiency and capacity of adsorp-
tion at 25C; the amount of charcoal prepared of 0.12 g; an initial concen-
tration of 35 ppm for MLX solution. 

Type of adsorbent Time, min. Ce, mg/L % qt, mg/g 

SAC 

10 8.977 74.351 5.421 

20 8.745 75.013 5.469 

30 7.568 78.378 5.715 

40 5.927 83.066 6.056 

50 4.730 86.486 6.306 

60 2.277 93.491 6.817 

70 2.239 93.601 6.825 

80 2.239 93.601 6.825 
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that all materials under study have reached to equilibrium in a time 
ranging between 60–70 min.; this variation in the speed of adsorp-
tion occurs due to the abundance of empty active sites that are 
found on the surface of the adsorbent material, which qualifies it to 
bind to the adsorbent material at the beginning of the adsorption 
process, in addition to the fact that the concentration of the adsor-
bent material at the beginning of adsorption is high, which easily 
accomplishes the process of transferring the molecules of the adsor-
bent material (meloxicam) to the surface of the adsorbent material 
(SAC), and with the passage of time it will decrease at the effective 
eligible sites for adsorption, and with it, the competition between 
the drug molecules to bind to these eligible sites will increase, re-
sulting in a decrease in the acceleration of the adsorption process 
until the system reaches a state of equilibrium [25]. 

3.6. Effect of Temperature 

The effect of temperature on the adsorption of drugs adsorbed on 
the surface of activated charcoal was studied over a specific range 
of temperatures ranging from 288–338 K, as the effect of tempera-
ture is considered one of the important studies for calculating the 
thermodynamic functions S0, H0, and G0. This study was con-
ducted at fixed concentrations of the drug and fixing all other vari-
ables, including the amount of adsorbent and the natural acid value 
of meloxicam, and using a fixed volume of the drug solution 25 mL 
and a constant shaking speed of 100 revolutions/minute. Table 4 
shows the results obtained. 
 According to the results listed in Table 4, an increase in tempera-
ture leads to a decrease in the adsorption efficiency (percentage) 
and the adsorption capacity in all materials under study. This 
means that increasing the temperature will lead to an increase in 
the process of the return of the molecules of the adsorbed material 

TABLE 4. Effect of temperature in the efficiency and capacity of adsorp-
tion using the amount of adsorbent 0.12 g; an initial concentration of 35 
ppm; a time of 70 minutes. 

Type of adsorbent Temperature, K Ce, mg/L % qe, mg/g 

SAC 

288 1.428 95.918 6.994 

298 2.239 93.601 6.825 

308 3.861 88.968 6.487 

318 5.250 84.997 6.197 

328 7.297 79.150 5.771 

338 8.146 76.723 5.594 
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from the surface of the adsorbent to the solution. This is as a result 
of the breaking of the bonding forces between the adsorbent materi-
al and the adsorbent surface, and this indicates that the adsorption 
process is heat-emitting, which clearly indicates the physical nature 
of adsorption in the carefully studied system, and that this state-
ment is completely consistent with the rule of Chatelier [26]. 

3.7. pH Effect 

The results obtained of studying the effect of acid function are 
shown in Table 5. 
 The natural acid function of drugs is shown with the symbol (*), 
which is indicated on the number of the natural acid function for 
each drug shown, and from Table 5. It has been observed that the 
adsorption efficiency and adsorption capacity decrease clearly when 
moving with the acid function from the acidic medium to the neu-
tral medium and then the basic medium. It is concluded that the 
process adsorption may occur in acidic and basic functions. It is 
known that the surface of activated carbon is dominated by a nega-
tive charge and a small amount of positive charge. In the acidic 
medium, the proton atoms dominate the solution, which is equiva-
lent to the positive charge on the surface. However, in the basic 
medium, it is dominated by the negative charge, as these charges 
are equivalent to the positive charge in the drug compound, thus 
hindering its movement. It reduces the adsorption efficiency [27]. 

3.8. Calculating Thermodynamic Parameters 

Thermodynamic functions are among the important variables that 
give a distinct interpretation when studying the adsorption process. 

TABLE 5. Effect of acid function in the efficiency and capacity of adsorp-
tion at a time of 70 min.; an initial concentration of 35 ppm at 25C; the 
amount of adsorbent material is of 0.12 g; a shaking speed of 100 rpm of 
25 mL of MLX solution. 

Type of adsorbent pH Ce, mg/L Cads, mg/L % qe, mg/g 

SAC 

13 1.525 33.474 95.642 6.973 

12* 2.239 32.760 93.601 6.825 

11 3.513 31.486 89.961 6.559 

10 4.710 30.289 86.541 6.310 

9 5.463 29.536 84.390 6.153 

8 6.911 28.088 80.253 5.851 
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They explain the nature of the system studied, as well as the type 
of forces that control it and the course of the adsorption process. In 
addition, they can give an idea of the type of molecular interactions 
that can occur during the adsorption process, which have a major 
role in determining its competence. The heat of adsorption can be 
found from the Van’t Hoff equation, which represents the relation-
ship between temperature and the equilibrium constant: 

 KcK0e
H/RT, (12) 

where H represents the heat of adsorption, K represents the equi-
librium constant for adsorption, while K0 represents a constant val-
ue. 
 Taking ln for both sides, we get the following form: 

 lnKclnK0{–H/(RT)}, (13) 

 The value of H can be found by drawing the relationship be-
tween lnK versus the reciprocal of temperature 1/T, which gives a 
straight line with a slope equal to (H/R), and by knowing the 
value of the equilibrium constant for adsorption, which can be 
found from the ratio between concentration of the adsorbed materi-
al remaining in the solution: 

 KcCads[mg/L]/Ce[mg/L]. (14) 

 It is possible to find the value of H and then find the other 
thermodynamic functions S0, G0 through the following equations: 

 G0RTlnKc, (15) 

 G0HTS0, (16) 

 S0(HG0)/T. (17) 

 The value of G0 represents the change in the standard free ener-
gy at any stage of adsorption, while G0 represents the zero value 
and the free energy, when the equilibrium process is constant. 
Therefore, the value of S0 was found, which represents the state of 
the system at any stage of adsorption stages [28]. 
 As for the figure that represents the linear relationship resulting 
from plotting lnK versus 1/T by applying the Van’t Hoff Eq. (12), 
it is shown in Fig. 5 and Table 6. 
 The values of the equilibrium constants Kc decrease with increas-
ing temperature for a single drug, which agrees with what was pre-
viously found, as the efficiency of adsorption decreases with in-
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creasing temperature, which indicates that the forces responsible 
for the adsorption process are physical forces, as the increase in 
temperature leads to its breakdown. Then, the adsorbed molecules 
return to the solution. 
 The value of the enthalpy change H that was calculated over a 
range of temperatures, in which Van’t Hoff assumed that the value 
of (H) is constant over a certain range of temperatures, was all of 
a negative sign, which indicates that the adsorption process is heat 
emitting. While their values indicate the type and nature of the 
forces responsible for the adsorption process, they are of a physical 
nature, as all their obtained values are less than 40 kJmole

1, 
which is within the energy range of physical bonds [25]. Most of the 
forces in which drugs bind to the adsorbent surface (carbon) are of 
the type of hydrogen bonding forces, whose energy ranges 5–15 
kJ/mole. 
 The negative values of S0 give an indication of the state of 
regularity in the system studied. What is worth noting is that the 
strength of the interference and the preference for adsorption to 
occur over extortion and the fact that its values are within a cer-
tain range and are close at all temperatures, this supports that the 
system is of a physical nature, and that the role of entropy change 

 

Fig. 5. The relationship between lnKc versus 1/T to calculate the thermo-
dynamic functions for drug adsorption. 

TABLE 6. Equilibrium constants and thermodynamic functions at equilib-
rium. 

Type of 

adsorbent 
Temperature, 

K 
Kc G, kJmole

1 H, kJmole
1 S, Jmole

1K
1 

SAC 

288 23.5 7.559 

33.090 

88.605 

298 14.629 6.647 88.735 

308 8.065 5.345 90.081 

318 5.665 4.585 89.638 

328 3.796 3.637 89.794 

338 3.296 3.351 87.984 
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is limited. In influencing the progress of the adsorption process, 
these results are supported by the values of the change in free en-
ergy S0, as their values indicate a decrease in the spontaneity of 
adsorption with the increase in temperature. 

3.9. ADSORPTION ISOTHERMS 

3.9.1. Freundlich Isotherm 

When applying Eq. (1) for this isotherm to the practical data for 
adsorption, by drawing the graphical relationship between logqe ver-
sus logCe, and through it, the values of the Freundlich constants Kf, 
n were calculated from the slope n and the cross-section Kf of the 
straight line in order, as shown in Fig. 6 and Table 7. 
 As observed, the results listed in Table 7 showed that the Freun-
dlich isotherm equation applied to the data for the adsorption sys-
tem was fitted based on the data of correlation coefficient value 
R20.9968, so that isotherm Freundlich is more applicable to de-
scribe the adsorption of MLX. Therefore, the adsorption followed a 
multilayer model as a heterogeneous surface indicated by n value of 
3.203, which is between 1 and 10. Moreover, the adsorption process 
is higher than desorption process for the value of Kf, which has a 
relationship with the adsorption coupling, with energy value and a 
factor that depends on the nature of both the adsorbent and the ad-
sorbent [30]. 

 

Fig. 6. Application of Freundlich isotherm to practical data for adsorption 
of the studied drug. 

TABLE 7. Freundlich constants KF, n and correlation coefficient R2 ob-
tained by applying them to practical adsorption data. 

R2 Kf n Drug Type of adsorbent 
0.9968 4.589 3.203 meloxicam SAC 
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3.9.2. Langmuir Isotherm 

This isotherm is the most common and applied to practical adsorp-
tion data. Through it, information is obtained that shows the extent 
of the ability of the adsorbent material to absorb molecules of the 
adsorbent material, which is represented by the maximum theoreti-
cal adsorption capacity Qmax [mg/g], which is supposed to be in the 
form of a single layer on the surface. The strength of its connection 
is also expressed by the Langmuir constant KL [L/mg]. 
 The practical results of the adsorption of the drugs, which were 
chosen to complete this study, were applied to the surface of the 
adsorbent materials at equilibrium using the mathematical equation 
of the Langmuir isotherm, Eq. (2), by drawing the graphical rela-
tionship between Ce/qe versus Ce, and the Langmuir constants Qmax 
and KL were calculated from the slope and cross-section of that 
straight line, as shown in Fig. 7 and Table 8. 

3.10. KINETICS STUDY 

3.10.1. Pseudo-First Order Equation 

The pseudo-first order equation model, Eq. (3), was applied by 
drawing the relationship between ln(qeqt) versus t (the time per 
minute) to obtain a linear relationship with the magnitude of its 
slope k1 and its intercept lnqe and through it, values of qe and k1 can 
be found. The shape and results obtained are shown in Fig. 8 and 

 

Fig. 7. Application of the Langmuir isotherm to experimental drug adsorp-
tion data. 

TABLE 8. Langmuir constants b, Qmax and the correlation coefficient R2 
obtained by applying them to practical adsorption data. 

R2 KL, L/mg Qmax, mg/g Drug Type of adsorbent 

0.9915 0.691 10.395 meloxicam SAC 
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listed in Table 9. 

3.10.2. Pseudo-Second Order Equation 

When applying the pseudo-second order model to practical adsorp-
tion data by plotting the relationship between t/qt versus time t as 
Eq. (4), it is also possible to use the adsorption rate constant k2 to 
find the value of the initial pseudo-second-order adsorption speed h 
through Eq. (5). The shape and results obtained are shown in Fig. 9 
and listed in Table 10. 

3.10.3. Intraparticle Diffusion Model 

The intraparticle diffusion model was applied to the practical data 
for adsorption by applying Eq. (6) by plotting the relationship be-
tween the value of qt versus the square root of time. The value of C 
gives evidence of the thickness of the outer layer of the solution 
boundaries and its effect, as a high value of C indicates this class as 
having a greater influence. The shape and results obtained are 
shown in Fig. 10 and listed in Table 11. 
 According to the results presented in Table 11 and from the 
shapes shown in Fig. 10, the implicit molecular diffusion mecha-
nism will be the only mechanism that guides the adsorption process, 
only when the relationship between qt versus t1/2 is blinded by a 
straight line passing through the original point, and since this does 
not happen, it is inferred that the process of implicit molecular dif-
fusion plays an important role in the process of removing the drug 

 

Fig. 8. Pseudo-first order model to experimental drug adsorption data. 

TABLE 9. Practical and theoretical pseudo-first-order rate constants, ad-
sorption capacity, and the correlation coefficient obtained by applying 
them to practical adsorption data. 

R2 K1, min.
1

 qe(calc.), mg/g qe(exp), mg/g Drug Type of adsorbent 

0.9181 0.0258 2.077 6.825 meloxicam SAC 
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from its aqueous solutions using activated carbon. 
 With the experimental results, it suggested that not the only 
mechanism controlling the drug adsorption as shown previously. 
The results listed in Table 11 have shown that an increase in drug 
concentration leads to increase, in the force for adsorption, in the 

 

Fig. 9. Application of the pseudo-second order model to experimental drug 
adsorption data. 

TABLE 10. Rate constant of practical and theoretical pseudo-second order 
adsorption capacity and correlation coefficient obtained by applying them 
to practical adsorption data. 

Type 
of adsorbent 

Drug 
qe(exp), 
mg/g 

qe(calc.), 
mg/g 

K2, 
gmg1min.

1 
h, 

mgg
1min

1 
R2 

SAC meloxicam 6.825 7.358 0.0206 0.962 0.994 

 

Fig. 10. Application of the intraparticle molecular diffusion model to prac-
tical drug adsorption data. 

TABLE 11. Intramolecular diffusion constants and correlation coefficient 
obtained from their application to practical adsorption data. 

R2 C, mgg
1 Kdiff, mgg

1min
1/2 Ci, mg/L Drug 

Type 
of adsorbent 

0.949 3.9231 0.3427 35 meloxicam SAC 



STUDY OF MELOXICAM ADSORPTION ON PREPARED ACTIVATED NANOCARBON 161 

drug diffusion rate Kdiff. It has been observed that increasing of the 
drug concentration leads to an increase in the thickness of the 
boundary layer between the carbon surface and the drug molecules 
[31]. 

4. CONCLUSIONS 

As concluded, a novel activated nanocarbon was prepared from 
pinecone and then characterized. The nanoparticles of activated 
carbon were applied to study the adsorption of MLX from its aque-
ous solution. The optimum condition of the adsorption process was 
evaluated, such as the amount of adsorbent in SAC of 0.12 g with 
the initial concentration of MLX of 15–35 mg/L for 60 minutes of 
contact time at equilibrium for alkaline medium at 288–338 K, and 
the adsorption was found to be an exothermic process. The experi-
mental process of adsorption was evaluated using the Langmuir and 
Freundlich isotherms to detect the type of adsorption. Based on the 
correlation (R20.996), the Freundlich model has a significant pat-
tern compared to other models, which were fitted to the experi-
mental data. Hence, the adsorption process is suggested to be a het-
erogeneous, multilayer process. Kinetically, the adsorption process 
is followed by a pseudo-second-order reaction. 
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of Nano-Spinel Ferrite by Co-Precipitation Method 
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The co-precipitation method is used in this study to prepare and charac-
terize the structural properties of two types of ferrites: zinc–nickel fer-
rite Zn–Ni Fe2O4 and zinc–chromium ferrite Zn–Cr Fe2O4. These ferrites 
are separated into two parts: one without sintering and the other after 
sintering at 1100C for 3 hours to facilitate further crystallization. The 
ferrites are investigated by x-ray diffraction (XRD) to confirm Zn–Cr-, 
Zn–Ni-nanoferrite samples without sintering and sintered at 1100C. 
These are attributed to the face-centred cubic (f.c.c.) spinel phase, and the 
Debye–Scherrer equation is used to determine the average crystallite sizes 
of the prepared samples, which are found to be equal to 7.05 nm for Zn–
Cr-ferrite nanoparticles without sintering and 64.67 nm Zn–Cr-ferrite na-
noparticles sintered at 1100C. Being equal 46.86 nm Zn–Ni-ferrite nano-
particle without sintering and 57.41 nm for the Zn–Ni-ferrite nanoparti-
cle sintered at 1100C, it is shown that these materials are of nanoscale. 
The composition of the ferrite has better crystallization. That is sintering 
at that temperature has led to an increase in the degree of crystallization 
and a decrease in the crystal defects formed in the ferrites during prepa-
ration. The field-emission scanning electron microscope (FE–SEM) is used 
to examine Zn–Cr-, Zn–Ni-nanoferrite samples without sintering and sin-
tered at 1100C. The pores separating the particles are eliminated during 
the sintering process that produces strong bonds in the agglomeration 
form. 

У цьому дослідженні використано метод спільного осадження для одер-
жання та характеризації структурних властивостей двох типів феритів: 
цинк-ніклевого фериту Zn–Ni Fe2O4 та цинк-хромового фериту Zn–
Cr Fe2O4. Ферити розділено на дві частини: одну без спікання, а іншу 
після спікання за 1100C впродовж 3 годин для полегшення подальшої 
кристалізації. Ферити досліджено за допомогою рентґенівської дифрак-
ції для підтвердження зразків наноферитів Zn–Cr, Zn–Ni без спікання 
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та спечених за 1100C. Це пояснюється гранецентрованою кубічною 
шпінельною фазою, і для визначення середніх розмірів кристалітів під-
готовлених зразків було використано рівняння Дебая–Шеррера, яке до-
рівнюють 7,05 нм для наночастинок фериту Zn–Cr без спікання та 
64,67 нм для наночастинок фериту Zn–Cr, спечених за 1100C. Дорів-
нюючи 46,86 нм для наночастинок фериту Zn–Ni без спікання та 
57,41 нм для наночастинок фериту Zn–Ni, спечених за 1100C, ці роз-
міри показують наномасштабність цих матеріялів. Склад фериту має 
ліпшу кристалізацію, тобто спікання за цієї температури приводить до 
збільшення ступеня кристалізації та зменшення кристалічних дефектів, 
що утворюються у феритах під час приготування. Для дослідження зра-
зків наноферитів Zn–Cr, Zn–Ni без спікання та спечених за 1100C було 
використано сканувальний електронний мікроскоп з польовою емісією. 
Пори, що розділяють частинки, були усунені під час процесу спікання, 
що привело до утворення міцних зв'язків у формі аґломерації. 

Key words: co-precipitation, ferrite, nanoparticles, spinel, field-emission 
scanning electron microscopy, x-ray diffraction. 

Ключові слова: співосадження, ферит, наночастинки, шпінель, скану-
вальна електронна мікроскопія з польовою емісією, рентґенівська диф-
ракція. 

(Received 15 September, 2024; in revised form, 17 September, 2024) 
  

1. INTRODUCTION 

In science research, magnetic nanoparticle systems have generated 
great interest, especially in physics and related fields. Owing to their 
many and significant characteristics, recent advanced research has 
shifted to the synthesis of metallic oxide nanoparticles, where a 
pressing need has arisen to produce materials known as nanomateri-
als-materials with a large surface area relative to their size [1]. Mag-
netic drug targets, magnetic resonance imaging for medical diagno-
sis, recording materials and catalysts, environments, and more are 
just a few of the numerous applications for magnetic nanoparticles 
[2]. Over time, ferrites have continued to garner interest. Because 
ferrites are stable, reasonably priced, and have a broad range of 
technological applications, they cannot be replaced by any other 
magnetic material [3]. 
 Ceramic materials known as ferrites are created by chemically 
adding one or more metals to iron oxides (Fe2O4). Ferrites are mix-
tures of two metallic oxides, which can include any bivalent ele-
ment, such as barium (Ba), zinc (Zn), nickel (Ni), manganese (Mn), 
or zinc oxide. Ferrites have exceptional magnetic and electrical 
properties [4]. Based on their structural characteristics, ferrites are 
divided into two groups: cubic and hexagonal. Soft ferrites are an-
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other name for cubic ferrites. 
 These cubic ferrites are further classified into two types: spinel 
ferrite and garnet ferrite. Hexagonal ferrites are also known as 
hexaferrites and are hard ferrites because it is tough to magnetize 
and demagnetize them. They are also known as permanent [5]. Ap-
plications for hard ferrites include microwave absorbing systems, 
refrigerators, loudspeakers, washing machines, TVs, communication 
systems, switch-mode power supplies, and high-frequency applica-
tions. However, soft ferries have a wide range of uses in the elec-
tronic industry, including the development of transformer cores, 
high-frequency inductors, and microwave components, due to their 
good magnetic field conductivity [6]. 
 Soft chemical techniques like hydrothermal synthesis, sol–gel, 
and co-precipitation can be used to create ferrite particles at the 
nanoscale [7]. Because co-precipitation does not require high pres-
sure or temperature and because impure materials are removed 
through filtration and washing, it is an appropriate chemical meth-
od for synthesizing nanoparticles [8]. The benefits of the co-
precipitation method include high yield, high purity of product, and 
ease of use [9]. From a physical perspective, the co-precipitation 
process is driven by three main mechanisms: Surface adsorption: 
Ions in solution with the opposing charge can be drawn to the pre-
cipitate’s surface charge. Inclusion: The analyte can high frequency 
be incorporated non-isomorphically (solid solution) or isomorphical-
ly (mixed crystal) to replace an ion in the precipitate’s crystal 
structure. Additionally, Ions are physically engulfed in the precipi-
tate before they can diffuse or disperse, known as occlusion [10]. 

2. EXPERIMENTAL 

Synthesis of the ferrite nanoparticles was done by co-precipitation in 
two parts: part one, was mixed thoroughly 8.11 gm ferric chloride 
FeCl3, 11.9 gm chrome nitrate Cr(NO3)9H2O and 14.85 gm zinc ni-
trate Zn(NO3)2 and part two, 8.11 gm ferric chloride FeCl3, 14.54 gm 
nickel nitrate Ni(NO3)2 and 14.85 gm zinc nitrate Zn(NO3)2 as start-
ing materials, each starting material was weighted separately and 
add 100 ml of distilled water and then mixed all these cationic solu-
tions while stirring to complete dissolution. A sufficient amount of 
the NaOH solution is made at a concentration of 2M. After that, a 
thin stream of NaOH solution is added to the cationic solution while 
stirring and heating the mixture until precipitation happens. To fin-
ish the reaction, the precipitate is heated to a temperature of 50C 
while still in its alkaline state. After another hour of stirring to al-
low the particles to age, the precipitated particles are filtered and 
repeatedly cleaned before being dried for an hour at 150 degrees Cel-
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sius. 
 After that, the co-precipitated ferrite agglomerates were ground 
into extremely fine particles for a few minutes using an agate mor-
tar and pestle. These particles are finally sintering at 1100 degrees 
Celsius to continue crystallizing. The primary steps used in the 
preparation are schematically represented in Fig. 1. 

3. RESULTS AND DISCUSSION 

3.1 XRD Analysis and Particle Size Calculation 

Figures 2, 3 show the XRD pattern of the Zn–Cr Fe2O4 nanoparticle 
prepared using co-precipitation technique. 
 Figure 2 the sample without sintered, the appearance of some 
phases shows the part of the oxides of raw materials at 29.3, 

31.9, 38.9, 47.9 because the Zn–Cr ferrite phase isn’t grown yet, at 
35.1 which there is a partial phase grown of Zn–Cr ferrite. 
 Figure 3 sintered at 1100C for 3 hours, x-ray diffraction pattern 
shows fully the growth of crystalline Zn–Cr ferrites phases. Differ-
ent peaks appear on the XRD pattern, namely, 230.09, 35.42, 

 

Fig. 1. Preparation steps of nanoferrite crystallite. 
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37.05, 43.05, 53.39, and 62.51 degrees, which are attributed to 
(220), (311), (222), (400), (422), (511) and (440) planes, respective-
ly. The pattern of Zn–Cr ferrite nanoparticles is compatible with 
(JCPDS card numbers 84-0314 and 89-1012). Verification of the 
face-centred cubic spinel phase (FCC) [11]. The Debye-Scherer’s 
equation has been used to determine the average crystallite size: 

 D0.9/(cos), (1) 

where  is the incident x-ray radiation wavelength 1.54056 Å,  is 
the peak’s full width at half maximum (radian), and () is the XRD 

 

Fig. 2. The XRD pattern of the Zn–Cr ferrite nanoparticle without sin-
tered. 

 

Fig. 3. The XRD pattern of the Zn–Cr ferrite nanoparticle sintered at 
1100C. 
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peak’s Bragg diffraction angle (degree) [12]. Tables 1 and 2 provide 
the assignments of different reflections as well as a detailed analy-
sis of the XRD. 
 Figures 4 and 5 show the XRD pattern of the Zn–Ni Fe2O4 nano-
particle prepared too using the co-precipitation technique. 
 Figure 4 shows the diffraction pattern of ferrite without sintered 
and Fig. 5 shows the X-ray diffraction pattern of the same nanofer-
rite using sintering at a temperature of 1100C for 3 hours. When 
comparing these patterns, Fig. 4 shows that the dominant direction 
(311) also remains for the sintered ferrite, with its intensity in-
creasing with sintering at the expense of other peaks. This indicates 
the presence of some levels that are preferred for the growth of 
crystalline directions, and the intensity of this peak increases ac-
cordingly, which confirms that the ferrite composition has better 
crystallization. That is, sintering at that temperature has led to an 
increase in the degree of crystallization and a decrease in the crys-
talline defects formed in the ferrite during preparation, which indi-
cates that sintering leads to a rise in crystalline regularity. 
 The diffraction patterns match the spinel ferrite standard pattern 
(ICDD no. 00-022-1012) fairly well. At diffraction angles (2) of 
29.9, 35.3, 36.9, 42.8, 53.1, 56.6, 62.2, 70.5, 73.5, and 74.5 de-
grees, they are clearly defined and comprise robust reflection peaks 
that are attributed to the (220), (311), (222), (400), (422), (511), 
(440), (620), (533), and (622) planes, respectively. By taking into 

TABLE 1. The XRD result obtained for the Zn–Cr ferrite nanoparticle 
without sintered. 

Component 2 degree hkl 
FWHM, , 

degree 
d, Å 

Crystallite 
size, nm 

Average 
crystallite 

size, nm 

Zn–CrFe2O4 35.13 311 1.2343 2.56683 7.054478 7.054478 

TABLE 2. The XRD result obtained for the Zn–Cr ferrite nanoparticle sin-
tered at 1100C. 

Component 2 degree hkl 
FWHM,  

degree 
d, Å 

Crystallite 
size, nm 

Average crys-
tallite size, nm 

Zn–CrFe2O4 

30.09 220 0.1511 2.96835 56.88784 

64.67817408 

35.42 311 0.1448 2.53081 60.18393 

37.05 222 0.1278 2.42308 68.50793 

43.05 400 0.1329 2.09797 67.15018 

53.39 422 0.1328 1.71284 69.98047 

62.51 440 0.1486 1.4834 65.35871 
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account the strongest diffraction peaks in XRD spectra, the crystal 
size of the ferrite samples was ascertained [13]. In this study, the 
crystal size of the tested sample was determined. The crystal size of 
the ferrite samples was ascertained by taking into account the 
strongest diffraction peaks in XRD spectra using Scherrer’s formu-
la, as indicated in Eq. (1). Tables 3, 4 are a summary of the crystal-
lite size D calculation. 

3.2. Field-Emission–Scanning Electron Microscopy (FE–SEM) 

FE–SEM was used to examine Zn–Cr Nano ferrite samples without 

 

Fig. 4. The XRD pattern of the Zn–Ni ferrite nanoparticle without sin-
tered. 

 

Fig. 5. The XRD pattern of the Zn–Ni ferrite nanoparticle sintered at 
1100C. 



172 Leal Abdullah HAMZA and Sameer H. AL-NESRAWY 

sintered and sintered at 1100C for 3 hours. 
 Figure 6, a, b depicts a typical FE–SEM image. The FE–SEM im-
age b is nearly uniform and agglomerated grains are observed [11]. 
Particle aggregation takes place in the nanometer range, as seen in 
FE–SEM image b. As seen in image a, the pores separating the par-
ticles were eliminated during the sintering process, which produced 
strong bonds in the agglomeration form. The limited grain size of 
the particle is determined by the interplay between porosity and the 
grain boundary. Through this investigation, it was found that when 
the particles were sintered at 1100C, their average grain size de-
creased. 
 Figure 7, a, b shows FE–SEM pictures of Zn–Ni Fe2O4 NPs. The 
FE–SEM images of the zinc-nickel ferrite without sintered and sin-
tered at 1100C for 3 hours. 
 Figure 7, a without sintered shows irregular, non-symmetrical 
particles. For the Zn–Ni ferrite sample sintered at 1100C, Fig. 7, b 
the agglomeration shows uniform particles [14]. The FE–SEM image 
shows that the agglomeration of Zn–Ni ferrite that sintered at 
1100C nanoparticle is relatively higher when compared to that of 
the without sintered nanoparticles because of the effect of the cap-
ping agent on modifying crystal sizes. 

TABLE 3. The XRD result obtained for the Zn–Ni ferrite nanoparticle 
without sintered. 

Component 2 degree hkl 
FWHM, 
degree 

d, Å 
Crystallite 
size, nm 

Average 
crystallite 

size, nm 

Zn–NiFe2O4 

35.3 311 0.9323 3.06377 9.199623 

46.86716588 53.1 422 6.0734 2.56683 1.43285 

62.2 440 0.0692 2.0012 129.969 

TABLE 4. The XRD result obtained for the Zn–Ni ferrite nanoparticle sin-
tered at 1100C. 

Component 2, degree hkl 
FWHM, 
degree 

d, Å 
Crystallite 
size, nm 

Average 
crystallite 

size, nm 

Zn–Ni Fe2O4 

35.3609 311 0.1554 2.53632 56.0663222 

57.41132041 

36.2246 222 0.1321 2.4778 66.1159439 

42.9799 400 0.1687 2.1027 52.8816646 

53.3301 422 0.1692 1.71645 54.8963699 

56.5681 511 0.1313 1.62564 71.7883791 

62.4414 440 0.2272 1.4861 42.7192428 
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4. CONCLUSION 

In conclusion, this study found the following: 
1. the powders obtained by co-precipitated presented the formation 
of Zn–Cr ferrite and Zn–Ni ferrite crystalline phase; 
2. the powders’ crystallinity and crystallite size increased with sin-
tered at 1100C for 3 hours in the spinel lattice Zn–Cr ferrite and 
Zn–Ni ferrite; 
3. all the compositions studied here by means of the XRD and FE–
SEM showed the formation of soft nanoparticles’ agglomerates. 

  
a      b 

Fig. 6. FE–SEM images for Zn–Cr ferrite: (a) without sintered; (b) sintered 
at 1100C. 

  
a      b 

Fig. 7. FE–SEM images for Zn–Ni ferrite: (a) without sintered; (b) sin-
tered at 1100C. 
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The study investigates the influence of transition (Mn) and rare-earth (Tb) 
dopants on the surface morphology of as-deposited GaN thin films. GaN, 
GaN:Mn, and GaN:Tb thin films are obtained by radio frequency (RF) ion-
plasma sputtering in a nitrogen atmosphere on single-crystal Si sub-
strates. Surface morphology studies performed using atomic force micros-
copy (AFM) show that the addition of Mn promotes an increase in the av-
erage grain diameter from 85 nm to 166 nm and is accompanied by a de-
crease in the root-mean-square roughness from 6.4 nm to 4.8 nm. An 
analysis of crystallite-size distributions by diameter, area, and volume is 
carried out, and it is suggested that anomalous secondary grain growth 
occurs during the RF-sputtering process, when Mn impurity is added. The 
addition of Tb impurity leads to an even greater increase in grain size, 
which is attributed to the large ionic radius of the Tb3 ion and the gener-
ation of significant mechanical stresses. 

У роботі проведено дослідження впливу домішок перехідних (Mn) і рі-
дкісноземельних (Tb) елементів на морфологію поверхні свіжонанесе-
них тонких плівок GaN. Тонкі плівки GaN, GaN:Mn і GaN:Tb одержано 
методом високочастотного йонно-плазмового розпорошення в атмосфері 
азоту на монокристалічних підкладинках Si. Дослідження морфології 
поверхні тонких плівок методом атомно-силової мікроскопії показали, 
що додавання Mn сприяє зростанню середнього діяметра зерен з 85 до 
166 нм і супроводжується пониженням середньоквадратичної шерстко-
сти від 6,4 до 4,8 нм. Проведено аналізу розподілів кристалітів за дія-
метром, площею й об’ємом і запропоновано, що у процесі ВЧ-
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напорошення відбувається аномальний ріст вторинних зерен за дода-
вання домішки Mn. З додаванням домішки Tb спостерігається ще бі-
льше зростання розмірів зерен, що пов’язується з великим йонним ра-
діюсом йона Tb3 і створенням сильних механічних напружень. 

Key words: thin films, GaN, doping, manganese, terbium, RF sputtering, 
surface morphology, atomic force microscopy. 

Ключові слова: тонкі плівки, GaN, леґування, Манґан, Тербій, ВЧ-
розпорошення, морфологія поверхні, атомно-силова мікроскопія. 
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1. INTRODUCTION 

In recent years, gallium nitride (GaN) has been extensively studied by 

many researchers due to its widespread use in optoelectronic devices, 

lasers, and photodetectors [1–7]. In particular, the luminescent prop-
erties of both pure and doped GaN are widely studied, which allows for 

a significant expansion of the functional capabilities of this material 
[8–13]. In addition, GaN is widely used in power electronics [14] and is 

the preferred semiconductor for power converters in automotive elec-
tronics and the power supply industry [15]. 
 Gallium nitride is an important material in the development of 
efficient light-emitting diodes (LEDs) [16, 17] and micro-light-
emitting diodes (µLEDs) with green and blue emission, designed for 
integration into display systems [18]. The application of this mate-
rial is not limited to these areas, as researchers have developed and 
tested a light-controlled artificial synapse based on gallium nitride 
(GaN), capable of mimicking the learning and memory processes of 
the human brain for the creation of ultrafast and energy-efficient 
neuromorphic computing systems [19]. 
 For the practical application of semiconductor thin films in opto-
electronics and instrument engineering, their morphological charac-
teristics are quite important, since they affect the efficiency of de-
vices created on their basis. In general, the issue of the physical 
properties of thin films is complicated by the fact that their struc-
ture is often far from perfect. Obtaining the required, stable, and 
reproducible properties of polycrystalline films is limited due to the 
presence of grain boundaries. The physical properties of polycrystal-
line thin films depend significantly not only on the characteristics 
of the material, but also on the energy levels that arise due to the 
presence of grain boundaries. It is clear that these levels are deter-
mined by the size of the crystallites that form thin films. This has 
led to the investigation of the surface morphology of GaN, 
GaN:Mn, and GaN:Tb thin films using atomic force microscopy 



INFLUENCE OF Mn2
 AND Tb3

 ACTIVATORS ON THE SURFACE MORPHOLOGY 177 

(AFM) and scanning electron microscopy (SEM). The thin-film sam-
ples were obtained by RF ion-plasma sputtering, which is optimal 
for producing homogeneous semiconductor and dielectric films [20]. 

2. EXPERIMENTAL TECHNIQUE 

GaN, GaN:Mn, and GaN:Tb thin films with thicknesses of 0.3–0.8 
µm were obtained by RF ion-plasma sputtering on monocrystalline 
Si substrates. RF ion-plasma sputtering was carried out in a nitro-
gen atmosphere in a system using a magnetic field of external sole-
noids for compression and additional ionization of the plasma col-
umn. The concentration of Mn2 and Tb3 activators was 1 mol.%. 
The structure and phase composition of the obtained films were in-
vestigated by x-ray diffraction analysis (Shimadzu XDR-600). The 
characteristic diffraction patterns of the thin films were presented 
previously in our work [21]. 
 Elemental analysis of the studied samples at several points on the 
surface of the thin films was performed using an OXFORD INCA 
Energy 350 energy-dispersive spectrometer. 
 The surface morphologies of GaN and GaN:Mn thin films were 
studied using an atomic force microscope (AFM) ‘INTEGRA TS-
150’. Surface images of the thin films were recorded in semi-
contact mode (tapping mode) in air. A silicon cantilever of the 
NSG10 series with a resonance frequency of 323 kHz and a stiffness 
of 24 N/m was used. In addition, a scanning electron microscope 
(JSM-7200F, Jeol) operated at an accelerating voltage of 7 kV was 
also employed to investigate the surface morphology of GaN, 
GaN:Mn, and GaN:Tb thin films. 

3. RESULTS AND DISCUSSION 

AFM images of the surface morphology of as-deposited GaN and 
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-
strates are shown in Fig. 1. 
 For areas of identical size (55 µm) on the AFM surface morphol-
ogy images of the studied samples, a number of standard parame-
ters were calculated: root-mean-square roughness, average rough-
ness, average grain diameter, average grain area and volume, grain 
height with maximum number of grains, coefficient of kurtosis and 
surface skewness. The characteristic surface roughness parameters 
and grain size characteristics of as-deposited GaN and GaN:Mn thin 
films obtained by RF ion-plasma sputtering on Si substrates are 
presented in Table. As can be seen from the obtained results, Mn 
doping significantly affects the surface roughness and grain size of 
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GaN thin films. 
 Analysis of the AFM images (Fig. 1), as well as the surface 
roughness and crystalline grain parameters (Table) of GaN and 
GaN:Mn thin films, shows that the grain sizes of as-deposited 
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-

  
a      b 

  
c     d 

Fig. 1. AFM images of the surface morphology of as-deposited GaN (a, c) 
and GaN:Mn (b, d) thin films obtained by RF sputtering on Si substrates. 
Images a and b are two-dimensional; c and d are three-dimensional. 

TABLE. Surface roughness and crystalline grain parameters of GaN and 
GaN:Mn thin films. 

Parameter GaN GaN:Mn 

Average grain diameter D, nm 85 166 

Root mean square roughness Sq, nm 6.4 4.8 

Average roughness Sa, nm 5.1 3.8 

Grain height with maximum number of grains Z, nm 29 23 

Average grain area S, nm2 2660 7750 

Average grain volume V, nm3 8240 23700 

Coefficient of kurtosis Ska 3.7 4.0 

Surface skewness Ssk  0.08 0.20 
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strates are significantly larger compared to those of pure GaN sam-
ples. For example, the average grain diameter of GaN:Mn thin films 
is almost twice that of GaN films. At the same time, for GaN:Mn 
thin films, a decrease in both the root-mean-square and the average 
arithmetic surface roughness parameters by nearly 1.3 times is ob-
served compared to the corresponding values for GaN thin films. 
 The increase in crystalline grain size, in particular the increase 
in the average grain diameter, area, and volume, along with the 
simultaneous decrease in parameters such as root-mean-square and 
average-arithmetic surface roughness, indicates a complication of 
the surface structure of the thin films. The Sq/Sa ratio for GaN and 
GaN:Mn thin films is 1.25 and 1.26, respectively, which corre-
sponds to a normal distribution of grain heights forming the sample 
surface [22]. 
 Comparison of the histograms of grain height distribution (Fig. 
2) shows that Mn doping influences the formation of the surface 
morphology of GaN thin films obtained by RF ion-plasma sputter-
ing on Si substrates and leads to a reduction in grain heights com-
pared to undoped samples. The results obtained show that GaN:Mn 
thin films are characterized by horizontal grain growth parallel to 
the substrate surface. 
 The Sq/Sa ratio values and the grain height distribution histo-
grams (Fig. 2) confirm that coarse structural defects are not typical 
for GaN and GaN:Mn thin films, i.e., there are no extreme peaks on 
the sample surface. To evaluate further the effect of Mn impurity 
on the surface morphology of GaN thin films, we analyse the sur-
face skewness (Ssk) and coefficient of kurtosis (Ska) parameters, 
which are sensitive to the presence of isolated deep valleys or high 
peaks [23]. For both types of films, the value of Ssk0, and for the 

  
a      b 

Fig. 2. Grain height distribution on AFM images of as-deposited GaN (a) 
and GaN:Mn (b) thin films obtained by RF sputtering on Si substrates. 
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as-deposited GaN thin film, the value is 0.08, while for the as-
deposited GaN:Mn film, this value is 2.5 times higher and amounts 
to 0.20. The surface morphology of both undoped and Mn-doped 
GaN thin films are characterized by a large number of protruding 
peaks above the valleys. For pure as-deposited GaN thin films, an 
almost symmetrical grain height distribution is observed, which is 
consistent with the Sq/Sa ratio data and the analysis of height his-
tograms, while in the as-deposited Mn-doped GaN films, the surface 
is formed with a larger number of protruding peaks (crystallites). 
The Ska value for as-deposited GaN and GaN:Mn thin films is great-
er than 3, indicating that the surfaces of both samples contain a 
significant number of pronounced peaks. 
 Various factors can influence the formation of the surface mor-
phology of thin films, such as the methods of production and the 
thermal treatment process of thin films, in which both the anneal-
ing temperature and the annealing atmosphere in which the thermal 
treatment process takes place play significant roles. The type of 
substrate and the presence of buffer sublayers have different ef-
fects on the formation of the surface morphology of the samples. In 
work [24] investigated the influence of MgAl2O4, AlN, and ZnO 
buffer layers on the crystallite size in GaN thin films and found 
that the smallest crystallite sizes and highest mechanical stresses 
are characteristic of GaN thin films deposited on quartz substrates 
with a MgAl2O4 buffer layer. In Ref. [25], the evolution of the sur-
face morphology of GaN films grown by molecular beam epitaxy on 
Si(111) substrates using AFM was studied as a function of layer 
thickness, and two different models of morphology formation be-
haviour depending on the GaN layer thickness were identified. In 
Ref. [26], the structural, morphological, and magnetic properties of 
GaN:Tb and AlGaN:Tb films obtained by ion implantation of Tb


 

into c-oriented (0001) GaN and AlGaN films followed by thermal 
annealing were investigated. The effect of impurities and annealing 
on changes in surface morphology was studied using AFM, and it 
was shown that the annealing process effectively repairs crystal de-
fects and reduces surface roughness caused by the ion activator. 
 To better understand the formation of the surface morphology of 
as-deposited GaN and GaN:Mn thin films obtained by RF ion-plasma 
sputtering on Si substrates, we analyse the grain size distributions 
that form the surface of the studied samples. The characteristic 
grain diameter size distributions of GaN and GaN:Mn thin films are 
shown in Fig. 3. 
 In a comprehensive review [27], it is noted that polycrystalline 
thin films with thicknesses up to 1 µm often exhibit 2D-like struc-
tures in which most grain boundaries are perpendicular to the film 
surface. Perpendicular grain growth to the surface is also charac-
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teristic of our GaN films. For most materials analysed in Ref. [27], 
films are formed from non-equilibrium grains with sizes smaller 
than the film thickness and form two-dimensional structures only 
after annealing. In general, the grain sizes in polycrystalline films 
are lognormally distributed. In a number of cases, further grain 
growth occurs due to ‘abnormal’ growth or the preferential growth 
of several grains, which usually have specific crystallographic ori-
entation relationships with respect to the substrate surface plane. 
Our results indicate that such a situation is most likely characteris-
tic of the GaN:Mn films we obtained. When the number of growing 
grains leads to the formation of a grain ‘matrix’ beyond static 
boundaries, a bimodal grain size distribution develops and is re-
ferred to as secondary grain growth [28]. Grains that grow abnor-
mally often exhibit a limited or uniform texture. The growth of 
secondary grains in thin films typically involves evolution in the 
distribution of grain textures as well as evolution in the distribu-
tion of grains by size. 
 Our results for the grain diameter size distribution in GaN and 
GaN:Mn thin films obtained by RF ion-plasma sputtering (Fig. 3) 
indicate that for GaN films deposited on Si substrates, a unimodal 
diameter distribution with a peak at approximately 80 nm is ob-
served (Fig. 3, a). A more complex diameter distribution is formed 
when GaN:Mn thin films are deposited (Fig. 3, b). For these films, 
three local maxima appear in the diameter distribution at approxi-
mately 112, 152, and 192 nm, indicating the appearance of a tri-
modal diameter distribution. The diameter distributions (Fig. 3) and 
the average diameter sizes values (Table) indicate that during the 
deposition process of GaN films, the addition of Mn impurity leads 
to a change in surface energy and promotes the ‘coalescence’ of 

  
a      b 

Fig. 3. Grain diameter size distribution and the calculated fitted diameter 
distribution from AFM images of as-deposited GaN (a) and GaN:Mn (b) 
thin films obtained by RF sputtering on Si substrates. 
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grains into larger formations during film growth. In these films, 
secondary and tertiary grain growth was observed during the RF 
sputtering process. 
 The grain area distribution for sputtered GaN thin films deposit-
ed on Si substrates is also characterized by a normal distribution, 
whereas for as-deposited GaN:Mn thin films on Si substrates, the 
distribution has a more complex shape, exhibiting two maxima that 
indicate a bimodal grain area distribution (Fig. 4). 
 For a more detailed analysis, let us consider the grain volume distri-
bution in GaN and GaN:Mn thin films obtained by RF ion-plasma sput-
tering on Si substrates. The characteristic grain volume size distribu-
tions of GaN and GaN:Mn thin films are shown in Fig. 5. 

  
a      b 

Fig. 4. Grain area size distribution and the calculated fitted area distribu-
tion from AFM images of GaN (a) and GaN:Mn (b) thin films obtained by 
RF sputtering on Si substrates. 

  
a      b 

Fig. 5. Grain volume size distribution and the calculated fitted volume dis-
tribution from AFM images of GaN (a) and GaN:Mn (b) thin films obtained 
by RF sputtering on Si substrates. 
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 As shown in Fig. 5, the grain volume distribution for the GaN 
and GaN:Mn thin films deposited on Si substrates is fairly well de-
scribed by a lognormal law. Such behaviour is typical for grain di-
ameter distributions in polycrystalline films [29]. The results of the 
grain volume distributions are in good agreement with the previous-
ly discussed ratio of the root-mean-square surface roughness to the 
average arithmetic roughness, as well as with the grain height his-
tograms forming the surface of the studied samples, and are de-
scribed by a normal statistical distribution. 
 For GaN:Mn thin films obtained by RF sputtering on Si sub-
strates, the grain size distributions, specifically, by diameter and 
area, exhibit a more complex behaviour. This can be explained by 
the formation of non-equilibrium grains on the Si substrate upon 
the addition of Mn dopant, which changes the film growth mecha-
nism compared to undoped films. 
 To understand better the AFM surface morphology results of 
GaN and GaN:Mn thin films, Fig. 6 presents an AFM image of the 
Si substrate surface onto which the studied samples were deposited. 
 The AFM image in Fig. 6 shows the surface of the Si substrate, 
which is characterized by linear traces of mechanical polishing and 
isolated local protrusions, without signs of morphology formation 
typical for the surface of films deposited on this substrate. 
 The surface morphology results of GaN and GaN:Mn thin films 
obtained by AFM are in good agreement with the results recorded 
using SEM. Figure 7 shows SEM images of the surface morphology 
of GaN, GaN:Mn, and GaN:Tb thin films. 
 The SEM results (Fig. 7) correlate well with the AFM data for 
GaN and GaN:Mn thin films. The as-deposited undoped GaN thin 
film is characterized by a fine-grained structure (Fig. 7, a), which 
is confirmed by the smaller average grain sizes determined from the 
AFM images (Fig. 1 and Table). The SEM images of the surface of 
GaN:Mn and GaN:Tb samples indicate a significant influence of the 
impurity and its type on the formation of the film surface morphol-
ogy. The introduction of Mn impurity leads to an increase in grain 
size, as evidenced by the increase in their average diameter, area, 
and volume from AFM data, accompanied by a decrease in surface 
roughness parameters Sa and Sq (Fig. 1 and Table). In the GaN crys-
tal lattice, Mn atoms relatively easily replace Ga atoms, since the 
ionic radius of Mn2 (0.66 Å) is close to the ionic radius of Ga3 
(0.62 Å) [30]. The grain boundaries in GaN:Mn thin films become 
more distinct, and the grain peaks appear flatter. In the case of Tb 
doping, the films exhibit an even larger grain structure, indicating 
a change in the nucleation and crystallite growth mechanisms. It is 
likely that the large ionic radius of terbium Tb3+ (0.92 Å) [31] cre-
ates such strong stresses that the film begins to grow more uneven-
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ly with large grain sizes. 
 The obtained results indicate that transition and rare-earth ele-

  
a      b 

Fig. 6. 2D (a) and 3D (b) AFM images of the surface morphology of the Si 
substrate. 

  
a     b 

 
c 

Fig. 7. SEM images of the surface morphology of as-deposited GaN (a), 
GaN:Mn (b), and GaN:Tb (c) thin films obtained by RF sputtering on Si 
substrates. 
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ment impurities significantly influence the formation of the surface 
structure of GaN films. 

4. CONCLUSIONS 

It has been established that RF ion-plasma sputtering onto single-
crystal Si substrates results in the formation of GaN and GaN:Mn 
thin films composed of nanometer-sized grains. Based on AFM im-
ages, it was shown that the average grain diameter is 85 nm for 
GaN thin films and increases to 166 nm for GaN:Mn films. It was 
found that for GaN:Mn thin films, the root-mean-square and aver-
age-arithmetic surface roughness values are 4.8 and 3.8, respective-
ly, which are 1.3 times lower than the corresponding values for the 
as-deposited GaN film. Based on the analysis of the grain diameter 
size distributions, it is shown that GaN films exhibit a unimodal 
distribution, whereas GaN:Mn films follow a trimodal distribution. 
Based on the analysis of the grain diameter size distributions, it is 
proposed that secondary and tertiary grain growth processes occur 
during the RF sputtering process. Based on the analysis of the 
grain volume distribution results, it is shown that, in both cases, 
the grain volume distribution follows a lognormal law. Comparison 
of AFM and SEM results showed that the surface morphology de-
pends on the type of impurity, and the introduction of Tb3 with a 
larger ionic radius (0.92 Å) leads to significant structural stresses 
and the formation of a pronounced coarse-grained structure. 
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Study of the Optical and Structural Properties of Cadmium-
Oxide Thin Films Prepared Using Chemical Spray Pyrolysis 
Technique 
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Cadmium oxide (CdO) thin films are synthesized by the chemical spray 
pyrolysis method on glass. The thin-film substrates are prepared at vary-
ing temperatures: 400C, 450C, 500C. The samples are examined using a 
double beam spectrometer UV–Vis; the absorbance and reflectance spectra 
of the produced films are measured over a range of wavelengths 310–910 
nm in order to study the optical properties of these films. As discovered, 
the absorbance varies with wavelength. Specifically, we observe that the 
absorbance behaves in the opposite direction of the transmittance, peaking 
at 350 nm, after which the absorbance spectrum starts to decay exponen-
tially until the absorbance hits its lowest value at the 700 nm wavelength. 
The results reveal absorbance spectrum achieving its maximum value at 
400C and lowest value at 500C. As also observed, the value of the spec-
trum remains consistent within the range of 700–910 nm; the evaluated 
energy band gap increases from 2.33 eV to 2.41 eV with the increase of 
substrate temperature. Furthermore, the results for the optical constants 
such as the refractive index, extinction coefficient, and absorption coeffi-
cient decrease with substrate temperature. 

Тонкі плівки оксиду Кадмію (CdO) було синтезовано методом хемічної 
розпорошувальної струминної піролізи на склі. Тонкоплівкові підкла-
динки було підготовлено за різних температур: 400C, 450C, 500C. 
Зразки було досліджено за допомогою двопроменевого UV–Vis-
спектрометра; спектри вбирання та відбивання одержаних плівок було 
виміряно в діяпазоні довжин хвиль 310–910 нм задля вивчення оптич-
них властивостей цих плівок. Було виявлено, що вбирання змінюється 
з довжиною хвилі. Зокрема, ми спостерігаємо, що вбирання поводиться 
протилежним чином щодо пропускання, досягаючи піку при 350 нм, 
після чого спектер вбирання починає експоненційно спадати, поки 
вбирання не досягне свого найнижчого значення за довжини хвилі у 

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2026, т. 24, № 1, сс. 189–200 
https://doi.org/10.15407/nnn.24.01.0189 

 2026 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

іì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàїíи) 
Надруковано в Óкраїні. 

https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!
https://doi.org/10.15407/nnn.24.01.0189
https://doi.org/10.15407/nnn.24.01.0189
https://doi.org/10.15407/nnn.24.01.0189


190 Mohammed S. SINJAR and Mushtaq Abed AL-JUBBORI 

700 нм. Результати показали, що спектер вбирання досяг свого макси-
мального значення при 400C, а найнижчого значення — при 500C; 
також було відзначено, що значення спектру залишається стабільним у 
діяпазоні 700–910 нм, а оцінена ширина забороненої зони збільшується 
з 2,33 еВ до 2,41 еВ зі збільшенням температури підкладинки. Крім 
того, результати стосовно оптичних констант, таких як показник зало-
млення, коефіцієнт екстинкції та коефіцієнт вбирання, зменшуються з 
температурою підкладинки. 

Key words: cadmium oxide, chemical spray pyrolysis, energy gap, absorb-
ance spectrum. 

Ключові слова: оксид Кадмію, хемічна розпорошувальна струминна 
піроліза, заборонена енергетична зона, спектер вбирання. 

(Received 30 September, 2024; in revised form, 18 October, 2024) 
  

1. INTRODUCTION 

Recent years have seen a significant increase in interest in trans-
parent conducting oxides (TCO) thin films due to their distinct 
chemical and physical characteristics that set them apart from bulk 
materials and individual atoms. Because of its uses in optoelectronic 
devices like solar cells, phototransistors and diodes, transparent 
electrodes, and gas sensors, researchers have turned their attention 
to cadmium oxide (CdO) in recent years [1]. 
 Large energy band gaps (bulk CdO is an n-type broad band gap 
semiconductor with a direct band gap of 2.3 eV and an indirect 
band gap of 1.36 eV), a high transmission coefficient in the visible 
spectral domain, and remarkable luminescence characteristics are 
just a few of the materials’ many appealing qualities that make CdO 
thin films appealing. 
 Over the past decade, numerous techniques have been employed 
to prepare CdO thin films, including spray pyrolysis [2], oxidation 
of cadmium films [3], metal organic chemical vapour deposition 
(MOCVD) [4], sol–gel [5], sputtering [6], vacuum evaporation [7], 
and reactive pulsed laser deposition [8]. These techniques have all 
been studied for their electrical and optical properties. It was 
demonstrated through experimentation that these characteristics 
are highly dependent on the deposition circumstances and film 
structure. The size and form of the particles, in addition to devia-
tions from the ideal CdO stoichiometry, determine the intensity of 
the optical and electrical effects of CdO. 
 The primary impacts of UV irradiation on thin films are altera-
tions in their thickness, chemical composition, and structure, which 
result in changes to their electrical and optical properties, accord-
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ing to several recent researches [9–12]. When silicon oxide thin 
films were exposed to airborne UV light, Bradford et al. [11, 12] 
noticed changes in the films’ optical characteristics and explained 
these changes as the result of an increase in oxygen molecules or 
atoms in the deposited films. Electrons are excited by UV light and 
move from the valence to the conduction band, creating holes in the 
process. Redox interactions with the surface species can be started 
by the photogenerated electron–hole pairs that move to its surface 
[10, 13, 14]. When TiO2 films are subjected to UV irradiation, two 
distinct and independent processes take place, according to Fernán-
dez–Rodríguez et al. [10]: changes in the contact angle. These alter-
ations mostly impact the film surfaces, and the majority of the ma-
terial is probably going to undergo oxygen incorporation and rear-
rangement. We are curious as to whether these changes brought 
about by UV irradiation might also have an impact on its other 
characteristics. This research aims to examine how UV irradiation 
affects the optical characteristics and structure of CdO thin films. 
 CdO films can be grown using a variety of methods, including 
thermal evaporation [5], sputtering [6], pulsed laser deposition [7], 
molecular beam epitaxy [8], spray pyrolysis [4], and metal organic 
chemical vapour deposition (MOCVD) [9, 10]. However, despite its 
great promise, the formation of films thinner than 100 nm of this 
material has not been well studied, that is, to the best of our 
knowledge, and no results have been found in the literature as of 
yet. The paucity of reports may be explained by the challenges in 
regulating the growth parameters to promote lateral development 
when growing into substrates [11], where flat surfaces with varying 
growth rates are essential. 
 However, because of their unique nucleation characteristics and 
the lack of a substantial number of nucleation sites on the sub-
strate, some research on the growth of this material reveals the 
challenges in obtaining high densities of isolated nanoparticles of 
CdO on substrates [12]. Some growth restrictions on flat thin layers 
with good crystalline quality may also stem from this challenge. 

2. EXPERIMENTAL DETAILS 

2.1. Sample Preparation 

The process of preparing CdO solution is done using cadmium acetate 

[(CH3COO)2Cd2H2O] [M.W.266.53 gm/m]. It is a white powder of 

American origin provided by (SIGMA CHEMICAL CO). To prepare a 

solution with a concentration of 0.1 M at room temperature, 

2.6653 gm is dissolved using a sensitive four-level electronic balance 

of cadmium acetate to be dissolved in 100 mL of distilled water and the 
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two materials are mixed well using a magnetic stirrer at a temperature 

of 40C for 10 min to ensure the homogeneity of the solution, which 

results in a colourless solution like water. Then, the solution is filtered 

through filter paper to obtain a clear solution without any sediments 

or possible impurities. Square glass slides with dimensions of 2.5 cm 

and an area of 6.25 cm
2
 are used, where they are cleaned well in three 

stages to ensure obtaining completely clean slides. These three stages 

begin by cleaning them using running water with soap solution for 

3 min to remove traditional dirt, then immersing them in acetone and 

placing them in the ultrasonic device for 15 min, and finally washing 

them with distilled water and then drying them using hot air for 

120 sec. 
 The prepared substrates are placed on the surface of an electric 
heater to obtain the required temperature as shown in Fig. 1. The 
deposition time is set at 10 sec at a rate of 20 sprays with a 3 min 
pause between each two sprays. The vertical distance between the 
nozzle of the spray device and the glass substrate is 30 cm and the 
temperature of the substrates is fixed at 400, 450, and 500C and a 
total of 20 sprays for each temperature. The air pressure is set at 2 
bars. The details of the spraying process are mentioned in Table. 

3. RESULTS AND DISCUSSIONS 

3.1. The Optical Absorption Analysis 

The interaction of light with CdO thin films was studied to learn 
more about the optical properties. We used UV–Vis spectroscopy 
(Shimadzu UV-1800) to characterize the optical properties of CdO 
thin films at a scanning rate of 400 nm/min and the absorption 
spectra were obtained from 190–1100 nm). When light interacts 
with the thin film, an optical absorption process occurs against the 

 

Fig. 1. Experimental setup of the spray pyrolysis technique. 
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wavelength spectra of the thin films deposited at different tempera-
tures of the glass substrates on which they were deposited. Figure 2 
shows a decrease in absorption with increasing temperature. The 
spectra also showed a clear decrease in absorption at long wave-
lengths, indicating the presence of direct optical transition in the 
thin films, as well as a shift to red with increasing temperatures of 
the glass substrates. High temperatures can affect structural prop-
erties such as crystallinity, grain size, and defect density, which in 
turn affect the optical behaviour of the material. 
 The surface plasmon resonance (SPR) peak of CdO thin films on 

glass was observed at 350 nm. The peak shape is due to the light scat-
tering caused by the CdO thin films and the peak position due to the 

absence of agglomeration in the nanoparticles deposited on the glass 

and the interactions between CdO particles and different substrates. It 

is worth noting that the UV–Vis spectrum of CdO nanoparticles on 

glass substrate shows only the SPR peak corresponding to the in-plane 

dipole. Crystallization is enhanced at higher temperatures during the 

TABLE. Parameters for the spray deposition of the films. 

Spray parameters Optimum value/item 

(CH3COO)2Cd2H2O solution concentration 0.1 M 

Nozzle Glass 

Nozzle–substrate distance 30 cm 

Solvent Distilled water 

Carrier gas Compressed air 

Pressure 2 bar 

Solution flowrate 5 mL/min 

Substrate temperature 400, 450, 500C 

 

Fig. 2. UV–Vis absorbance curves of CdO films as a function of substrate 
temperature. 
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growth of the thin film better, the density of defects such as grains and 

dislocations decreases and, as a result, the light absorption by these 

defects decreases. This in turn leads to a decrease in the overall absorp-
tion. Higher temperatures can also facilitate the growth of smoother 

film surfaces by enhancing the mobility and diffusion of nanoparticles 

on the surface. Reducing the surface roughness reduces light scatter-
ing and increases the light transmission through the film. This also 

leads to a decrease in absorption. The colour of the CdO film changes 

from light brown to dark brown with increasing temperature of the 
glass substrates. 
 The incident photon energy as well as the properties of the mate-
rial itself have an impact on a materials’ absorption coefficient. Ac-
cording to Beer’s law, the transmission (T) and reflection (R) spec-
tra are related to the absorption coefficient [12]: 

 
2 2

2 2

1 (1 ) (1 )
log

2 2

R R

d T T R

  
   

 
, (1) 

where d is the thickness of the sample. The absorption coefficient () at 

the wavelength of maximum absorption decreases with the increased 

substrate temperatures of CdO thin films as shown in Fig. 3. 
 An important factor affecting a materials’ optical and electronic 
properties is the optical band gap 

.opt

gE . The optical band gap of the 
CdO thin films was determined using the Tauc plot and calculated 
by fitting the equation to the data of Ref. [13]: 

  1/2 .
( )

opt

gh k h E     , (2) 

 

Fig. 3. Absorption coefficient of CdO thin films as a function of wave-
length with difference substrate temperatures. 
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where r is a number that indicates the type of electronic transition 
that causes the absorption and takes values of 1/2 or 2/3 for direct 
transitions and 2 or 3 for indirect ones, depending on whether the 
transition is allowed or forbidden, respectively. h is the photon en-
ergy;  is the absorption coefficient, and B is a constant of effec-
tive mass. Figure 4 presents the optical energy gap increasing with 
increasing substrate temperatures. 
 The refractive index (n) describes how a beam propagates through 
a transparent medium. The optical parameters of the samples can be 
used to determine the refractive index using the following relation-
ship [14]: 

 
2

2

1 4

1 (1 )

R R
n K

R R

 
   

  
. (3) 

 Reflectivity (R) is calculated from absorption and transmission 

spectra using the law of conservation of energy [R1TA]. On the 

other hand, the extinction coefficient (K) depends on the absorption 

coefficient and wavelength of the incident beam and is given by [15] 

 
4

K





. (4) 

 The refractive index and the extinction coefficient against wave-
length are given in Eq. (3) and Eq. (4). It can be seen that n and K 
of CdO thin films decreases with increasing substrate temperatures, 
and, in the visible region, when thin films are deposited onto a sub-

 

Fig. 4. Optical band gap values for prepared CdO thin films for different 
substrate temperatures. 
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strate at higher temperatures, they tend to have improved crystal-
linity and reduced defects. In the case of CdO thin films, increasing 
the substrate temperature can lead to better crystallization and 
larger grain sizes, which can result in reduced light scattering and 
absorption. This, in turn, leads to a decrease in both the refractive 
index and extinction coefficient as displayed in Fig. 5. 
 The complex dielectric constant caused by photon interactions 
with medium charges is commonly referred to as polarization. Us-
ing Maxwell’s relations, evaluation the real (r) and imaginary (i) 
parts of the dielectric constant can be calculated for optical wave-
lengths based on optical constants. The refractive index and extinc-
tion coefficient are connected to the real and imaginary of the die-
lectric constant through the following relationships [16]: 

 rn
2K2, i2nK. (5) 

 The real and imaginary dielectric constants of CdO thin films de-
crease with increasing substrate temperatures and in the visible region 

as are plotted in Fig. 6. Nanoparticles size in CdO thin films can be af-
fected by increasing the substrate temperature. The materials’ dielec-
tric properties are impacted by changes in bandgap and carrier concen-
tration, as, especially in the visible range. Consequently, the real and 

imaginary dielectric constants decrease. 
 The optical conductivity CdO thin films can be determined using 
the correlation between the absorption coefficient and the refractive 
index [16]: 

 .
4

opt

nc
 


, (6) 

  
a      b 

Fig. 5. Refractive index (a) and extinction coefficient (b) as a function of 
wavelength for CdO thin films for different substrate temperature. 
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where c is the speed of light in a vacuum. The decrease in optical 
conductivity can be attributed to decrease for absorption coefficient 
and the refractive index with increasing the substrate temperature, 
as shown in Fig. 7. 

3.2. Field Emission–Scanning Electron Microscopy (FE–SEM) Results 

Utilizing the FE–SEM analysis at a 200k magnification, it possible 
to analyse the morphology and particle size distribution of CdO thin 

   
a      b 

Fig. 6. Real dielectric constants (a) and imaginary dielectric constants (b) 
as functions of wavelength for CdO thin films for different substrate tem-
perature. 

 

Fig. 7. Optical conductivity as a function of wavelength for CdO thin films 
for different substrate temperature. 
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films for different substrate temperature. 
 With increasing substrate temperature, the nanoparticles of CdO 
become larger due to the heightened kinetic energy of the particles, 
rendering them more susceptible to diffusion and coalescence, lead-
ing to the formation of larger particles. Consequently, a denser and 
less porous membrane is formed, exhibiting greater cohesion. More-

  
a 

  
b 

  
c 

Fig. 8. FE–SEM micrographs of CdO thin films for different substrate tem-
perature and the particle size distribution for (a) 400C, (b) 450C, and (c) 
500C. 
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over, the shape of the membrane particles is also affected, as the 
particles tend to become more spherical with increasing substrate 
temperature. This is because of the increasing in temperature re-
duces the surface tension on the membrane particles, allowing them 
to adopt a more stable shape. 
 The FE–SEM images in Fig. 8 clearly show that CdO-
nanoparticles’ diameters with a size range of 25, 34, and 41 nm for 
400, 450, and 500C, respectively. Finally, the FE–SEM results are 
in good agreement with the results of UV–Vis analysis. 

4. CONCLUSIONS 

Cadmium oxide thin films can be easily and low-cost produced by 
chemical spray pyrolysis technique. The optical properties show that 
the optical constants such as refractive index, extinction coeffi-
cient, dielectric constants and optical conductivity decreases with 
increasing substrate temperature. In addition, the surface morphol-
ogy of CdO thin films is a sphere-like shape and diameters increas-
ing with substrate temperature. The average particles size range of 
25, 34 and 41 nm for 400, 450, and 500C, respectively. 
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Synthesis and Characterization of Cadmium-Oxide Thin 
Films Prepared by Sol–Gel Spin Coating Method 
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In this work, cadmium-oxide films are prepared using the spin-coating 
technique. The study is focused on clarifying the effect of changing the 
thickness of the film on the optical properties of cadmium-oxide films de-
posited on 1.52 cm2 glass substrates at a temperature of 400C. The be-
haviour of the visible and ultraviolet absorption spectra of cadmium-oxide 
films are also studied as functions of wavelength. These results show that 
the intensity of absorption increases with increasing membrane thickness; 
this indicates an increase in the concentration of the membrane material. 
Some optical constants are also studied, such as the index of refraction 
and the real and imaginary dielectric constants, in addition to the extinc-
tion coefficient and electrical conductivity. As found, their values change 
with increasing film thickness. Through the absorption spectrum, the op-
tical energy gap is calculated, and it is found that there is a slight change 
with increasing film thickness, as its value decreases from 2.22 eV to 2.20 
eV, when the film thickness increases from 143 nm to 368 nm. 

У цій роботі плівки оксиду Кадмію було одержано нанесенням покрит-
тя методом центрифуґування. Дослідження зосереджено на з’ясуванні 
впливу зміни товщини плівки на оптичні властивості плівок оксиду 
Кадмію, нанесених на скляні підкладинки площею 1,52 см2 за темпе-
ратури у 400C. Також досліджено поведінку спектрів видимого й уль-
трафіолетового вбирання плівок оксиду Кадмію як функцій довжини 
хвилі. Ці результати показують, що інтенсивність вбирання зростає зі 
збільшенням товщини мембрани, що вказує на збільшення концентра-
ції матеріялу мембрани. Також досліджено деякі оптичні константи, 
такі як показник заломлення та дійсна й уявна діелектричні констан-
ти, на додаток до коефіцієнта екстинкції й електропровідности. Було 
виявлено, що всі їхні значення змінюються зі збільшенням товщини 
плівки. За допомогою спектру вбирання було розраховано ширину оп-

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2026, т. 24, № 1, сс. 201–209 
https://doi.org/10.15407/nnn.24.01.0201 

 2026 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

іì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàїíи) 
Надруковано в Україні. 

https://doi.org/10.15407/nnn.24.01.0201
https://doi.org/10.15407/nnn.24.01.0201
https://doi.org/10.15407/nnn.24.01.0201


202 Mohammed AL-BADRANI, Yasir Yahya KASSIM, and Mutaz Salih Hasan ALJUBOORI 

тичної забороненої зони та виявлено, що спостерігається незначна змі-
на зі збільшенням товщини плівки, оскільки її значення зменшується 
з 2,22 еВ до 2,20 еВ, коли товщина плівки збільшується від 143 нм до 
368 нм. 

Key words: cadmium oxide, spin coating, energy gap, absorbance spec-
trum. 

Ключові слова: оксид Кадмію, одержані методом центрифуґування по-
криття, заборонена енергетична зона, спектер вбирання. 

(Received 28 November 2024) 
  

1. INTRODUCTION 

In recent years, there has been a notable surge in interest in trans-
parent conducting oxides (TCO) thin films, attributed to their 
unique chemical and physical properties that differentiate them 
from bulk materials and individual atoms [1]. 
 Cadmium oxide (CdO), characterized by a direct optical band gap 
ranging from 2.2 eV to 2.7 eV and exhibiting n-type conductivity, 
is frequently employed in applications including spintronics, trans-
parent electronics, optoelectronics, and sensors. Cadmium oxide 
(CdO) is a commonly favoured material for applications such as pho-
todiodes, gas sensors, solar cells, and anti-reflective coatings [2–4]. 
Cadmium oxide (CdO) is regarded as a potential material for photo-
voltaic applications owing to its elevated electrical conductivity and 
optical transmittance in the visible spectrum. CdO thin films are 
produced using various deposition processes, including pulsed-laser 
deposition (PLD) and spray pyrolysis, chemical bath deposition, hy-
drothermal synthesis, and magnetron sputtering. In comparison to 
these approaches, the sol–gel process is effective for creating metal 
oxide coatings as it achieves a homogeneous structure and can be 
maintained under the management of each phase necessitates un-
complicated apparatus and is applicable at reduced temperatures. 
The sol–gel spin-coating technique involves the solutions formulat-
ed for the films and is applied to a substrate, which is subsequently 
spun at varying velocities and durations. The solution is applied to 
this base to create a film [5]. The spin-coating process allows for 
the straightforward diversification of required films, modifying pa-
rameters including film thickness, rotation speed, and rotation du-
ration, number of coatings, solution volume, and annealing temper-
ature. This approach is favoured because of its cost-effectiveness 
and rapid manufacturing capabilities [6]. As discovered, the ther-
mal treatment of CdO thin films after deposition at different an-
nealing temperatures reveals significant modifications in their opti-
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cal and structural characteristics [7]. 
 This work aims to prepare thin films of cadmium oxide using the 
sol–gel spin-coating technique, to study their optical properties, 
and to demonstrate the effect of film thickness and temperature on 
those properties. 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of the Solution 

The solution was prepared by dissolving 1.33 gm of aqueous cadmi-
um acetate [(CH3COO)2Cd2H2O)] in 10 mL of 2-Methoxyethanol and 
stirring it with a magnetic stirrer for 20 min at room temperature. 
After that, the temperature of the solution is raised to 70C. Then, 
ethanolamine (MONO) is added dropwise to the solution. This pro-
cess takes 120 min in order to obtain a homogeneous, transparent 
and colourless solution. The temperature of the final solution is re-
duced to room temperature, then, filtered using filter paper, and 
then, left for 24 hours. 

2.2. Preparation of Glass Substrates 

A glass substrate with dimensions 1.52 cm was prepared. These 
substrates are cleaned by first washing them with water for 3 min, 
then, they are immersed in a solution (distilled wateracetone) 
with 20% acetone. The substrates and the solution are placed in the 
ultrasound machine for 15 min at room temperature. The slides are 
cleaned then with distilled water for 3 min and dried then using hot 

  
a      b 

Fig. 1. (a) Device diagram for spin coating; (b) photo of spin coating. 
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air for 1 minute. Sample weights are measured using a very sensi-
tive four-stage balance. 

2.3. Deposition Process 

The sol–gel solution is coated on glass substrates using a device 
spin coating as shown in Fig. 1. The parameter used was of 3000 
rev/min for 30 s. The samples are then dried using an electric heat-
er at a temperature of 200C for 15 minutes to get rid of solvents 
and organic contamination. The thin films are then annealed in an 
oven at temperatures of 400–500C. Finally, the weights of the 
samples are measured after the deposition process in order to calcu-
late the thickness of the film prepared by the gravimetric method. 

3. RESULTS AND DISCUSSIONS 

3.1. The Optical Absorption Analysis 

The interaction of light with CdO thin films was studied to learn 
more about the optical properties. We used a UV–Visible spectrome-
ter (Shimadzu UV-1800) to characterize the optical properties of 
CdO thin films; the absorption spectra from 190 nm to 1100 nm 
were obtained. When light interacts with the thin film, an optical 
absorption process occurs against the wavelength spectra of the thin 
films deposited at an annealing temperature of 400C. Figure 2 
shows an increase in absorption with increasing film thickness. The 
spectra also showed a clear increase in absorption, indicating the 
presence of a direct optical transition in the thin films, as well as a 
red shift with increasing thickness of the deposited films. High 

 

Fig. 2. UV–Vis absorbance curves for CdO films with different thickness. 
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temperatures in the annealing process can affect structural proper-
ties such as crystallinity, grain size, and defect density, which in 
turn affects the optical behaviour of the material. The surface 
plasmon resonance (SPR) peak of CdO thin films on glass was ob-
served at 350 nm. The peak shape is due to the light pooling caused 
by the CdO thin films and the peak position due to the agglomera-
tion of nanoparticles deposited on glass and the interactions be-
tween CdO particles and different substrates. It is worth noting 
that the UV–Vis spectrum of CdO nanoparticles on glass substrate 
shows only the SPR peak corresponding to the in-plane dipole. Crys-
tallization is enhanced at higher temperatures during thin film 
growth better, the density of defects such as grains and dislocations 
decreases and, as a result, the light absorption increases. This in 
turn leads to the increase in the overall absorption. 
 The incident photon energy (as well as the properties of the ma-
terial itself) has an impact on a materials’ absorption coefficient. 
According to Beer’s law, the transmission (T) and reflection (R) 
spectra are related to the absorption coefficient [8]: 

 
2 2

2 2

(1 ) (1 )
+

2

1
og

+
l

2d

R R

T T R
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

 , (1) 

where d is the thickness of the sample. The absorption coefficient 
() at the wavelength of maximum absorption decreases with in-
creasing membrane thickness of CdO thin films as shown in Fig. 3. 
 An important factor affecting the materials’ optical and electron-
ic properties is the optical band gap Eg

opt.. The optical band gap of 

 

Fig. 3. Absorption coefficient of CdO thin films with difference of film 
thickness as a function of wavelength. 
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the CdO thin films was determined using the Tauc plot and calcu-
lated by fitting the equation to the data of Ref. [9]: 

  1/ .
( )

r opt

gh B h E     , (2) 

where r is a number that indicates the type of electronic transition 
that causes the absorption and takes values of 1/2 or 2/3 for direct 
transitions and 2 or 3 for indirect ones, depending on whether the 
transition is allowed or forbidden, respectively. h is the photon en-
ergy;  is the absorption coefficient, and B is a constant of effec-
tive mass. Figure 4 presents the optical energy gap decreasing with 
increasing film thickness. 
 The refractive index (n) describes how a beam propagates through 

 

Fig. 4. Optical band gap values of CdO thin films prepared for two differ-
ent thicknesses. 

  
a      b 

Fig. 5. Refractive index (a) and extinction coefficient (b) as functions of 
wavelength for CdO thin films with different thicknesses. 
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a transparent medium. The optical parameters of the samples can be 
used to determine the refractive index using the following relation-
ship [10]: 

 
2

2

1 4

1 (1 )

R R
n K

R R


  

 
. (3) 

Reflectivity (R) is calculated from absorption and transmission 
spectra using the law of conservation of energy (R1TA). On 
the other hand, the extinction coefficient (K) depends on the ab-
sorption coefficient and wavelength of the incident beam and is giv-
en by [11] 

 
4

K





. (4) 

 The refractive index and extinction coefficient versus wavelength 
are given in Eq. (3) and Eq. (4). It can be seen that the extinction 
coefficient (K) of CdO thin films decreases and the refractive index 
(n) increases with increasing film thickness and in the visible re-
gion. Increased thickness can result in better crystallinity and larg-
er grain sizes, which can result in reduced light scattering and ab-
sorption [12]. This in turn leads to an increase in the refractive in-
dex and a decrease in extinction coefficient as shown in Fig. 5. 
 The complex dielectric constant caused by photon interactions 
with medium charges is commonly referred to as polarization. Us-
ing Maxwell’s relations, evaluation of the real (r) and imaginary (i) 
parts of the dielectric constant can be calculated for optical wave-

  
a      b 

Fig. 6. Real dielectric constants (a) and imaginary dielectric constants (b) 
as functions of wavelength for CdO thin films with different thickness. 
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lengths based on optical constants. The refractive index and extinc-
tion coefficient are connected to the real and imaginary parts of the 
dielectric constant through the following relationships [13]: 

 2 2

r n K   , 2i nK  . (5) 

 It can be seen from Fig. 6 that the real dielectric constant in-
creases, while the amount of the imaginary dielectric constant de-
creases with the increase in membrane thickness. 
 The optical conductivity of CdO thin films can be determined us-
ing the correlation between the absorption coefficient and the re-
fractive index [12]: 

 .
4

opt

nc
 


, (6) 

where c is the speed of light in a vacuum. The decrease in optical 
conductivity can be attributed to decrease for absorption coefficient 
and the refractive index with increasing the substrate temperature, 
as shown in Fig. 7. 

4. CONCLUSIONS 

It was shown through this research that the thickness of the film 
has a direct effect on the optical properties of cadmium-oxide films. 
It was found that the absorption increases with increasing film 
thickness (t), and this indicates the occurrence of the crystal 
growth process. By analysing the absorbance spectrum using a UV–

 

Fig. 7. Optical conductivity as a function of wavelength for CdO thin films 
for different thickness. 
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Vis device, it was found that the refractive index, the real dielectric 
constant, and the optical conductivity increase with increasing film 
thickness, but that both the extinction coefficient and the imagi-
nary dielectric constant decrease with increasing film thickness. It 
was also found that the optical energy gap decreases slightly from 
2.22 eV to 2.20 eV with increasing film thickness from 143 nm to 
368 nm. 
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Synthesis and Characterization of Nano-CdO:SnO2 Thin Film 
for Gas-Sensing Applications 
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Motivated by the utility of gas-sensing technology, investigations of thin 
films of the tin oxide-doped cadmium oxide (CdO:SnO2) of nanograin size 
in the range between 10.3 nm and 18.3 nm have been undertaken applying 
different characterization methods. CdO films doped with nano-SnO2 con-
tents in the range of 1–3% were deposited on soda lime glass (SLG) sub-
strates at room temperature by pulsed laser deposition (PLD) and succeed-
ed by annealing for 60 min at a temperature of 400C. The dominant 
phase for these films shows a hexagonal crystal structure, which is the 
metastable phase of the doped CdO. Tauc’s relation is used for determin-
ing the energy band gap (Eg) regarding doped CdO thin films over the 
photon energy range of 300 nm to 800 nm. A rise in SnO2 concentrations 
is accompanied by a reduction in optical transmittance. The Hall effect 
measurement demonstrates the n-type conductivity of our produced films. 
When the SnO2 content is of 0.01 and the operating temperature is of 
300C, the maximum attainable sensitivity of CdO:SnO2 mixed films to-
ward nitrogen dioxide (NO2) gas is achieved in terms of sensing character-
istics. The outcomes demonstrate that, with a recovery time of 60 seconds 
and a response time of 25 seconds, the maximum sensitivity is equivalent 
to 78.05%. From room temperature to 300C, the resistance to NO2 gas is 
reduced linearly with operating temperature. 

Мотивовані корисністю технології газового зондування, дослідження 
тонких плівок оксиду Кадмію, леґованого оксидом Стануму (CdO:SnO2), 
з нанорозміром зерен у діяпазоні від 10,3 нм до 18,3 нм були проведені 
з використанням різних методів характеризації. Леґовані плівки CdO із 
вмістом наночастинок SnO2 у діяпазоні 1–3% були осаджені на підкла-
динках зі скла з натронного вапна за кімнатної температури методом 
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імпульсного лазерного осадження з подальшим відпалом упродовж 
60 хвилин за температури у 400C. Домінувальна фаза для цих плівок 
має гексагональну кристалічну структуру, яка є метастабільною фазою 
й леґованого CdO. Таукове співвідношення було використано для визна-
чення ширини забороненої зони (Eg) для леґованих тонких плівок CdO в 
діяпазоні енергій фотонів від 300 нм до 800 нм. Збільшення концентра-
ції SnO2 супроводжується пониженням оптичного пропускання. Мірян-
ня Голлового ефекту демонструє n-тип провідности виготовлених плі-
вок. Коли вміст SnO2 становить 0,01, а робоча температура — 300C, 
досягається максимально досяжна чутливість змішаних плівок 
CdO:SnO2 щодо газоподібного діоксиду Нітроґену (NO2) з точки зору ха-
рактеристик чутливости. Результати показують, що за часу відновлення 
у 60 секунд і часу відгуку у 25 секунд максимальна чутливість еквіва-
лентна 78,05%. Від кімнатної температури до 300C стійкість щодо га-
зоподібного NO2 лінійно зменшується з робочою температурою. 

Key words: transparent metal oxide, nanothin film, pulse laser deposition, 
CdO, SnO2, gas-sensing application. 

Ключові слова: прозорий оксид металу, нанотонка плівка, імпульсне 
лазерне осадження, CdO, SnO2, застосування в газовій сенсориці. 

(Received 26 September, 2024; in revised form, 20 November, 2024) 
  

1. INTRODUCTION 

Metal peroxides are interesting since they could be employed as sen-
sors [1], catalysts [2], sources of oxygen in organic synthesis [3], 
and precursors for metal-oxides’ synthesis [4–6]. There are numer-
ous ways to make metal peroxides [6], such as the direct route reac-
tion of oxygen with metal in air (or ammonia) as well as in liquid, 
the reaction regarding a metal salt with hydrogen peroxide, typical-
ly in basic solution, the thermal decomposition of the superoxide, 
and the electrochemical route. Unfortunately, the majority of cur-
rently used techniques have some drawbacks. These include hazard-
ous and complex fabrication processes, costly and difficult-to-find 
precursors, and poorly crystallized or even impure final products. 
The automotive industry as well as environmental research in both 
outdoor and indoor settings, like greenhouse gas monitoring, are 
only two of the many uses for gas-sensing technologies [1–6]. 
 People are currently aware of the environmental damage caused 
by industrial emissions. One of such waste gases, NO2, was linked to 
an increased risk of developing respiratory diseases in people, in-
cluding pulmonary edema and asthma, and has raised concerns 
about environmental pollution on a global scale [7]. Yet, human be-
ings cannot survive in an environment with 3 ppm NO2 for more 
than 8 hrs, according to the Health and Safety Rule Alarm [8]. 
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Lately, researchers and industry have become more interested in 
gas-sensing technology as a common application for intelligent de-
vices. Researchers were exploring a range of options to improve 
gas-sensing performance because of the limitations and wide range 
of applications of numerous gas-sensing technologies. Numerous 
elements, including selectivity, sensitivity, response time, cost, and 
size, must be taken into account in order to evaluate the effective-
ness of gas-sensing systems. A repeatable and stable gas signal 
throughout time should be shown by gas sensors as well, but struc-
tural alterations, composition, appropriate doping materials, and 
application of the right surface treatment all affect stability [9]. 
 Techniques for gas sensing include liquid chromatography, gas 
chromatography, electrochemical sensors, acoustic sensors, optical 
sensors, and chemical resistance sensors. Some of these techniques, 
for instance, gas and liquid chromatography, and acoustic sensors 
have limitations of high cost, low sensitivity, slow response, and 
difficulty in downsizing [10–16]. On the other hand, gas sensors de-
pend on chemical resistance of such polymers, carbon nanotubes, and 
metal oxide-based sensors have been used to minimize the size of a 
powerful and cheap device. Among these three types, metal oxides 
are the most popular type due to their brilliant properties [17–20]. 
 Transparent conducting metal oxides (TCO), like tin oxide (SnO2), 
indium oxide (InO), cadmium oxide (CdO), and zinc oxide (ZnO), 
have been investigated intensively in the last decade. CdO has at-
tracted greater attention than other potential TCO due to its vari-
ous advantages such as high carrier concentrations and moderate 
electron mobility [21]. These properties of CdO thin films facilitate 
its inclusion in different applications such as photodiodes, trans-
parent electrodes, solar cells, and gas sensors [22]. CdO thin films 
crystallize as a cubic crystal system, and the dominant phase for 
CdO films exhibits the rock-salt crystal structure, which is the sta-
ble phase of CdO [23, 24], but it can also crystallize in metastable 
phases such as zinc blende, wurtzite, CsCl, and NiAs crystal struc-
ture [25]. Polycrystalline CdO thin films could be deposited through 
various methods, such as metal-oxide chemical vapour deposition 
(MOCVD), direct current sputtering (DCS) and radio-frequency 
sputtering (RFS), spray pyrolysis, chemical bath, and pulsed laser 
deposition (PLD). However, to deposit stoichiometric and tin-doped 
CdO, PLD is considered as the preferred method [25]. 
 This work aims to find a correlation between the optical, struc-
tural, and electrical properties regarding doped CdO thin films with 
different SnO2 contents. It is also an attempt to optimize the SnO2 
content for the best sensing ability using crystal structure, grain 
size, transmission, band gap, carrier concentration, mobility, and 
sensing characteristics for NO2 sensing applications. 
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2. EXPERIMENTAL WORK 

Samples were prepared using high-purity cadmium oxide (CdO) 
powder (99.99%) that was doped with tin oxide (SnO2) of 99.8%. 
Samples weighing 3 gm, one of them pure CdO and three samples 
doped with SnO2 with impurity percentages of 2, 4, 6% were 
weighed with a sensitive electronic balance with four decimal places 
after sorting from. The mixing technique has been utilized for ob-
taining high homogeneity between the pure CdO granules and the 
samples doped with SnO2, where the powders were ground using a 
ceramic mortar for half an hour; then, the ground powders were 
placed in plastic boxes containing three balls with a diameter of 
0.50 cm. After that, each box was placed inside an English type 
mixer (Spex) for ten minutes, and then, the mixed powders were 
compressed with a pressure force of 6 Tons in a special mould (steel 
stainless) with a diameter of 1.2 cm and a thickness of 0.3 cm for a 
period of 5 minutes using an American-made hydraulic press manu-
factured by Across International, as shown in Fig. 1. 
 To produce CdO tablets before and after doping, we used glass 
slides as substrates for film growth after cutting them into smaller 
pieces. To ensure their cleanliness, such glass slides are precleaned 
through ethanol and distilled water. Subsequently, the glass slides 
undergo ultrasonic cleaning. Sedimentation system consists of two 
parts as follow. 
 1. Laser System. The pulsed Nd:YAG laser manufactured by the 
company DIAMON-288 pattern EPLS System with a wavelength of 
1064 nm, as can be seen in Fig. 2, was used in the process of depos-
iting the prepared patterns on glass bases. The system consists of a 
power supply and a control system. Using a computer and an inter-
nal cooling system, the path of the laser beams is fixed on the tar-
get manually, as the laser used has the following specifications: la-
ser energy of 100–1000 mJ (energy used is of 600 mJ); frequency 
6–1 Hz (frequency used is of 6 Hz); laser wavelength 1064 nm; 
duration of each pulse10 nsec and a number of 100 pulses at 
room temperature, as the incident laser rays create an angle of 45 
with the surface of the target. Cooling method for the device: it is 
by manually circulating the device hot water with cold water 
through a tank located inside the device. 
 2. Sediment Chamber. It is a cylindrical chamber with a diameter 
of 30 cm and a height of 40 cm made of quartz. The film deposition 
process takes place in it, using a pulsed laser at high discharge, and 
it is designed to contain a gate for the gas to escape upon discharge 
and for viewing the laser rays. 
 The process of deposition of samples prepared from CdO discs be-
fore and after doping with SnO2 took place inside the vacuum 
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chamber of the laser system and under a vacuum pressure of 10
2 

hPa. The deposition process includes basic steps, which are the in-
teraction regarding pulsed laser beams with target, which is a com-
pressed powder disk. Subsequently, the prepared thin films were 
annealed at a temperature of 400C. 
 At room temperature, the experiments have been carried out with 
CuK radiation source (1.5414 Å) at 2-values ranging between 
20 and 80 for recording the XRD data. An accelerating voltage of 
30 kV and emission current of 20 mA were used in the experiment. 
UV–Vis spectrophotometry (UV-265 Shimadzu) was used to examine 
the optical characteristics of CdO:SnO2 thin films inside the wave-
length range of 300–1100 nm. A test of a gas sensor with a bias 
voltage of 6 V has been carried out at various sensing temperatures. 
With the use of aluminium electrodes for each measurement, Hall 
coefficient was determined utilizing a four-probe approach. 
Through introducing a magnetic field perpendicular to the mem-
brane surface, Hall effect has been computed. Additionally, the Hall 
probability (H) of electrical conductivity () and the concentration 
of charge carriers (p) have been ascertained. Furthermore, the test 
was run under a bias voltage of 6 V specifically for NO2 gas and at 
multiple sensing temperatures for the gas sensor measurement. 

 

Fig. 1. Shape of the samples. 

 

Fig. 2. The Nd:YAG pulsed laser instrument. 
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3. RESULTS AND DISCUSSION 

3.1. The Crystal Structure: X-Ray Diffraction Analysis 

The x-ray diffraction results of all mixed CdO:SnO2 thin films de-
posited on glass substrates through PLD method and annealed at 
400C are illustrated in Fig. 3. The observed peaks include (110), 
(104), (111), (101), (220), (200), (311), and (222). The dominant 
plane is (111), which is attributed to its stability. The samples con-
sist of a film comprising a mixture of the cubic structure of cadmi-
um oxide and the polycrystalline structure of tin oxide with a tet-
rahedral arrangement [26, 27]. It can be observed that increasing 
the weight ratio results in an increase in the intensity regarding 
thin films. 
 Additionally, there is a reduction in full width at half maximum 
(FWHM) from 0.704 nm to 0.4257 nm in the (111) direction, indi-
cating that the crystallite size increases from 11.8 nm to 18.3 nm 
for the thin film (Table) [28]. 

 

Fig. 3. XRD patterns of pure CdO and nanocomposite CdO1xSnO2(x). 

TABLE. XRD parameters for CdO:SnO2 thin films. 

Sample 2, degree FWHM, degree dhkl exp, Å Grain size, nm hkl 

Pure 33.1539 0.8048 2.6999 10.3 (111) 

1% 33.3551 0.7042 2.6841 11.8 (111) 

2% 33.4054 0.5784 2.6802 14.3 (111) 

3% 33.3551 0.4527 2.6841 18.3 (111) 

https://rocketsutoledo.sharepoint.com/:x:/s/GRP-PVIC-Equipment/LabReopening/EXHvRDuZ335MvoIStJPMpCABgWDYTNWV-nWFsMPIFkogBQ
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3.2. Optical Properties 

3.2.1. Transmission (T) 

Figure 4 presents the optical transmittance spectra of CdO:SnO2 
thin films within wavelengths ranging from 300 nm to 800 nm and 
with SnO2 contents of 0.01%, 0.02%, and 0.03%. It could be indi-
cated that the transmittance is gradually increased with the in-
crease in wavelength, albeit at a small rate. However, for wave-
lengths below 400 nm, a sharp decrease in transmittance is observed 
that is associated to the absorption edge in the corresponding wave-
length region [29]. 
 In the visible region, the transmittance spectrum shows a gradual 
increase, reaching a maximum transparency of approximately 77% 
in the near-infrared (NIR) region. This behaviour reflects the na-
ture of the film. It could be attributed to an increase in oxygen con-
tent in the material or the scattering of photons by crystal defects 
[30]. Overall, optical transmittance decreases with an increase in 
SnO2 content. 

3.2.2. Optical Energy Band Gap 

A critical optical constant used in fabrication of many electrical de-
vices, depending on semiconductor physics, is the energy band gap, 
which is specified as the energy needed to transfer an electron from 
valence band maxima to the conduction band minima. The relation-
ship (1) could be used to compute the energy gap value (Eg) [31]: 

  
r

gh A h E     , (1) 

 

Fig. 4. Transmission of CdO thin films with different SnO2 contents as a 
function of the wavelength. 
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in which  represents the absorption coefficient,  represents the 
photon energy, A represents a constant, and r is an exponential in-
dex with a value of 1/2. By squaring Eq. (1), we obtain the follow-
ing equation: 

 2 2
( ) ( )gh A h E     . (2) 

 Doping results in decreased energy-gap values, especially at high-
er weight ratios (Fig. 5). The energy gap is impacted by the in-
creased doping ratios because they cause new localized states to 
form inside the band gap and tail states to form close to the band 
edges [32]. 

3.3. Electrical Properties: Hall Effect 

Several electrical characteristics of the prepared samples are ascer-
tained by means of the Hall-effect measurement. For nanocomposite 
films, carrier concentration, H, conductivity, mobility, and the ma-
jority charge-carrier types are examined [33]. 
 The electrical conductivity of a material is influenced by the con-
centration and mobility of the carriers, both of which are affected 
by temperature and impurities. 
 Figure 6 shows that the increase in the SnO2 contents from 0.01 
to 0.03 results in an increase in carrier concentration of the pre-
pared thin films from 1.501015 to 1.891015 cm

3. On the other 
hand, the behaviour of carrier mobility shows the opposite trend, 
where the increase of the SnO2 content reduces the value of the car-
rier mobility from 2000 to 800 cm2/(Vsec), as depicted in Fig. 6. 
Results are in good agreement with Ocak et al. [29]. 

 

Fig. 5. Energy gap of CdO thin films with different SnO2 contents. 
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3.4. Gas-Sensing Properties 

Two factors affect the sensors’ response: the rate, at which gas 
molecules diffuse to the surface, and the kinetics of chemical pro-
cesses taking place outside the grains. The varying rates of such 
processes set a limit on the sensor response at different tempera-
tures. The maximum sensor response is achieved at intermediate 
temperatures, when the rates of both processes equalize. According 
to this process, the sensor response peaks for each gas at a particu-
lar temperature [34]. 
 Figure 7, a–d, e–h, i–l, m–p illustrates the variation of re-
sistance with time for the films at different operating temperatures 
in the case, when exposed to NO2 gas. Gas-on period is indicated by 
the red arrow, while the gas-off period is shown by the green arrow. 
It is well known that NO2 gas is oxidative in nature. The resistance 
to NO2 gas exhibits a linear decrease with increasing temperature 
within the range of room temperature to 300C. 
 The sensitivity regarding the sensor to NO2 gas exhibits a linear 
increase with temperature within the range of room temperature to 
300C. This relationship is illustrated in Fig. 8. The maximum sen-
sitivity of prepared CdO:SnO2 thin films towards nitrogen dioxide 
(NO2) gas is achieved, when the SnO2 content is of 0.01. This opti-
mal operating condition occurs at a temperature of 300C. At this 
point, the maximum sensitivity reaches 78.05%. The recovery time 
of the sensor is of 60 seconds and response time is of 25 seconds. 
 When a reducing or oxidizing gas is introduced, a gas-sensor re-
sponse time is the amount of time, which the sensor takes to 
achieve 90% of its minimum or maximum conductance value. Com-
parably, recovery time is the amount of time needed for the sensor 
to stabilize within 10% of its original baseline following the stop-

 

Fig. 6. Variation of ne and H with different weight ratio for CdO:SnO2. 
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ping of the reducing or oxidizing gas flow [35, 36]. 
 Figures 9 and 10 depict the relation between recovery time and 
response time at different operating temperatures and etching times 
for pure CdO and its combinations with 1%, 2%, and 3% SnO2 
(CdO:SnO2). It is observed that the response time is fast (of approx-
imately 20 seconds), while the recovery time is also fast (of approx-
imately 40 seconds). 

4. CONCLUSIONS 

Using the PLD approach, nano-CdO:SnO2 thin films of different 
compositions have been successfully formed on glass substrates. The 
films with the CdO:SnO2 compositions have a polycrystalline struc-
ture, as shown by XRD analysis. As the weight ratio of SnO2 rises, 
the energy gap shrinks, suggesting a trend towards lower energy 
levels. Thin films demonstrated the behaviour of an n-type charge 

 

Fig. 7. Resistance variation: (a, b, c, d) for pure CdO, (e, f, g, h) for 
CdO:1% SnO2, (i, j, k, l) for CdO:2% SnO2, and (m, n, o, p) for CdO:3% 
SnO2 thin films with different operating temperatures for NO2 gas. 
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carrier. There appears to be an inverse link between temperature 
and resistance since the resistance to nitrogen dioxide reduces line-
arly with rising temperature. With the exception of one particular 
instance, the sensor sensitivity to NO2 gas rises linearly with tem-
perature, suggesting a positive association between the both magni-
tudes. Both pure CdO and mixed CdO:SnO2 films show high resistiv-
ity at high temperatures in the case, when measuring NO2 gas with 
the gas sensor, indicating lower sensitivity to NO2 gas. 
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Fig. 8. Sensitivity of CdO:SnO2 thin film towards NO2 gas under various 
temperatures with different SnO2 contents measured under various operat-
ing temperature. 

 

Fig. 9. Response time of CdO:SnO2 thin films towards NO2 gas with differ-
ent SnO2 contents measured under various operating temperature. 
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The atmospheric-pressure chemical vapour deposition (APCVD) technique 
is used to grow ZnO nanowires (NWs) on glass substrates. The effect of 
different doping ratios (0, 2, 4, and 6 wt.%) of aluminium on the struc-
ture, morphological and optical properties of the ZnO:Al nanowires is 
studied. The optical, structural, and morphological results were evaluated 
using ultraviolet–visible (UV–Vis) spectroscopy, x-ray diffraction (XRD), 
and field emission scanning electron microscopy (FE–SEM) with energy 
dispersive x-ray (EDX) spectroscopy. Optical results indicate that, with 
the increase of aluminium doping, the interatomic distance in the crystal 
lattice is decreased, and the energy gap is shifted to redshift. The doping 
with aluminium improves the crystallinity of the network. Morphological 
observations indicate that, when measuring the diameters of ZnO nan-
owires, the diameter of the aluminium-doped ZnO nanowires increases 
with increasing doping ratio. The surface of the ZnO nanowires also con-
tains Al atoms, and EDX spectroscopy supports this finding. Our current 
research may serve the development of future nanooptical devices. 

Для вирощування нанодротів (НД) ZnO на скляних підкладинках було 
використано метод хемічного осадження з парової фази (APCVD) за ат-
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мосферного тиску. Було досліджено вплив різних ступенів леґування 
(0, 2, 4, 6 мас.%) алюмінієм на структурні, морфологічні й оптичні 
властивості нанодротів ZnO:Al. Оптичні, структурні та морфологічні 
результати оцінювали за допомогою ультрафіолетової й оптичної (UV–
Vis) спектроскопії, рентґенівської дифракції (XRD) та польової емісій-
ної сканувальної електронної мікроскопії (FE–SEM) з енергодисперсій-
ною рентґенівською (EDX) спектроскопією. Оптичні результати показа-
ли, що зі збільшенням леґування алюмінієм міжатомова віддаль у кри-
сталічній ґратниці зменшується, а енергетична щілина зміщується в 
бік довших хвиль. Леґування алюмінієм поліпшило кристалічність 
структурної мережі. Морфологічні спостереження показали, що з мі-
рянням діяметрів нанодротів ZnO діяметер леґованих алюмінієм нано-
дротів ZnO збільшувався зі збільшенням ступеня леґування. Поверхня 
нанодротів ZnO також містила атоми Al, а EDX-спектроскопія підтвер-
дила цей висновок. Наші поточні дослідження можуть сприяти розроб-
ці майбутніх нанооптичних пристроїв. 

Key words: atmospheric-pressure chemical vapour deposition, ZnO nan-
owires, band gap, doping with Al, vapour–solid process. 

Ключові слова: хемічне осадження з парової фази за атмосферного ти-
ску, ZnO нанодроти, заборонена зона, Al-леґування, парофазний процес. 

(Received 15 August, 2024; in revised form, 30 September, 2025) 
  

1. INTRODUCTION 

ZnO strong exciton-binding energy of 60 meV at room temperature, 
wide band gap of 3.37 eV, strong radiation tolerance, high thermal 
conductivity, high electron mobility, and high breakdown electric-
field strength are appropriate for optoelectronics, laser technology, 
and electronics applications [1, 2]. There are various structural ar-
rangements of ZnO nanomaterials [3] such as nanotubes [4], nan-
owires (NWs) [5], nanobelts [6], nanorods [7], nanoribbons [8], and 
nanocables [9]. Numerous ZnO nanowires distinguish from the rest 
of the configurations with the large surface-to-volume ratio, which 
gives a large active area, the high electron mobility, and transpar-
ency, are worthy for the electron-transport layer, which is benefi-
cial for UV lasers [10], light-emitting diodes [11], solar cells [12], 
nanogenerators [13], gas sensors [14], photodetectors [15], and pho-
tocatalysts [16]. 
 Aluminium (Al) is a cheap and abundant element; hence, Al:ZnO 
could be a good replacement for indium–tin oxide films, which are 
commonly used in solar energy systems [17]. It has been believed 
that adding dopants Ga, In, Li, Cu, Al, etc. is one of the easiest 
ways to control the nanostructures produced by chemical vapour 
deposition [18]. It should be mentioned that the band-gap energy of 
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ZnO is lowered by Cd, Ti, and Al, but raised by Li and Mg, for ex-
ample [19]. Increasing ZnO electrical conductivity is the primary 
objective of Al doping. The doping concentration primarily dictates 
where the Al atom is located inside the ZnO lattice; at concentra-
tions below 2%, it occupies the Zn site, while, at concentrations 
above 2%, it occupies the interstitial site. The concentration of free 
carriers increases, when Al3


 is used in place of Zn2 [20]. 

 Previous research investigated the effects of Al doping on prop-
erties of ZnO nanowires; however, a detailed analysis is still re-
quired to ascertain the effects of Al-doping concentration on ZnO 
[21–23]. Many deposition methods like sputtering [24], pulsed laser 
deposition [25], chemical vapour deposition, spray pyrolysis [26], 
and sol–gel processing [27] ways have been adduced to produce 
Al:ZnO nanowires. The method used in this paper, the chemical va-
pour deposition (CVD) method, for growing ZnO NWs does not re-
quire complex equipment or high vacuum and can be adapted to 
many practical variations. Its flexibility, thus, allows for many 
composition and location changes during deposition. This results in 
high-quality materials, i.e., with excellent homogeneity and purity 
of the fabricated material, step coverage, and adhesion, high 
productivity, etc. [28]. In this work, pure ZnO and Al:ZnO 
nanostructures were produced via the chemical vapour deposition 
approach. It examined the relationship between Al concentration 
and both the growth of morphology and the tuning of the optical 
band gap. It was demonstrated that the evolution of surface form 
and optical properties was related to the Al content in the Al:ZnO 
nanostructures. 

2. EXPERIMENTAL DETAILS 

Initially, the glass substrates of 1010 mm was ultrasonically 
cleaned in acetone, ethanol, and deionized water (DI) for ten 
minutes in each solution to eliminate impurities. Then, high-purity 
zinc acetate dihydrate 99.97% Zn(CH3COO)22H2O was used to pro-
duce zinc vapour, while aluminium nitrate Al(No3)39H2O was used 
to dope aluminium with 0, 2, 4, and 6 wt.% for 1D ZnO NWs 
growth via a dual-zone APCVD method at growth temperature of 
600C. Growing low-dimensional nanomaterials via vapour-transport 
deposition within the horizontal tube furnace are widely used [29]. 
A thorough explanation of the APCVD system was provided in an-
other place [30]. 
 The temperature of growth was raised by 10C/min. The sub-
strate and activator were weighed according to the weight ratios 
listed in Table 1 and placed in an alumina boat (5 cm) away from 
the flat steel substrate holder; after inserting them into the deposi-
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tion reactor, the quartz tube was tightly closed to prevent any leak-
age out of the system. 1D ZnO NWs were synthesized for 10 min at 
evaporation temperature of 600C using O2 gas applied at a flow 
rate of 25 cm3/min. The temperature of growth was raised by 
10C/min. To regulate precisely the flow rate, a mass flow control-
ler (MFC) was used. 
 Then, without an oxygen atmosphere, the samples were annealed 
for three hours at a constant temperature of 600C. Every other pa-
rameter related to the growth was maintained at a constant level 
and closely monitored. Finally, after the annealing time was over 
and the furnace was switched off, and once it gradually cooled down 
to room temperature, the samples were taken out from the reactor 
and analysed. It should be noticed that the substrates darkened 
(took on a brown tinge). A UV–Vis spectroscopy (UV-1800 Shimad-
zu, Japan) was utilized to measure the optical transmittance (T) and 
absorbance (Abs) spectra of the grown materials ZnO NWs/glass in 
the 360–1000 nm wavelength range, with bare glass serving as a 
reference. Using an x-ray diffractometer (Malvern PANalytical-
Aeris) with CuK (1.5406 Å) radiation operating at 40 kV and 
30 mA, the orientation and crystal structure of the grown samples 
(ZnO NWs/glass) were confirmed. The samples were scanned in the 
range of 25–75 with an angle step size of 0.011. FE–SEM 
equipped with EDX spectroscopy was inviting to obtain surface and 
cross-sectional images and settle the chemical composition of the 
grown samples. 

3. RESULTS AND DISCUSSION 

UV–Vis spectroscopy is a direct approach to studying the optical 
characteristics and band structure of semiconductor materials. The 
optical transmittance (T) and absorption (Abs) spectra of ZnO NWs 
fabricated on glass substrates with different impurity ratios are 

TABLE 1. The proportions of doping. 

Fixed weight Fixed ratio 
Weight of  

doping material 
Weight of  

base material 

The mixture 
weight remains 

constant 

Zn acetate, g Percentage 
Al nitrate, g

x 
Zn acetate, g 

(1x) 
Total, g 

0.8 0% 0.016 0.784 0.8 

0.8 2% 0.032 0.764 0.8 

0.8 4% 0.048 0.752 0.8 

0.8 6% 0.064 0.736 0.8 
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shown in Figs. 1, 2, respectively. These spectra show that the mate-
rials have low optical T in the visible range (400–700 nm). It was 
found that, as the impurity ratios grow from 0 to 6 wt.%, the 
transmittance values decrease, the absorption values increase, and 
the fundamental absorption edge shifts toward lower energies, or 
longer wavelengths. This may be due to the donor levels increasing 
near the conduction band [31]. 
 Moreover, a decline in transmittance from 80% to 60% has been 

 

Fig. 1. Optical transmittance spectra of ZnO NWs prepared with different 
doping ratios. 

 

Fig. 2. Optical absorption spectra of ZnO NWs prepared with different 
doping ratios. 
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noted in the visible region of the spectrum with a small transmit-
tance in the ultraviolet region known as the absorption. As the al-
uminium-doping ratio increased, the absorption likewise increased 
from 1.5 to almost 3.5, and it is well known that this is one of the 
factors used to calculate several optical constants, including optical 
energy [32]. This indicates that the doping caused actual donor lev-
els to form within the energy gap and close to the absorption edge. 
These donor levels then absorb low-energy photons, resulting in a 
noticeable increase in the absorption-coefficient values. Consequent-
ly, this allowed us to select the proper activation ratio, or the nec-
essary sample to block the necessary portion of the solar spectrum 
in the context of solar cell manufacturing, for instance [33]. 
 The absorption-coefficient values () for all prepared formula-
tions were obtained using the Beer–Lambert law [34] according to 
the following equation: 

 1
 [cm ] ln( )T t   , (1) 

where t is the thickness; the samples had a thickness of approxi-
mately 541 nm. 
 The optical energy gap of the prepared samples was calculated 
using Tauc’s relation according to the following equation [35]: 

  
n

gh A h E     , (2) 

where h is Planck’s constant,  is the frequency of the incident 
light photon, and A is a constant that depends on the values of the 
effective mass of the charge carriers; n depends on the nature of 
the prevailing optical transitions. 
 Figure 3 shows the  spectra of ZnO NWs grown on glass sub-
strates with different impurity ratios. As shown in Fig. 3, the  of 
NWs in the UV region increased from 1.3105 cm

1 to 6.0104 
cm

1 with the increase of impurity ratio. This behaviour can be at-
tributed to the difference in impurity ratios. 
 Figure 4 shows the relationship between (h)2 and h for ZnO 
NWs doped with different doping ratios (0–6 wt.%), where they 
decreased optical energy gap Egh from 3.2 eV to 3.1 eV with in-
creasing doping ratios, respectively. We also notice from Fig. 4 that 
the optical absorption edge showed a redshift. The decrease in the 
energy gap of the prepared samples with increasing doping ratio can 
be observed in Table 2 and Fig. 4, and can be attributed to the 
Burstein–Moss shift [36]. 
 Thus, for ZnO NWs made on glass substrates (see Fig. 5), the de-
velopment of different intensities of the (002) plane was ascribed to 
the crystallite-size variation and lattice-strain effects on the struc-
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tural-parameters’ current values. 

 

Fig. 3. Suggested malfunction spectra of ZnO NWs prepared with different 
doping ratios as the wavelength functions. 

  
a      b 

  
c      d 

Fig. 4. The relationship between (h)2 and h for ZnO NWs prepared with 
different doping ratios. 
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 Figure 5 shows that each peak can be matched with the standard 
pattern (JCPDS 36-1451). Each sample has a highly-crystalline 
wurtzite structure. The diffraction intensity of the ZnO NWs was 
significantly higher than that of the other axes, indicating that the 
NWs grew in line with the c-axis [37], which is because ZnO has the 
lowest surface free energy. In the 002 plane, no diffraction peaks of 
ZnO:Al NWs were observed in the XRD spectra, indicating that all 
samples had a preferential orientation of the c-axis perpendicular to 
the substrate surface. The intensity of the (002) peak of the ZnO:Al 
NWs is similar to that of the pure ZnO sample [38]. 
 From the XRD patterns, the structural parameters including 
crystallite-size ratio (D), dislocation density (), lattice confor-
mation (), interplanar distance (d), and lattice constants (a and c) 
of ZnO NWs were calculated using following equations [30]: 

 0.94 ( cos )D     , (3) 

 
2D  , (4) 

 (4tan )    , (5) 

 (2sin )d    , (6) 

 

Fig. 5. XRD patterns of ZnO NWs prepared on glass substrates with dif-
ferent doping ratios. 
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2 2 2

2 2 2

( )

1 4

3hkl

h hk k l

d a c

 
  , (7) 

where the x-ray wavelength, Bragg’s angle, Miller’s indices of the 
crystal plane, and FWHM of the diffraction peak in radians are 
represented by the variables, , , hkl, and , respectively. Table 2 
contains a tabulation of all the calculated values. 
 The values of the structural parameters of the grown nanofibers 
differ slightly from those in previous studies [39, 40]. This diver-
gence indicates that the values of the structural parameters were 
determined by the synthesis process and reaction parameters. We 
note that the increase in the crystal size in Table 2 and Fig. 5 with 
the increase in the doping ratio indicates an increase in the degree 
of crystallization of these samples after doping [41]. The crystal 
size of the samples prepared with different doping ratios was calcu-
lated based on the values of the (002) plane angle, which are ap-

  
a      b 

  
c      d 

Fig. 6. SEM images of ZnO NWs grown with different doping ratios (a—0 
wt.%, b—2 wt.%, c—4 wt.%, d—6 wt.%) on glass. The insets in a–d 
show a high-magnification top view of the grown ZnO NWs. 
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proximately equal to 34, and the values were within the nanoscale. 
Table 2 shows samples prepared with a 2%-doping ratio, which has 
a low value of . This behaviour indicates a low defect rate in these 
samples [42]. 
 Figure 6, a–d shows the FE–SEM images of the samples doped 
with aluminium with different ratios, where increasing the impuri-
ty content to 6% inhibited the growth process towards the c-axis, 
which has the lowest surface energy, indicating that the growth di-
rection became more likely lateral (horizontal), leading to an in-
crease in the diameter of the nanowires [43]. 
 Using ImageJ 1.47v software, the average diameter (DAvg.) of the 
grown nanowires was calculated from, at least, thirty measurements 
in FE–SEM images (see Fig. 6, a–d). 
 Figure 7 shows the distribution of the average diameters of the 
nanowires after the aluminium-doping process at different ratios (0, 
2, 4, 6 wt.%); different diameters of ZnO NWs were obtained on 

  
a      b 

  
c      d 

Fig. 7. Diameters’ distribution for ZnO NWs prepared at different doping 
ratios: a—0%, b—2%, c—4%, and d—6%. 
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glass substrates, and the average diameter increased from 591125 
nm to 662178 nm as the doping ratio increases. 
 The growing-samples’ diameters’ distribution was fitted with a 
Gaussian distribution and shown as a solid red line in each histo-
gram with the DAvg. serving as the peak position. 
 EDX analysis was performed as shown in Fig. 8 to evaluate the 
nanochemical composition of the samples grown on glass substrates, 
where the presence of carbon (C), oxygen (O), zinc (Zn), and alumin-
ium (Al) elements was confirmed. EDX spectra clearly showed the 
doping material through this analysis, as its percentage increased 
significantly with increasing doping. This demonstrates that Al is 
integrated into the ZnO NWs [44]. 

4. CONCLUSION 

ZnO NWs were successfully prepared on glass substrates using the 

  
a     b 

  
c     d 

Fig. 8. EDX spectra of ZnO NWs prepared on glass substrates with differ-
ent doping ratios. 
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APCVD technique. The effect of changing the aluminium-impurity 
ratio on the physical properties of the synthesized samples was de-
termined. Optical measurements revealed that the doped nanostruc-
tures resulted in decreased transmittance and increased absorption. 
This could be because the donor levels rise near the conduction 
band, and the absorption edge shifts to lower energies, which in-
creases the probability of photon absorption. XRD results confirmed 
the synthesis of ZnO NWs with a hexagonal structure and a prefer-
ential orientation along the (002) lattice plane. FE–SEM images re-
vealed the growth of ZnO NWs on glass substrates with different 
diameters, where the diameter of the nanowires increased with in-
creasing the aluminium-doping ratio. EDX analysis confirmed the 
high purity of the synthesized samples. In addition, quantitative 
surface EDX results revealed that the zinc content with aluminium 
content was suitable for the doping ratios. Therefore, it was demon-
strated that the addition of aluminium in different ratios plays a 
key role in improving the nanostructure properties and increasing 
the crystallinity of ZnO, using APCVD technique. Finally, our re-
sults demonstrate the potential of APCVD as a viable method for 
producing pure and doped ZnO nanowires. 
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PACS numbers: 61.05.cp, 78.20.Ci, 78.30.Hv, 78.40.Ha, 78.67.Bf, 81.16.Fg 

Degradation of Methylene Blue Using ZnO Nanoparticles 
Prepared by Biochemical Synthesis 

Mohammad Nour Ahmad Alkhoder 

Department of Chemistry,  
Homs University,  
Homs, Syria 

In this paper, ZnO nanoparticles are synthesized by biosynthesis method 
using aloe vera gel/leaf aqueous extract. The obtained nanoparticles are 
characterized using IR and XRD. The IR results show the absorption band 
of Zn–O at 498 cm

1, while the powder XRD pattern confirms the hexago-
nal wurtzite-type structure with particles’ size of 35.01 nm. ZnO nanopar-
ticles are used as catalysts for degradation of methylene blue using hy-
drogen peroxide as an oxidant. The catalytic activity is calculated. 

У цій роботі наночастинки ZnO було синтезовано методом біосинтези з 
використанням водного екстракту ґелю/листя алое вера. Одержані на-
ночастинки було охарактеризовано за допомогою ІЧ- і рентґенівської 
дифракційної спектроскопії. Результати ІЧ-спектроскопії показують 
смугу вбирання Zn–O при 498 см

1, тоді як порошкова рентґенівська 
дифрактограма підтверджує гексагональну структуру типу вюртциту з 
розміром частинок у 35,01 нм. Наночастинки ZnO було використано як 
каталізатори для деґрадації метиленового синього із застосуванням пе-
рекису водню як окиснювача. Було розраховано каталітичну актив-
ність. 

Key words: ZnO nanoparticles, plant extract, aloe vera gel, methylene blue 
degradation. 

Ключові слова: наночастинки ZnO, рослинний екстракт, ґель алое вера, 
деґрадація метиленового синього. 
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1. INTRODUCTION 

Metal oxides, mainly ZnO, have attracted attention for environmen-
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tal remediation [1–3]. Residual dye contents in textile wastewater 
have complex aromatic structures that are difficult to degrade by a 
biological treatment. Therefore, over the last few decades, consider-
able attention has been paid to decomposing these textile waste dyes 
by improving the properties of metal oxides, mainly ZnO, by pre-
paring nanoparticles (NPs). Several methods have been developed 
for their synthesis including physical, chemical and biological 
methods [4–7]. 
 The use of plant extracts in the synthesis techniques make the 
use of moderately pollutant free chemicals to synthesize nano-
materials and increase the use of eco-friendly solvents such as wa-
ter. Green chemistry seeks reducing pollution at the source [8]. 
Green chemistry encompasses all aspects and types of chemical pro-
cesses that reduce negative impacts to human health and the envi-
ronment. This principle focuses on choosing reagents that encoun-
ters the least risk and generate only benevolent by products. 
Though physical and chemical methods are trendier for the synthe-
sis of NPs, the biogenic fabrication is a better choice due to eco-
friendliness. Because of the need of environmental friendly NPs, 
researchers are using green methods for the synthesis of various 
NPs for pharmaceutical applications [9–12]. 
 The biological approaches of using microorganisms and plants or 
plant extracts for the synthesis of NPs have been suggested as val-
uable alternatives to chemical methods. Several biological systems 
including bacteria, fungi and yeast have been used in synthesis of 
nanoparticles. Nanoparticles, due to their smaller size and large 
surface, exhibit remarkable novel properties and methodical appli-
cations in the field of biotechnology, sensors, medical, catalysis, op-
tical devices, DNA labelling, drug delivery, and they are rewarding-
ly treated as a bridge between bulk material and atomic and molecu-
lar structures. 
 It is well known that ZnO is an important metal oxide semicon-
ductor. ZnO NPs have found fabulous applications in biomolecular 
detection, diagnostics, and microelectronics [13–16]. 
 The aim of this study is to prepare ZnO NPs using a green chem-
ical method and examine the catalytic properties of the ZnO nano-
composites for methylene blue (MB) oxidation. 

2. MATERIALS AND METHODS 

2.1. Materials 

(Zn(CH3COO)2 99%), (NaOH 99.5%) were supplied from Riedel de 
Haen. These chemicals were utilized in the synthesis of the samples 
using distilled water. 
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2.2. Preparation of ZnO Nanoparticles 

Aqueous zinc acetate solution 50 mL of 0.02 M was prepared and 
added to the aqueous leaf extract of aloe vera 100 mL of 50% be-
cause of better size distribution of ZnO NPs at room temperature. 
The resulting mixture was stirred for 20 min. Then, sodium hy-
droxide solution 8 mL of 3.0 M NaOH was added drop wise to in-
crease the pH to 12. The resulting pale creamy mixture was then 
stirred (2 h). The white precipitate was collected by filtration; it 
was washed with distilled water and with ethanol (96%) to remove 
the impurities. The resulting white powder of ZnO NPs was dried in 
a vacuum oven (at 80C during 2 h). Then, the product was calci-
nated at 700C during 3 h. The yield of the ZnO NPs was of 99%. 

2.3. Characterization 

The crystallite structure and size of the synthesized nanoparticles’ 
samples were calculated using an x-ray powder diffractometer 
(XRD) (Philips-PW-1840) with a CuK radiation of 1.5418 Å in a 2 
range of 20–80, while the analysis of the chemical composition was 
carried out using Fourier transformation infrared red (FT–IR) mod-
el: Jasco Spectrum 4100 FT–IR spectroscopy. 

2.4. Catalytic Degradation Experiments 

The degradation experiments were performed in the glass bottle 250 

mL containing 100 mL of MB solution. In details, a certain amount of 

catalyst 0.1 gr was added to the MB solution 64 mg/L under stirring 

for 1 h in the dark. 10 mL of H2O2 solution 30% v/v was added. 
 The ultraviolet–visible (UV–Vis) absorbance of supernatant was 
determined at wavelength of 665 nm (for MB). 
 The catalytic activity (Ca, %) of MB was calculated by Eq. (1): 

  0 0
( ) 100%

e
Ca A A A   , (1) 

where A0 and Ae are the initial and equilibrium absorptions of MB, 
respectively. 

3. RESULTS AND DISCUSSION 

3.1. FT–IR Spectroscopy 

The FT–IR spectra of ZnO nanoparticles are presented in Fig. 1. All 
FT–IR spectra results, which were observed in the range of 400–
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4000 cm
1 at room temperature, are arranged in Table. The most 

important absorption bands in the spectra are at 450 cm
1, 498 cm

1 
and belong to Zn–O, Zn–O–Zn, respectively. 

3.2. XRD Analysis 

The XRD pattern for the prepared ZnO nanoparticles via biochemi-
cal method was shown in Fig. 2. The phase of the samples has a 
hexagonal structure. The calculated unit cell parameters 
(ab3.242 Å, c5.188 Å) with a good agreement with the values 
reported in the JCPDS file # 96-210-7060. 
 Figure 3 shows the lattice cells of prepared metal ferrite. 
 The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [17]: 

 ( cos )D K    , (2) 

 

Fig. 1. FT–IR spectra of synthesized ZnO NPs. 

TABLE. The absorption bands wave number of the FT–IR spectra of ZnO NPs. 

Wave number, cm
1 Bond type 

3425 O–H (stretching) 

1634 H–O–H (bending) 

498
 

Zn–O (stretching) 

450 Zn–O–Zn (stretching) 
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where K is Scherrer’s constant (K0.89 assuming spherical parti-
cles),  is the x-ray wavelength,  is the peak width at half maxi-
mum (FWHM), and  is the Bragg’s diffraction angle. The average 
crystal size was of 35.01 nm. 

3.3. The Catalytic Activity 

The catalytic activity of ZnO NPs prepared by the biochemical 
method was studied through the methylene blue oxidation reaction 
using hydrogen peroxide. Figure 4 shows the absorption spectra of 

 

Fig. 2. XRD patterns of ZnO NPs. 

 

Fig. 3. Lattice cells of ZnO NPs. 
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methylene blue with and without ZnO after 30 min of reaction time. 
The catalytic activity was calculated by means of Eq. (1). 
 As can be seen from the previous results, the catalytic activity 
reached to 88.7%. 

4. CONCLUSION 

ZnO NPs was successfully synthesized using biochemical method. 
The resulting compounds were characterized using XRD techniques, 
which confirmed the size of nanoparticles, and IR spectroscopy. The 
catalytic activity was studied, and it was found that the ZnO NPs 
have a high catalytic activity. 
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This research is aimed to prepare PVA with ratios of 0.2, 0.4, and 0.6 
wt.% by the casting method and with a thickness of 2705 µm. The mor-
phological characteristics are examined via FE–SEM and FT–IR, and the 
results show that the composites have a homogeneous and granular struc-
ture and that ZnO is well distributed within the polymer. The reason for 
the increased movement of charges is the action of a grid of nanomateri-
als inserted into the polymer. FT–IR analysis reveals absorption peaks at 
3251.3 cm

1 and 2812 cm
1 due to the O–H bond, which indicates the 

presence of polyvinyl alcohol. The absorbance of the prepared composites 
increases with increasing nanomaterials’ concentration, reaching 93% at 6 
wt.%. In addition, the energy gap decreases with increasing nanomaterial 
concentration to 2.87–2.73 eV, and all optical parameters , n, k, r, and 
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ples, the dielectric constant decreases as the frequency increases and in-
creases with increasing nanomaterials’ concentration within the polymer. 
A decrease in the effect of charge polarization is the main factor of the 
dielectric loss of the PVA–ZnO nanocomposite; at the same time, increas-
ing the concentration of nanomaterials leads to an increase in the dielec-
tric loss. An increase in the frequency of the electric field and an increase 
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This makes these films useful for electronic applications and light filters, 
and they can be also used as ultraviolet detectors and humidity sensors. 

Це дослідження має на меті приготування полівінілового спирту (ПВС) 
зі співвідношенням компонентів 0,2, 0,4 та 0,6 мас.% методом лиття та 
товщиною у 2705 мкм. Морфологічні характеристики досліджено за 
допомогою емісійної (автоелектронної) сканувальної електронної мікро-
скопії та інфрачервоної спектроскопії на основі Фур'є-перетвору; ре-
зультати показали, що композити мають однорідну та зернисту струк-
туру, а ZnO добре розподілений у полімері. Причиною посиленого руху 
зарядів є дія сітки наноматеріялів, вставлених у полімер. Аналіза да-
них інфрачервоної спектроскопії на основі Фур'є-перетвору виявила 
піки вбирання в околі 3251,3 см

1 і 2812 см
1, зумовлені зв'язком O–H, 

що вказує на наявність полівінілового спирту. Вбирання одержаних 
композитів збільшується зі збільшенням концентрації наноматеріялів, 
досягнувши 93% за 6 мас.%. Крім того, заборонена енергетична зона 
зменшується зі збільшенням концентрації наноматеріялів до 2,87–2,73 
еВ, а всі оптичні параметри , n, k, r і i збільшуються зі збільшенням 
концентрації наноматеріялів. Для всіх зразків діелектрична проник-
ність зменшується зі збільшенням частоти та збільшується зі збіль-
шенням концентрації наноматеріялів у полімері. Зменшення впливу 
поляризації заряду є основним чинником діелектричних втрат наноко-
мпозиту ПВС–ZnO; водночас збільшення концентрації наноматеріялів 
призводить до збільшення діелектричних втрат. Підвищення частоти 
електричного поля та збільшення концентрації наноматеріялів підви-
щують електропровідність. Датчик вологости майже не демонструє гіс-
терези вологости, а його опір зменшується з підвищенням вологости та 
концентрації оксиду Цинку. Це робить зазначені плівки корисними 
для електронних застосувань і світлофільтрів, а також їх можна вико-
ристовувати як ультрафіолетові детектори та датчики вологости. 

Key words: PVA–ZnO nanocomposites, a.c. electrical properties, morpho-
logical properties, zinc oxide, humidity sensor. 

Ключові слова: нанокомпозити полівініловий спирт–ZnO, електричні 
властивості на змінному струмі, морфологічні властивості, оксид Цин-
ку, датчик вологости. 
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1. INTRODUCTION 

Composite materials are composed of two or more phases that are 
different from one another both chemically and physically [1]. 
These amazing materials, sometimes referred to as nanocomposites, 
are an integral part of contemporary materials due to their many 
advantages, which include low weight, resistance to corrosion, high 
fatigue strength, and simple assembly [2]. When creating compos-
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ites, reinforcing material is often added in a continuous phase 
called the matrix or binder [3]. Strengthening and enhancing over-
all properties are frequently achieved by incorporating dispersed 
phases into the matrix, which may be an engineered material such as 
a metal, polymer, or ceramic [4]. 
 Nanocomposites do not differ from traditional materials in terms 
of the filling and matrix, but traditionally, they use, for example, 
glass or carbon fibres [5], while nanocomposites use a filling made 
of nanomaterial such as gold, silver, and silicon [2]. The composite 
depends upon three factors: the matrix, the reinforcement, and the 
adherence of the matrix to the reinforcement [6], compatibility and 
the ability to dissolve in water. In addition, hydrogels can be 
formed by physical and chemical methods [7]. Polyvinyl alcohol 
(PVA) has features that have made it the focus of researchers' at-
tention due to its strong storage and insulating ability and its opti-
cal and electrical properties depending on the activator [8, 9]. PVA, 
with the formula (C2H4O)n, is frequently used in various contexts, 
with semiconductors being one of the most prevalent [10]. The 
semiconductor zinc oxide (ZnO) has a large exciton binding energy 
of 60 meV at ambient temperature and relatively wide band-gap en-
ergy of 3.37 eV [11]. 
 For use in medicine and the environment, ZnO is also biocom-
patible, biodegradable, and biosafe [11, 12]. The energy gap of ZnO is 
wide, making it one of the most promising semiconductor materials 
for optical applications in the ultraviolet spectral range [13]. The 
process of doping polymers and forming a matrix is beneficial for 
the formation of nanocomposites, and as a result, the structural and 
other physical properties increase [14], the fabrication of polymer-
based nanocomposites for investment in electronic and optical appli-
cations and solar cells [15, 16]. This work investigated the morpho-
logical, electrical, and optical properties of PVA–ZnO nanocompo-
sites via FE–SEM, optical microscopy, and FT–IR spectroscopy. 
This research aims to create PVA–ZnO nanocomposites and analyze 
their electrical and optical properties, as well as some structural 
aspects, with the intention of employing them as humidity sensors. 

2. COMPUTATIONAL DETAILS 

This section concentrates on the procedural aspects of employing 
the casting process to produce and examine PVA–ZnO. 25 ml of dis-
tilled water was used to dissolve 1 g of PVA, and after the polymer 
was completely dissolved, a percentage of 0, 2, 4 and 6 wt.% ZnO 
were added. Then, the nanomaterial was dispersed with an ultra-
sonic device. After that, the mixture was poured into dishes to a 
thickness of 2705 µm. After one week, these films were measured. 
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 Zinc oxide (ZnO): Zhengzhou Dongyao Nano Materials Co., Ltd., 
is a Chinese company, from which this powder was obtained. Its 
features include a high purity of 99.99%, a white colour, a density 
of 5.606 g/cm3, and a nanoparticle size of 50 nm. 
 The molecular weight of the utilized polyvinyl alcohol (PVA) 
ranged from 26.200 to 30.400 g/mol. China’s Shanghai Kaidu In-
dustrial Development Co., Ltd. is the manufacturer of PVA. 
 The optical properties of the films, such as the absorbance (A), 
absorbance coefficient (), real dielectric constant (r), imaginary 
dielectric constant (i), refractive index (n), extinction coefficient 
(k) and band gab (Eg), were evaluated via several measurements. 
These measurements were conducted using a spectrophotometer 
equipped with two laser beams Shimadzu, UV-1800 A0, Japan 
across the spectrum range of 200 nm to 1100 nm. The structural 
characteristics of the PVA–ZnO films were investigated by Fourier 
transform infrared (FT–IR) spectroscopy in the range of 500–4000 
cm

1 and FE–SEM, and the results were analyzed. Additionally, the 
electrical properties of the a.c. films were examined and analyzed. 
 Understanding a material's optical constants in great detail 
across a broad range of wavelengths is necessary for its use in opti-
cal applications and the creation of reflective coatings [17]. The op-
tical characteristics of all materials may be correlated with their 
electrical, electronic band, and atomic structures [18]. The Beer–
Lambert equation is the equation, by which the optical absorption 
coefficient can be described [19]: 

 
2.303A

t
  . (1) 

 The logarithmic relationship between the incident intensity I0 and 
the reflected IA is known as the absorbance A [02]: 
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 Optical constants of the optical properties of films, such as the 
complex dielectric constant (with parts r, i), extinction coefficient 
(k), and index of refraction (n), can be described as follow [01]: 
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 Through these two equations, complex dielectric constants can be 
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calculated as follow [02]: 

 rn
2k2, (5) 

 i2nk. (6) 

 The optical energy gap can be determined from that region as 
shown in the following relationship [03]: 

  
r

gh h E      . (7) 

 The presence of free ions in the polymer increases its electrical 
conductivity: 
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Using the Debye equation, the dielectric constant can be calculated: 

 i, (9) 

where  represents the dielectric loss [04]. 

3. RESULTS AND DISCUSSION 

3.1. Optical Properties 

Figure 1 shows the absorption for samples with a thickness of 
2705 µm. The absorption in the ultraviolet region is high and be-
gins to decrease at a wavelength of 400 nm. Additionally, with in-
creasing concentrations of the ZnO nanomaterial, the absorption de-
creases even with increasing wavelength, and the absorbance 
reaches 93% at 6 wt.% [05]. The absorption coefficient can be cal-
culated from Eq. (1). Figure 0 shows that with increasing energy, 
the absorption coefficient increases, and the type of electronic tran-
sitions can be determined. This increase is due to an increase in the 
concentration of ZnO, which leads to electronic crossing between 
the partial orbitals with the help of phonons, and the electronic 
momentum is preserved [8, 02]. It is possible to draw a tangent 
slope for all the films, which shows the energy gap versus the pho-
ton energy. The results also showed that by increasing the concen-
tration of nanomaterials ZnO, the energy gap decreases, which ex-
plains the narrowing of the crossing region from the valence band 
to the conduction band and the increase in the movement of elec-
trons [02]. 
 Figure 3 shows that the energy gap decreased as 2.87, 2.83, 2.79, 
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and 2.73 eV; the reason for this decrease is the creation of local 
bands due to the increase in the amount of the nanomaterial ZnO in 
the polymer. 
 This nanocomposite can be used as a humidity sensor. These 
nanocomposites are also used in optical applications [02, 28]. 
 An increase in the concentration of nanomaterials ZnO increased 
the extinction coefficient, as shown in Fig. 4; since this nanocompo-
site contains polyvinyl alcohol, the unsaturated carbonyl group at-
tached to ethylene will show a peak in all samples close to 400 nm 
[8, 19, 21, 29]. Because of the link between them, the extinction-
coefficient curve behaviour of the nanocomposites is comparable to 
the absorption coefficient (see Eq. (3)) [16]. Furthermore, a sharp 
increase in the extinction coefficient occurred at the absorption 
edge. These results could be ascribed to both increased absorbance 

 

Fig. 1. Absorbance versus wavelength for the PVA–ZnO nanocomposites. 

 

Fig. 2. The photon energy (h) and absorption coefficient () for ZnO at 
various concentrations in PVA. 
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because of the transmission phase and increased scattering due to 
the increase; this finding matches the morphological characteristics 
of the FE–SEM images [30, 31]. 
 Figure 5 shows that when the concentration of nanomaterials 
(ZnO) increases, so does the refractive index. The optical energy gap 
and reflectivity of the films are responsible. The packing density 
and orientation are related to variations in the n value [32]. 
 The amount, by which a substance slows the speed of light, is 
proportional to its real component. The imaginary fraction, i, 
shows how a dielectric absorbs energy from an electric field through 
dipole motion. As a result of k0

2 being less than n2 according to 

 

Fig. 3. Optical energy gap for (h)1/2 versus the photon energy (h) for 
PVA with different concentrations of ZnO. 

 

Fig. 4. Extinction coefficient versus wavelength for the PVA–ZnO nano-
composites. 
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Eq. (5), the behaviour of r in Fig. 2 is comparable to the refractive 
index performance. However, i depends mostly on the value of the 
extinction coefficient (k0) according to Eq. (6) [33]. 

3.2. A.C. Electrical Conductivity 

Using Eq. (9), the dielectric constant () of the PVA–ZnO nanocom-
posites was determined. 
 Figure 8 shows the dielectric constant of the PVA–ZnO nanocom-
posites as a function of the frequency. The dielectric constant de-

 

Fig. 5. Refractive index versus wavelength for the PVA–ZnO nanocompo-
sites. 

 

Fig. 6. Real dielectric properties versus wavelength for the PVA–ZnO 
nanocomposites. 
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creases with increasing frequency in all the samples. This phenome-
non can be attributed to the dipoles in the nanocomposites turning 
in the direction of the applied electric field and the reduction of 
space charges or interfacial polarization to overall polarization [34]. 
 Figure 9 illustrates how the dielectric constant of the PVA–ZnO 
nanocomposites varies with the number of nanoparticles present at 
f100 Hz. This indicates that the dielectric constant of the PVA–
ZnO nanocomposites increases as the amount of ZnO nanoparticles 
increases. It is noted that all nanocomposite samples increase with 
increasing nanoparticle loading. Interfacial polarization within the 

 

Fig. 7. Imaginary dielectric constant versus wavelength for the PVA–ZnO 
nanocomposites. 

 

Fig. 8. Dielectric constant versus frequency at standard room temperature 
for the PVA–ZnO nanocomposites. 
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nanocomposites in an applied field with an alternating electric field 
and an increase in charge carriers could be used to characterize 
these processes [35]. This indicates that the produced nanocompo-
sites have low or low energy loss, making them appropriate for use 
in pressure sensors and nanoelectronics applications. 
 The dielectric loss () was calculated from Eq. (‎9). 
 Figure 12 shows the dielectric loss for the PVA–ZnO nanocompo-
sites as a function of frequency. As the frequency increases, the di-
electric loss of the PVA–ZnO nanocomposites decreases, which is 
caused by a decrease in the influence of space charge polarization. 
The dielectric loss is highest at low frequencies and decreases as the 
frequency increases. This is because the electric dipoles have ade-
quate time to align with the electric field before changing direction 
[36]. 
 The effect of ZnO concentration on the dielectric loss of PVA 
polymer at f100 Hz is shown in Fig. 11. An increase in the num-
ber of nanoparticles causes a rise in the dielectric loss, which is ex-
plained by an increase in the number of charge carriers [37]. Clus-
ters are formed when the number of nanoparticles in the nanocom-
posites is minimal, but when the concentration is high, up to 6 
wt.%, they combine to form networks. The dielectric loss of the 
nanocomposites increases as the amount of ZnO NPs increases, as 
illustrated in the figures. As the amount of ZnO NPs in the poly-
mer (PVA) increases, so does its dielectric loss, which is explained 
by the increase in charge carriers for the nanocomposites [38]. 
 To measure the a.c. electrical conductivity of the nanocomposites, 
Eq. (8) was used. Nanoparticles produce a route network inside the 
nanocomposite at high concentrations of nanoparticles 6 wt.% for 
the PVA polymer. 

 

Fig. 9. Impact of ZnO-nanoparticles’ content on the dielectric constant of 
PVA–ZnO nanocomposites at 100 Hz. 
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 Figure 10 displays the fluctuation in the electrical conductivity 
of the PVA–ZnO nanocomposites with frequency. As demonstrated 
in the figures, the electrical conductivity increases as the electric 
field frequency increases for all the prepared nanocomposites. This 
behaviour is caused by the hopping process, which moves charge 
carriers, and space charge polarization, which occurs at low fre-
quencies. For PVA–ZnO nanocomposites, the electrical conductivity 
increases with increasing frequency due to the enhanced mobility of 
charge carriers in the high-frequency region [39]. Figure 13 shows 

 

Fig. 10. Dielectric loss versus frequency at standard room temperature for 
the PVA–ZnO nanocomposites. 

 

Fig. 11. Effect of ZnO NPs on the dielectric loss of the PVA–ZnO nano-
composites at 100 Hz. 
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how ZnO nanoparticles affect the electrical conductivity of the PVA 
polymer at 100 Hz. According to the figures, as the concentration 
of ZnO nanoparticles increased. Because of the composition of the 
dopant nanoparticles, which gradually reduce the resistance of the 
nanocomposites and increase the electrical conductivity, the in-
crease in electrical conductivity with increasing ZnO nanoparticle 
content is attributed to an increase in the number of charge carri-
ers. This finding aligns with the findings of previous studies [40, 
41]. 
 Figure 14 shows the measured values of the humidity sensor. The 
humidity and temperature were maintained at room temperature. 

 

Fig. 12. Electrical conductivity versus frequency for the PVA–ZnO nano-
composites. 

 

Fig. 13. Effect of ZnO-NPs’ filling on the electrical conductivity of nano-
composites at 100 Hz. 
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According to the experimental findings, the humidity sensor exhib-
ited nearly no humidity hysteresis, and its resistance decreased as 
humidity increased [42]. An increase in the zinc-oxide concentration 
decreased the resistance level with increasing humidity [43]. 

3.3. Morphological Properties 

The purpose of the FE–SEM examination was to clarify the density 
and distribution of the nanoparticles in the manufactured polymeric 
film, as the images showed a homogeneous distribution of ZnO 
within the polymer. The image also showed that the ZnO nanoparti-
cles appeared to have been coated with the polymeric material (PVA), 
as shown in Fig. 15 [8]. Increasing the number of ZnO molecules rep-

 

Fig. 14. Relationships between the sensor resistance and humidity. 

 

Fig. 15. FT–IR spectrum of the PVA–ZnO nanocomposites. 
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resented in a network in the polymer matrix increases the conduc-
tivity due to its ability to accelerate electron motion, which is the 
main reason for the reduction in the Eg [44]. 
 Other nanomaterials, such as graphene, can be used [45–46]. 
 Figure 12 shows the FT–IR spectrum of the PVA/ZnO nanocom-
posites; the O–H bond is responsible for the absorption peak ob-
served at 3251.3 cm

1 and 2812 cm
1, which indicates the presence 

of PVA and indicates its identity; these two peaks are attributed to 
the PVA polymer, which is an aliphatic compound. It traps water 
from the air, which is typical in humidity sensor applications [8]. 
The vibration peaks that appeared at 1625.03 cm

1 and 1154 cm
1 

indicate weak Zn–O and ZnO2 bonds. When ZnO nanomaterials were 
added to the polymer at various concentrations, some changes were 
observed in the vibration peaks, and no peak creep was observed. 
This means that the reaction is physical [2, 8]. 

4. CONCLUSION 

The results showed that the prepared films are homogeneous, and 
the diffusion of the nanomaterial within the polymer is good, 
which, in turn, enables the electrons to move more freely. FTIR 
analyses revealed the highest absorption at 3251.3 cm

1 and 
2812 cm

1 due to the O–H bond, which indicates the presence of 
PVA. It traps water from the air, which is typical in humidity sen-
sor applications. Additionally, in the UV region, as the number of 
nanomaterials increases, the energy gap decreases to between 2.87 
eV and 2.73 eV, and all the optical constants increase with increas-
ing nanomaterial concentration. Therefore, they can be used as de-
tectors in the UV region. As the frequency and concentration of 
nanomaterials increase, the dielectric constant, dielectric loss, and 

   
a         b    c 

Fig. 16. FE–SEM images of (a) PVA, (b) PVA/0.2 wt.% ZnO, and (c) 
PVA/0.6 wt.% ZnO. 
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AC electrical conductivity increase. 
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The PVA/MgO/Fe2O3 nanocomposites’ films are fabricated in the present 
work to utilize in different nanoelectronics applications. The morphologi-
cal, optical, and dielectric properties of PVA/MgO/Fe2O3 nanocomposites 
are studied. The results show that the MgO/Fe2O3 nanoparticles (NPs) 
have good distribution inside the polymer matrix. The absorbance of PVA 
is increased, while the transmittance and energy gap are decreased with 
rising in the MgO/Fe2O3-NPs’ content. The dielectric properties (dielectric 
constant, dielectric loss, and electrical conductivity) are enhanced with 
increasing MgO/Fe2O3-NPs’ content. The final results confirm that the 
PVA/MgO/Fe2O3 nanocomposites can be useful for different nanoelectron-
ics applications. 

У цій роботі було виготовлено плівки нанокомпозитів полівініловий 
спирт (ПВС)/MgO/Fe2O3 для використання у різних наноелектронних 
застосуваннях. Були досліджені морфологічні, оптичні та діелектричні 
властивості нанокомпозитів ПВС/MgO/Fe2O3. Результати показали, що 
наночастинки MgO/Fe2O3 мають хороший розподіл всередині полімерної 
матриці. Вбирання ПВС збільшувалося, тоді як пропускання та ширина 
забороненої зони зменшувалися зі збільшенням вмісту наночастинок 
MgO/Fe2O3. Діелектричні властивості (діелектрична проникність, діелек-
тричні втрати й електропровідність) поліпшувалися зі збільшенням вмі-
сту наночастинок MgO/Fe2O3. Остаточні результати підтвердили, що на-
нокомпозити ПВС/MgO/Fe2O3 можуть бути корисними для різних засто-
сувань наноелектроніки. 
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1. INTRODUCTION 

Organic–inorganic hybrid optical materials are extremely valuable 
from a technological perspective. Hybrid compositions with remark-
able properties may emerge once the relationships between the 
properties of inorganic elements and polymer matrices are clarified. 
Polymeric nanocomposites, because of their interesting properties, 
are also a significant class in the field of applied materials science 
technology. Polymer composites display a variety of fascinating op-
tical features, including a high/low refractive index, tailored ab-
sorption/emission spectra, and strong optical nonlinearities. Hy-
brids are eligible for potential optoelectronic applications because 
they possess such rare properties [1–4]. 
 Polymer nanocomposites are one of the most important materials 
in the academic and industrial areas, and are produced by dispers-
ing nanofillers with one or more dimensions at nanoscale into the 
polymeric matrix. Recently, researchers have been attracted to 
polymer nanocomposites over conventional microcomposites due to 
their wide applications in electromechanical systems and their large 
interfacial area per unit volume of the dispersion medium [5]. 
 Polyvinyl alcohol (PVA) anions are suitable bridging ligands for 
constructing network coordination polymers. PVA is a semi-
crystalline polymer and its crystalline index depends on the syn-
thetic process and physical ageing. It has gained increasing atten-
tion in the biomedical field due to bioinertness [6]. Metal-oxide 
nanoparticles (NPs) production has received a lot of interest over 
the last two decades. Plethoras of ways have also been developed to 
prepare nanoparticles. Magnesium oxide (MgO) was chosen for this 
study because of its several features, including high purity, non-
toxicity, and odorlessness. They also have a high hardness and a 
high melting point [7]. 
 Fe2O3 NPs have special properties like good electron mobility, 
magnetic ability, and a 2.2 eV optical energy-band gap, which are 
useful for optoelectronic applications. Fe2O3 NPs have potential ap-
plications in the fields of medicine, life sciences and computer tech-
nology like magnetic resonance imaging (MRI), drug carriers in de-
livery, gene carriers in gene therapy, nanofertilizers, non-
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fungicides, nanopesticides, nanofood, food packing, nanocoating, 
nanosensors, nanoscale memory, nanowires, spintronics, etc. They 
can be used as filters in sunscreens, biosensors [8]. The nanocompo-
sites were investigated to employ in various fields included sensors 
[9–15], optical fields [16–25], antibacterial [26–34], energy storage 
[35–43], radiation shielding and bioenvironmental [44–48], elec-
tronics and optoelectronics [49–63]. This paper aims to prepare of 
PVA/MgO/Fe2O3 nanocomposites to employ in various photonics and 
optics applications. 

2. MATERIALS AND METHODS 

Films of PVA/MgO/Fe2O3 nanocomposites were fabricated using 
casting process with different contents of MgO/Fe2O3 NPs are 2.5% 
and 5% with concentration 50% MgO: 50% Fe2O3. 
 The optical properties of PVA/MgO/Fe2O3 nanocomposites were 
tested using the double beam spectrophotometer (Shimadzu, UV-
1800Å) at wavelength from 340 nm to 740 nm. 
 The dielectric properties of PVA/MgO/Fe2O3 nanocomposites were 
examined at frequency range (100 Hz–2106 Hz) by LCR meter (HI-
OKI 3532-50 LCR HI TESTER). The absorption coefficient  is 
given [64] by 

 2.303A/t, (1) 

where A is the absorbance and t is the film thickness. 
 The energy gap is calculated [65] by 

  
r

gh C h E     , (2) 

where C is the constant; h is the energy of photon; Eg is the en-
ergy gap, and r2 and 3 for allowed and forbidden indirect transi-
tions, respectively. 
 The dielectric constant  is defined [66] by 

 
0pC C  , (3) 

wherever Cp is the matter capacitance and C0 is the vacuum capaci-
tance. 
 Dielectric loss  is determined [67] by 

 D, (4) 

where D is the dispersion factor. The A.C. electrical conductivity is 
given [68] by 
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 A.C.2πfD0, (5) 

3. RESULTS AND DISCUSSION 

The performances of absorbance and transmittance for 
PVA/MgO/Fe2O3 nanocomposites with wavelength are demonstrated 
in Figs. 1, 2, respectively. As represented in these figures, the 
PVA/MgO/Fe2O3 nanocomposites have high absorbance with low 
transmittance at UV region because the high photons energies at 
these spectra. The absorbance decreases and transmittance increases 
with increasing wavelength. Also, the absorbance of PVA raises, 

 

Fig. 1. Performance of absorbance for the PVA/MgO/Fe2O3 nanocomposites 
with wavelength. 

 

Fig. 2. Variation of transmittance for the PVA/MgO/Fe2O3 nanocomposites 
with wavelength. 
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while the transmittance reduces with increasing MgO/Fe2O3-NPs’ 
content, which is related to increase of charge carriers density, as 
shown in Fig. 3, which are absorb or scat the photons [69–83]. 
 The energy gaps for PVA/MgO/Fe2O3 nanocomposites of allowed 
and forbidden indirect transitions are shown in Figs. 4 and 5, re-
spectively. The energy gaps of PVA are reduced with rising 
MgO/Fe2O3-NPs’ content; this is related to the creation of complexes 
of charge transfer in the polymer matrix. These charges transfer 
complexes rise the electric conduction by generating extra charges, 
this effect in a decrease of the energy gap. With increasing 
MgO/Fe2O3 content, the dopant molecules begin bridging the gap 
separating the two localized levels and reduce the potential barrier 
between them, thereby create easily the charge carrier transfer be-
tween localized levels [84–97]. 
 The variations of dielectric constant and dielectric loss for 
PVA/MgO/Fe2O3 nanocomposites with frequency are confirmed in 
Figs. 6, 7, respectively. As shown in these figures, the dielectric 
constant and dielectric loss are decreased with increasing frequency. 

   
a         b          c 

Fig. 3. Optical microscopic images for the PVA/MgO/Fe2O3 nanocomposites 
(10): a—pure; b—2.5 wt.% MgO/Fe2O3 NPs, c—5 wt.% MgO/Fe2O3 NPs. 

 

Fig. 4. Energy gap for the PVA/MgO/Fe2O3 eV nanocomposites of allowed 
indirect transition. 
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 For low frequency, the polymer molecules obtain enough time to 
orient themselves according to the applied field. With rising fre-
quency, the molecules are not getting sufficient time to orient 
themselves according to the direction of the electrical field. There-
fore, the overall polarization effect decreases and, consequently, the 
value of dielectric constant decreases too as it is directly propor-
tional to the amount of polarization. At elevated frequencies as the 
polarization decreases the dielectric loss and dissipation factor, also 
decreased, as sufficient time is not provided to the polymer chain to 

 

Fig. 5. Energy gap for the PVA/MgO/Fe2O3 nanocomposites of forbidden 
indirect transition. 

 

Fig. 6. Variation of dielectric constant for the PVA/MgO/Fe2O3 nanocom-
posites with frequency. 
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generate phase angle. Thus, at high frequencies the contribution of 
orientational or dipole polarization vanishes and the effect is only 
for electronic polarization, which is instantaneous. The dielectric 
constant and dielectric loss are increased with increasing contents 
of nanoparticles, which is due to increase in charge-carriers’ num-
bers [98–116]. 
 The variation of electrical conductivity for PVA/MgO/Fe2O3 
nanocomposites with frequency is represented in Fig. 8. The electri-
cal conductivity rises with increasing nanoparticles contents and 
frequency. The increase of electrical conductivity with increasing 

 

Fig. 7. Variation of dielectric loss for the PVA/MgO/Fe2O3 nanocomposites 
with frequency. 

 

Fig. 8. Variation of electrical conductivity for the PVA/MgO/Fe2O3 nano-
composites with frequency. 
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nanoparticles contents related to raise in the charges carriers num-
bers. The frequency-dependent conductivity is caused by the hop-
ping of electrons in the localized states near the Fermi level and 
also attributed to the charge-carriers’ excitation to the levels in the 
conduction band [117–127]. 

4. CONCLUSIONS 

The current work included fabrication of PVA/MgO/Fe2O3-
nanocomposites’ films to exploit in various nanoelectronics fields. 
The morphological, optical, and dielectric properties of 
PVA/MgO/Fe2O3 nanocomposites were studied. The results showed 
that the absorbance of PVA was increased while the transmittance 
and energy gap were decreased with rising in the MgO/Fe2O3-NPs’ 
content. The dielectric properties were enhanced with increasing 
MgO/Fe2O3-NPs’ content. The final results confirmed that the 
PVA/MgO/Fe2O3 nanocomposites can be useful for various nanoelec-
tronics applications. 
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The purpose of this work is to create new nanocomposite films using poly-
vinyl alcohol (PVA) and polyethylene glycol (PEG) with nanostructures of 
silicon dioxide (SiO2) and nickel oxide (NiO) for use in challenges involv-
ing gamma-rays as shields. The nanocomposites indicate favourable char-
acteristics for gamma ray shielding, including lightweight, good flexibil-
ity, large attenuation coefficients, and cost-efficiency. The structural 
properties and surface morphological changes of the nanocomposite are 
analysed using an optical microscope. Scanning electron microscopy dis-
plays multiple coherent and consistently dispersed, randomly scattered 
clusters or pieces. The created nanocomposites are evaluated to see how 
well they can block gamma-radiation. According to the experimental re-
sults, the PVA–PEG–SiO2–NiO-nanocomposite films reveal substantial 
attenuation coefficients, when subjected to gamma rays. This nanocompo-
site has potential as a material for gamma-ray shielding and elastic uses. 

Метою цієї роботи є створення нових нанокомпозитних плівок з вико-
ристанням полівінілового спирту (ПВС) та поліетиленгліколю (ПЕГ) з 
наноструктурами діоксиду Силіцію (SiO2) та оксиду Ніклю (NiO) для 
використання в завданнях, пов’язаних з гама-променюванням, як ек-
рани. Нанокомпозити демонструють сприятливі характеристики для 
екранування гама-випромінення, включаючи легку вагу, добру гнуч-
кість, великі коефіцієнти ослаблення й економічну ефективність. 
Структурні властивості та морфологічні зміни поверхні нанокомпозиту 
було проаналізовано за допомогою оптичного мікроскопа. Сканувальна 
електронна мікроскопія показує численні когерентні та послідовно ро-
зподілені, хаотично розкидані кластери або фраґменти. Створені нано-
композити було оцінено, щоб побачити, наскільки добре вони можуть 
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блокувати гама-випромінення. Згідно з експериментальними результа-
тами, нанокомпозитні плівки ПВС–ПЕГ–SiO2–NiO демонструють значні 
коефіцієнти ослаблення гама-променів. Цей нанокомпозит має потенці-
ял як матеріял для екранування гама-випромінення та використання в 
еластичних матеріялах. 

Key words: PVA/PEG nanocomposites, SiO2–NiO nanoparticles, scanning 
electron microscopy, gamma rays. 

Ключові слова: нанокомпозити PVA/PEG, наночастинки SiO2–NiO, 
сканувальна електронна мікроскопія, гама-променювання. 

(Received 25 April, 2024) 
  

1. INTRODUCTION 

Nowadays, polymeric materials are among the most widely utilized 
materials because of their low cost, simplicity of production, good 
norms, and frequent excellent performance. It is well known that 
the majority of polymeric materials are insulators and that the elec-
trical and electronic industries have long used these materials. Pol-
ymeric materials have long been utilized as an auxiliary material, 
but due to their advantageous properties, they are now considered a 
fundamental material for usage in the electrical and electronic sec-
tors [1, 2]. 
 A polymer mixture is created by combining two or more polymers 
to form a novel material with different physical characteristics. 
There are five main types of polymer blends, including thermoplas-
tics, thermosetting blends. A lot of interest has been focused on 
polymer mixing as a simple and affordable method of producing 
scalable polymeric materials for industrial use [3]. Put another way, 
the characteristics of the mixes may be adjusted based on their in-
tended use by carefully selecting the polymer materials [4, 5]. 
 One kind of material with special qualities is called a polymer 
nanocomposite (PNC). When nanoparticles or nanofillers are dis-
persed throughout a polymer matrix, the result is a polymer nano-
composite (PNC). To enhance the material’s high-quality qualities, 
at least one dimension of an organic polymer matrix is filled with 
metallic particles [6, 7]. Modern polymers called PNCs can be uti-
lized in place of more conventional packed polymers. Among these 
attributes are the greatly improved characteristics of nanocompo-
sites due to their filler dispersion in comparison to pure polymers. 
Heightened conductivity, thermal stability, and tensile strength 
combined with decreased flammability. Additionally, the addition of 
nanoparticles to polymer composites produced a new class of compo-
site materials with enhanced and distinctive characteristics. Exam-
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ples of these are spheroids, fibres, and platelets [8, 9]. 
 Polyvinyl alcohol, or PVA, is a polymer that exhibits remarkable 
qualities, including its capacity to produce hydrogels by chemical or 
physical means, as well as its non-toxicity, biocompatibility, water 
solubility, and non-carcinogenic nature [10, 11]. PVA is suitably 
flexible and has a high sufficient tensile strength. Ranges of low 
molecular chemicals, the majority of which include polar groups, 
are often used to plasticize PVA in order to increase its deformabil-
ity [12, 13]. Another manmade polymer that is dissolved in water 
and has a wide molecular weight band is polyethylene glycol (PEG). 
Because of its elastic chain, combining it with rigid polymers to 
generate new materials with certain properties is a good alternative 
[14, 15]. Polyethylene glycol (PEG) is a polyether molecule that is 
used in a variety of scientific sectors and businesses because of its 
unique physicochemical properties [16]. 
 Silicon oxide (SiO2) or silica is a most common in nature as 
quartz. It has many forms, but all forms of silica are identical in 
chemical composition, but with different atomic arrangements. All 
forms of silica are odourless solids composed of silicon and oxygen 
atoms [17]. Among its many exceptional qualities are low expansion 
factor, rigidity, and thermal stability. Nanosilica is also known as 
nano-silicon dioxide (SiO2). Researchers from all around the world 
are interested in composites made of silicon dioxide at the nanoscale 
[18, 19]. Among the many nanomaterials, which are accessible, 
nickel oxide (NiO) nanoparticles have attracted a lot of interest 
primarily due to their exceptional stability and superior optical, 
electrical, magnetic, and catalytic characteristics. Their numerous 
uses, such as in gas detectors, electrochromic parts, rechargeable 
batteries, dye-sensitive solar cells, solar energy absorbers, and mag-
netic cameras [20, 21]. 
 NiO nanoparticles (NPs) are essential for preserving the quality 
of the environment because they can efficiently remove both organ-
ic and inorganic contaminants [22]. The potential harm that gamma 
rays can do to human health makes the study of shielding against 
gamma radiation an exciting field of research. To block -rays, va-
rieties of materials were used, such as glass and concrete. Recycled 
thermoplastics and inorganic nanofillers were combined to create 
nanocomposites with the desired -radiation and x-ray attenuation 
capabilities [23]. With the growing use of radioactive materials in 
industry and medicine, shielding is essential to safeguarding people 
and equipment [24]. 

2. MATERIALS AND METHODS 

In order to make a more homogeneous solution, PVA/PEG was com-
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bined in 45 mL of distilled water using a magnetic stirrer at 70C 
for 50 minutes. This process produced nanocomposites. The casting 
procedure was utilized to generate films of nanocomposites with 
different weight percentages 0, 2, 4, 6, and 8 wt.% of silicon diox-
ide (SiO2)–nickel oxide (NiO) NPs. The homogeneous solution was 
placed in a petri dish and left to dry for 6 days at room tempera-
ture. It was then extracted and cut into parts. The following meas-
urements were performed on the resulting PVA–PEG–SiO2–NiO 
nanocomposites: A 20magnification Olympus system Nikon-73346 
optical microscope equipped with a microscopic photographic cam-
era was employed. The structural features of nanocomposites were 
investigated using field emission scanning electron microscopy (FE–
SEM) (Model/Inspect TM F50-DETAILS1.2 nm at 10 kV; pressure 
3.11e-3 par; country—Holland). PVA–PEG–SiO2–NiO nanocompo-
sites under study were used to attenuate gamma rays for different 
concentrations of SiO2–NiO nanoparticles with different volume 
fractions, applying nanocomposites as a gamma-ray shield .The 
samples were placed parallel in front of a gamma-ray source Cs-
137.5 mci, at a distance of 3 cm. Utilizing Geiger counter meas-
urements of transmitted gamma ray fluxes via PVA–PEG–SiO2–NiO 
NCs nanocomposites, the linear attenuation coefficients were com-
puted. 
 Based on the thicknesses of the films, the linear attenuation coef-
ficients () may be obtained using the following equation [25, 26]: 

 NN0e
x. (1) 

Here, —the attenuation coefficient of gamma radiation, and the 
number of radiation particles, designated as N0, measured during a 
certain time frame in the absence of an absorber. Furthermore, 
when a sample of thickness x is added, the research looks at the 
number of particles, N, found throughout the same time period. 

3. RESULTS AND DISCUSSIONS 

3.1. Optical Microscopy for PVA–PEG–SiO2–NiO NCs 

Photographs of PVA–PEG–SiO2–NiO nanocomposites taken at a 
power of 20magnification are displayed cross-sectionally in Fig. 1. 
A clear distinction is made between SiO2–NiO nanoparticles and 
PVA–PEG mixture in nanocomposites. The clearly visible intercon-
nected network of SiO2–NiO nanoparticles forming paths connected 
to each other within the nanocomposite samples resembles sponge 
bonding. It indicates that the nanoparticles spread in the matrix of 
the polymer mixture in a regular manner in all directions, filling 
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all the voids inside the polymer. Based on the microscopic images in 
Fig. 1, the proportions of the nanoparticles can be distinguished. 
The continuous network in the shapes b, c, d, and e increases the 
movement of charge carriers, and thus changes the properties of 
the nanocomposite [27, 28]. 

3.2. Scanning Electron Microscopy (SEM) Measurements of PVA–
PEG–SiO2–NiO NCs 

A scanning electron microscope is used to look at the distribution of 
nanocomposites particles in the matrix of polymers and to assess 
the overall effect of the quantity of SiO2/NiO NPs. A SEM image of 
the pure blend surface for films composed of PVA–PEG–SiO2–NiO 
NCs is shown in Fig. 2. The films were placed sequentially with dif-
ferent concentrations of SiO2/NiO nanoparticles. Image (a) in Fig. 2 
for the polymer mix appears to be clear, linked, and to have a con-
stant form, revealing a somewhat smooth surface [29, 30]. As the 
ratio of SiO2/NiO nanoparticles increases, the surface morphology 
of the polymer mixtures PVA/PEG in Fig. 2, b, c, d, and e varies. 
Furthermore, the surface of nanocomposites films exhibits a large 
number of equally distributed, widely varying elliptical particle ag-

   
   a   b   c 

  
d     e 

Fig. 1. Photomicrographs 20 for PVA–PEG–SiO2–NiO NCs: a—for pure 
PVA–PEG; b—for 2 wt.% SiO2/NiO; c—for 4 wt.% SiO2/NiO; d—for 6 
wt.% SiO2/NiO; e—for 8 wt.% SiO2/NiO. 

E 
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gregates or pieces, which could indicate a uniform growth process 
[31, 32]. As the nanoparticle ratio in polymer blends increases, sur-
face form evolves. When the concentrations of SiO2/NiO NCs in-
crease, the grains agglomerate and converge, and more aggregates 
or fragments are randomly distributed on the upper surface of the 
nanoparticles [33–36], as shown in Fig. 2, e. 

3.3. Application of PVA–PEG–SiO2–NiO NCs for Gamma-Ray 
Shielding 

The percentages of silicon dioxide/nickel oxide SiO2–NiO nanoparti-
cles are positively correlated with the natural logarithm of the ratio 
of N to N0 for polymer mixtures PVA/PEG, as demonstrated in 
Fig. 3. Table presents the values, which were achieved. The fluctua-
tion of gamma-radiation attenuation coefficients for PVA/PEG pol-
ymer mixes as a function of SiO2–NiO-nanoparticles’ ratios is dis-
played in Fig. 4. The PVA/PEG-polymer blends exhibited promising 
radiation absorption capabilities. As SiO2–NiO-nanoparticles’ con-
centration increases; so, the attenuation coefficients do. This is so 
because the substance used to make shielding materials is PNC, by 

   
a    b   c 

  
d     e 

Fig. 2. SEM images of PVA–PEG–SiO2–NiO NCs: a—PVA–PEG; b—2 
wt.% SiO2–NiO; c—4 wt.% SiO2–NiO; d—6 wt.% SiO2–NiO; e—8 wt.% 
SiO2–NiO. 
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which gamma rays can be reflected, scattered, or absorbed [37, 38]. 
 The gamma-radiation attenuation coefficient numbers for PNC 
are as high as 0.03861 cm

1. When compared, the results of poly-
mer PNC and concrete indicated a great deal of similarities, as seen 
in the figure below. Because of the polymer nanocomposite in-
creased mobility, lack of electrical conductivity, and ability to pre-
vent neutron escape, it demonstrated better characteristics than 
concrete [39–41]. Furthermore, growing ln(N/N0) of the PVA/PEG 
mixture is observed in Fig. 5 along with rising SiO2–NiO-NPs’ con-
centrations [42, 43]. Table shows N/N0, ln(N/N0), and  [cm

1] val-
ues for PVA–PEG–SiO2–NiO PNC. 

4. CONCLUSIONS 

In the present investigation, the casting solution method of produc-
tion was used for manufacturing plastic nanocomposite films. 

 

Fig. 3. Variability of N/N0 for PVA/PEG-polymer blends with varying 
SiO2–NiO-NPs’ ratios. 

TABLE. Values of N/N0, ln(N/N0), and  [cm
1] for PVA–PEG–SiO2–NiO 

PNC. 

Content of SiO2–NiO nanoparticles, wt.% N/N0 ln(N/N0) , cm−1 

0 0.804 0.2180 0.002704 
2 0.799 0.2234 0.001357 
4 0.797 0.2261 0.010378 
6 0.781 0.2469 0.031016 
8 0.734 0.3089 0.038618 
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 The film consists of a mixture of PVA/PEG as the basic matrix 
and SiO2–NiO nanoparticles added in variable proportions. The opti-
cal-microscope photographs illustrate that the SiO2–NiO additions 
were dispersed uniformly, and the nanoparticles organized into a 
consecutive network inside the polymer mixture. SEM examination 
was performed on the top surface of the PVA–PEG–SiO2–NiO-NCs’ 
films to examine the surface morphology. The findings point to the 
existence of several aggregates or pieces, which were dispersed ran-
domly over the surface. Eventually, when the amount of SiO2–NiO 

 

Fig. 4. Variability of  [cm−1] for PVA/PEG-polymer blends with varying 
SiO2–NiO-NPs’ ratios. 

 

Fig. 5. Variability of ln(N/N0) for PVA/PEG-polymer blends with varying 
SiO2–NiO-NPs’ ratios. 
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nanoparticles increases, the attenuation coefficient for gamma radi-
ation climbs as well. The results of the investigation display that 
the PVA–PEG–SiO2–NiO-nanocomposite films exhibit good gamma-
ray shielding features, when employed as a lead-free material. This 
implies that it may be a good substitute for traditional shielding 
materials in the field of nuclear medicine. 
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Synthesis of PEO/Si3N4–CeO2-Nanocomposites’ Films 
for Radiation Shielding 
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Films of PEO/Si3N4–CeO2 nanocomposites (NCs) are fabricated by casting 
method with different contents of PEO-polymer matrix and Si3N4–CeO2 
nanoparticles (NPs). The PEO/Si3N4–CeO2 NCs are examined for gamma 
ray shielding. The results show that the PEO/Si3N4–CeO2 NCs have the 
high attenuation coefficients for gamma rays. The attenuation coefficients 
increase with the increase of the Si3N4–CeO2-NPs’ concentration. 

Плівки нанокомпозитів поліетилен оксид (ПЕО)/Si3N4–CeO2 було виго-
товлено методом лиття з різним вмістом полімерної матриці ПЕО та 
наночастинок Si3N4–CeO2. Нанокомпозити ПЕО/Si3N4–CeO2 було дослі-
джено стосовно екранування гама-променів. Результати показали, що 
нанокомпозити ПЕО/Si3N4–CeO2 мають високі коефіцієнти ослаблення 
гама-променів. Коефіцієнти ослаблення підвищуються зі збільшенням 
концентрації наночастинок Si3N4–CeO2. 

Key words: PEO, CeO2, Si3N4, nanocomposites, radiation shielding. 

Ключові слова: поліетилен оксид, CeO2, Si3N4, нанокомпозити, радія-
ційний захист. 
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1. INTRODUCTION 

Polymer nanocomposites (PNCs) contain typically one or more 
nanoparticles (NPs) components within the polymer matrix [1]. The 
enhancement of the properties with the addition of nanoparticles 
can be achieved due to different factors; one of the most important 
of them is a corresponding interfacial interaction between the 
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nanoparticles and the matrix with good dispersion of particles 
within the matrix [2]. Polymer nanocomposite materials are of 
great scientific and technological interest due to their unique me-
chanical, electronic, and optical properties [3]. The important prop-
erties of polymer nanocomposites cause a wide range of applications 
in various technologies such as advanced materials and goods, sen-
sors, energy devices, and medicines [4]. Polyethylene oxide (PEO) is 
known as semi-crystalline, water-soluble, non-ionic, biodegradable 
and biocompatible polymer of considerable industrial significance, 
which finds applications in many different branches of industry [5], 
such as cosmetology (personal lubricants, emulsions, skin creams), 
pharmaceutical products, gene therapy, etc. [6]. 
 Si3N4 nanoparticles exhibit high potential for the reinforcement 
of polymers. Si3N4 is a ceramic material with high strength and 
toughness. It has been used in many industrial applications, such as 
cutting tools, high temperature automobile components, springs, 
bearings and engine components. Si3N4 nanoparticles have also been 
used for enhancing the thermal conductivity of polyethylene com-
posites and the wear resistance of polymer materials [7]. Cerium 
oxides have recently attracted much interest due to their unique 
properties, which make them suitable for various applications [8]. 
Cerium oxide (CeO2) is a typical rare-earth element oxide [9]. Com-
mercially, CeO2 has numerous applications including fuel cells (as 
summarized by (EPA, 2009)), coatings, polishing agent (for glass 
mirrors, electronic wafers, precision optics, ophthalmic lenses, tele-
vision tubes, plate glass) and petroleum refining (cracking cata-
lysts). CeO2 is applied in a variety of consumer products including 
semiconductors and as an additive in cigarettes. CeO2 nanoparticles 
are predominantly employed as diesel-fuel additive [10]. There are 
many studies on properties of nanocomposites like optical properties 
[11–19] and electrical properties [20–31] to apply for radiation 
shielding [32, 33]. The present work aims to fabrication of 
PEO/Si3N4–CeO2 nanocomposites for radiation shielding. 

2. MATERIALS AND METHODS 

The silicon nitride (Si3N4, 15–30 nm, purity 99.9%) and cerium di-
oxide (CeO2, 99.97, 50 nm) nanopowders were obtained from US Re-
search Nanomaterials, Inc. The PEO/Si3N4–CeO2 nanocomposites 
(NCs) were prepared by casting method. The 1 g of the 
poly(ethylene oxide) (PEO) was dissolved in 60 ml of distilled water, 
and then the solution was thoroughly mixed for one hour with a 
magnetic stirrer. The nanoparticles (NPs), namely, from 50% Si3N4 
and 50% CeO2, are added to the PEO solution with contents of 
1.9%, 3.8%, 5.7%, and 7.6%. The nanocomposites were casted in a 
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template, namely, a Petri dish measuring 10 cm in diameter. The 
PEO/Si3N4–CeO2 nanocomposite films were tested by using the opti-
cal microscope (supplied from Olympus name (ToupView) type 
(Nikon-73346)) with magnification 01. 
 The attenuation of radiation is characterized by relationship [34] 
NN0e

x, where N0 is the number of particles of radiation counted 
during a certain time duration without any absorber;  is the at-
tenuation coefficient of gamma radiation, and N is the number 
counted during the same time, with a thickness of sample x. 

3. RESULTS AND DISCUSSION 

Figure 1 indicates microscopic images of PEO/Si3N4–CeO2 nanocom-

  
a      b 

  
c      d 

 
e 

Fig. 1. Photomicrographs (01) for PEO/Si3N4–CeO2 NCs: (a) for PEO 
pure; (b) 1.9 wt.% Si3N4–CeO2 NPs; (c) 3.8 wt.%Si3N4–CeO2 NPs; (d) 5.7 
wt.% Si3N4–CeO2 NPs, and (e) 7.6 wt.% Si3N4–CeO2 NPs. 



296 Ahmed KAREEM, Ahmed HASHIM, and Huda Bukheet HASSAN 

 

posite at magnification power 01. This figure shows that the 
Si3N4–CeO2 nanoparticles are aggregated as clusters at low concen-
trations. When increasing the concentration of nanoparticles, the 
nanoparticles form a paths’ network inside the polymer matrix [35–
46]. 
 Figure 2 shows the variation of (N/N0) for PEO with different 

 

Fig. 2. Variation of N/N0 for PEO with different concentrations of Si3N4–
CeO2 nanoparticles. 

 

Fig. 3. Variation of attenuation coefficient of gamma radiation for PEO as 
a function of Si3N4–CeO2-nanoparticles’ concentration. 
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concentrations of Si3N4–CeO2 nanoparticles. The transmission radia-
tion decreases with the increasing of the concentrations of Si3N4–
CeO2 nanoparticles that is attributed to the increase of the attenua-
tion radiation [47]. 
 Figure 3 shows the variation of attenuation coefficients of 
gamma radiation for PEO as a function of Si3N4–CeO2-nanoparticles’ 
concentration. The attenuation coefficients increase with the in-
crease of nanoparticles’ concentration; this is due to the absorption 
or reflection of gamma radiation by shielding nanocomposite mate-
rials [48–50]. 

4. CONCLUSIONS 

This work included the fabrication of PEO/Si3N4–CeO2-
nanocomposite films with various concentrations of polymer matrix 
and nanoparticles. The gamma-ray shielding application for 
PEO/Si3N4–CeO2 nanocomposites was tested. (Incidentally, the re-
sults indicated that the PS/SiO2–SrTiO3 nanocomposites have the 
high attenuation coefficients of gamma rays.) The attenuation coef-
ficients were rising with the increase of Si3N4–CeO2-nanoparticles’ 
concentration. 

REFERENCES 

1. S. K. Kumar, B. C. Benicewicz, R. A. Vaia, and K. I. Winey, Macromole-

cules, 50, No. 3:714 (2017); doi:10.1021/acs.macromol.6b02330 

2. A. I. Abdelamir, E. Al-Bermany, and F. S. Hashim, J. Phys. Conf. Ser., 

1294, No. 2: 022029 (2019); doi:10.1088/1742-6596/1294/2/022029 

3. T. S. Soliman and S. A. Vshivkov, J. Non. Cryst. Solids, 519: 119452 (2019); 

doi:10.1016/j.jnoncrysol.2019.05.028 

4. M. A. Ashraf, W. Peng, Y. Zare, and K. Y. Rhee, Nanoscale Res. Lett., 13, 

No. 1: 214 (2018); doi:10.1186/s11671-018-2624-0 

5. M. Jakić, N. S. Vrandečić, and M. Erceg, J. Therm. Anal. Calorim., 127, 

No. 1: 663 (2017); doi:10.1007/s10973-016-5768-0 

6. M. A. Jawad, A. J. Kadhim, and S. Y. Hasan, Int. J. Pharm. Qual. Assur., 

12, No. 3: 187 (2021); doi:10.25258/ijpqa.12.3.4 

7. W. Hao, W. Yang, H. Cai, and Y. Huang, Polym. Test., 29, No. 4: 527 

(2010); doi:10.1016/j.polymertesting.2010.03.004 

8. P. Patsalas, S. Logothetidis, L. Sygellou, and S. Kennou, Phys. Rev. B, 68, 

No. 3: 035104 (2003); doi:10.1103/PhysRevB.68.035104 

9. R. Liu, X. Liu, H. Yang, H. Jie, T. Li, K. Lyu, and S. P. Shah, Polymers, 

14, No. 17: 3573 (2022); doi:10.3390/polym14173573 

10. F. R. Cassee, E. C. Van Balen, C. Singh, D. Green, H. Muijser, 

J. Weinstein, and K. Dreher, Crit. Rev. Toxicol., 41, No. 3: 213 (2011); 

doi:10.3109/10408444.2010.529105 

11. A. Hashim, E. H. Abdullah, F. L. Rashid, and A. Hadi, Nanosistemi, Nano-

doi:10.1021/acs.macromol.6b02330
doi:10.1088/1742-6596/1294/2/022029
doi:10.1016/j.jnoncrysol.2019.05.028
doi:10.1186/s11671-018-2624-0
doi:10.1007/s10973-016-5768-0
doi:10.25258/ijpqa.12.3.4
doi:10.1016/j.polymertesting.2010.03.004
doi:10.1103/PhysRevB.68.035104
doi:10.3390/polym14173573
doi:10.3109/10408444.2010.529105


298 Ahmed KAREEM, Ahmed HASHIM, and Huda Bukheet HASSAN 

 

materiali, Nanotehnologii, 19, Iss. 3: 697 (2021); 

https://doi.org/10.15407/nnn.19.03.697 

12. M. Sajjad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 19, 

Iss. 4: 831 (2021); https://doi.org/10.15407/nnn.19.04.831 

13. A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 19, Iss. 3: 647 

(2021); https://doi.org/10.15407/nnn.19.03.647 

14. M. K. Mohammed, E. H. Abdullah, D. Hassan, and A. Hashim, Revue des 

Composites et des Matériaux Avancés–Journal of Composite and Advanced 

Materials, 32, No. 6: 305 (2022); https://doi.org/10.18280/rcma.320606 

15. Y. Y. Mijbil and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 

20, No. 2: 497 (2022); https://doi.org/10.15407/nnn.20.02.497 

16. M. H. Rasheed, A. K. Abbas, F. Rashid, and A. Hashim, Nanosistemi, 

Nanomateriali, Nanotehnologii, 20, Iss. 3: 761(2022); 

https://doi.org/10.15407/nnn.20.03.761 

17. Ahmed Hashim, Aseel Hadi, and M. H. Abbas, Silicon, 15: 6431 (2023); 

https://doi.org/10.1007/s12633-023-02529-w 

18. A. Hashim, A. Hadi, and N. A. H. Al-Aaraji, Optical and Quantum Elec-

tronics, 55: 716 (2023); https://doi.org/10.1007/s11082-023-04994-4 

19. Ahmed Hashim, Batool Mohammed, Aseel Hadi, and Hamed Ibrahim, Jour-

nal of Inorganic and Organometallic Polymers and Materials, 34: 611 

(2024); https://doi.org/10.1007/s10904-023-02846-y 

20. Z. S. Hamad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 

20, Iss. 1: 159 (2022); https://doi.org/10.15407/nnn.20.01.159 

21. A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii, 

20, Iss. 1: 165 (2022); https://doi.org/10.15407/nnn.20.01.165 

22. A. Hashim and A. Jassim, Nanosistemi, Nanomateriali, Nanotehnologii, 20, 

Iss. 1: 177 (2022); https://doi.org/10.15407/nnn.20.01.177 

23. A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii, 

20, Iss. 2: 507 (2022); https://doi.org/10.15407/nnn.20.02.507 

24. B. Mohammed, H. Ahmed and A. Hashim, Journal of Physics: Conference 

Series, 1879: 1 (2021); doi:10.1088/1742-6596/1879/3/032110 

25. D. Hassan and A. H. Ah-Yasari, Bulletin of Electrical Engineering and In-

formatics, 8, Iss. 1: 52 (2019); doi:10.11591/eei.v8i1.1019 

26. D. Hassan and A. Hashim, Bulletin of Electrical Engineering and Informat-

ics, 7, Iss. 4: 547 (2018); doi:10.11591/eei.v7i4.969 

27. A. Hashim, M. H. Abbas, N. AH. Al-Aaraji, and A. Hadi, J. Inorg. Or-

ganomet. Polym., 33: 1 (2023); https://doi.org/10.1007/s10904-022-02485-9 

28. A. Hashim, M. H. Abbas, N. AH. Al-Aaraji, and A. Hadi, Silicon, 15: 1283 

(2023); https://doi.org/10.1007/s12633-022-02104-9 

29. M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 1609 (2023); 

https://doi.org/10.1007/s12633-022-02114-7 

30. M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 251 (2023); 

https://doi.org/10.1007/s12633-022-02020-y 

31. A. Hashim, A. Hadi, and M. H. Abbas, Opt. Quant. Electron., 55: 642 

(2023); https://doi.org/10.1007/s11082-023-04929-z 

32. B. Abbas and A. Hashim, International Journal of Emerging Trends in En-

gineering Research, 7, No. 8: 131 (2019); 

https://doi.org/10.30534/ijeter/2019/06782019 

33. K. H. H. Al-Attiyah, A. Hashim, and S. F. Obaid, Journal of Bion-

https://doi.org/10.15407/nnn.19.03.697
https://doi.org/10.15407/nnn.19.04.831
https://doi.org/10.15407/nnn.19.03.647
https://doi.org/10.18280/rcma.320606
https://doi.org/10.15407/nnn.20.02.497
https://doi.org/10.15407/nnn.20.03.761
https://doi.org/10.1007/s12633-023-02529-w
https://doi.org/10.1007/s11082-023-04994-4
https://doi.org/10.1007/s10904-023-02846-y
https://doi.org/10.15407/nnn.20.01.159
https://doi.org/10.15407/nnn.20.01.165
https://doi.org/10.15407/nnn.20.01.177
https://doi.org/10.15407/nnn.20.02.507
doi:10.1088/1742-6596/1879/3/032110
doi:10.11591/eei.v8i1.1019
doi:10.11591/eei.v7i4.969
https://doi.org/10.1007/s10904-022-02485-9
https://doi.org/10.1007/s12633-022-02104-9
https://doi.org/10.1007/s12633-022-02114-7
https://doi.org/10.1007/s12633-022-02020-y
https://doi.org/10.1007/s11082-023-04929-z
https://doi.org/10.30534/ijeter/2019/06782019


 SYNTHESIS OF PEO/Si3N4–CeO2-NANOCOMPOSITES’ FILMS 299 

 

anoscience, 12: 200 (2018); doi:10.1166/jbns.2018.1526 

34. L. M. Chaudhari and R. Nathuram, Bulg. J. Phys., 37, No. 1: 232 (2010). 

35. A. Hashim and A. Jassim, Nanosistemi, Nanomateriali, Nanotehnologii, 19, 

Iss. 4: 883 (2021); doi:10.15407/nnn.19.04.883 

36. H. K. Jaafar, A. Hashim, and B. H. Rabee, Optical and Quantum Electron-

ics, 55: 989 (2023); https://doi.org/10.1007/s11082-023-05208-7 

37. Ahmed Hashim, Saif M. Alshrefi, Hussein H. Abed, and Aseel Hadi, Journal 

of Inorganic and Organometallic Polymers and Materials, 34: 703 (2024); 

https://doi.org/10.1007/s10904-023-02866-8 

38. Hiba Kamil Jaafar, Ahmed Hashim and Bahaa H. Rabee, 16: 603 (2024); 

https://doi.org/10.1007/s12633-023-02706-x 

39. H. A. J. Hussien, R. G. Kadhim, and A. Hashim, Optical and Quantum 

Electronics, 54: 704 (2022); https://doi.org/10.1007/s11082-022-04094-9 

40. H. B. Hassan, A. Hashim, and H. M. Abduljalil, Polymer Bulletin, 80: 9059 

(2023); https://doi.org/10.1007/s00289-022-04502-w 

41. H. A. J. Hussien, R. G. Kadhim, and A. Hashim, Optical and Quantum 

Electronics, 53: 501 (2021); https://doi.org/10.1007/s11082-021-03157-7 

42. H. A. J. Hussien, R. G. Kadhim, and A. Hashim, Polymer Bulletin, 79: 

5219 (2022); https://doi.org/10.1007/s00289-021-03778-8 

43. Ghaith Ahmed and Ahmed Hashim, Silicon, 15: 7085 (2023); 

https://doi.org/10.1007/s12633-023-02572-7 

44. A. Hazim, A. Hashim, and H. M. Abduljalil, Egypt. J. Chem., 64, No. 1: 359 

(2021); doi:10.21608/EJCHEM.2019.18513.2144 

45. A. F. Kadhim and A. Hashim, Opt. Quant. Electron., 55: 432 (2023); 

https://doi.org/10.1007/s11082-023-04699-8 

46. M. H. Meteab, A. Hashim, and B. H. Rabee, Opt. Quant. Electron., 55: 187 

(2023); https://doi.org/10.1007/s11082-022-04447-4 

47. I. R. Agool, K. J. Kadhim, and A. Hashim, Int. J. Plast. Technol., 21, 

No. 2: 444 (2017); doi:10.1007/s12588-017-9196-1 

48. A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 488 

(2018); doi:10.1166/jbns.2018.1551 

50. A. Hashim, I. R. Agool, and K. J. Kadhim, J. Mater. Sci. Mater. Electron., 

29, No. 12: 10369 (2018); doi:10.1007/s10854-018-9095-z 

51. Ahmed Hashim and Zinah Sattar Hamad, Journal of Bionanoscience, 12, 

No. 4: 504 (2018); doi:10.1166/jbns.2018.1561 

doi:10.1166/jbns.2018.1526
doi:10.15407/nnn.19.04.883
https://doi.org/10.1007/s11082-023-05208-7
https://doi.org/10.1007/s10904-023-02866-8
https://doi.org/10.1007/s12633-023-02706-x
https://doi.org/10.1007/s11082-022-04094-9
https://doi.org/10.1007/s00289-022-04502-w
https://doi.org/10.1007/s11082-021-03157-7
https://doi.org/10.1007/s00289-021-03778-8
https://doi.org/10.1007/s12633-023-02572-7
doi:10.21608/EJCHEM.2019.18513.2144
https://doi.org/10.1007/s11082-023-04699-8
https://doi.org/10.1007/s11082-022-04447-4
doi:10.1007/s12588-017-9196-1
doi:10.1166/jbns.2018.1551
doi:10.1007/s10854-018-9095-z
doi:10.1166/jbns.2018.1561


 



301 

 

PACS numbers: 42.25.Dd, 42.30.Ms, 81.07.Bc, 83.80.Lz, 87.85.gf, 87.85.Pq, 87.85.Rs 

Laser Speckle Analysis of Blood Coagulation: Overview and 
Prospects for Use in Military Medicine 

Viktor Borovskyi and Mykola Bogomolov 
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‘Igor Sikorsky Kyiv Polytechnic Institute’,  
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UA-03056 Kyiv, Ukraine 

The article discusses a promising technology for assessing the blood-
coagulation system, namely, laser speckle analysis (LSA), with an empha-
sis on the use of optical nanostructured components to improve the qual-
ity of diagnostics. A review of the physical foundations of the method, 
modern scientific research and comparison with traditional viscoelastic 
haemostatic assays TEG, ROTEM, ClotPro is carried out. Particular atten-
tion is paid to the role of nanotechnological solutions (anti-reflective 
nanocoatings of the ‘moth-eye’ type, plasmon Ag, Si nanoparticles and 
silver nanofilms with a thickness of 40–80 nm) in the formation of a sta-
ble, high-contrast speckle pattern. The mechanisms of reducing parasitic 
reflections, increasing light transmission and amplification of the local 
light signal due to the effects of the local and surface plasmon resonances 
are described. As shown, the introduction of such nanostructures into the 
configuration of the LSA sensor can improve significantly the signal-to-
noise ratio, increase the spatial resolution and accuracy of the assessment 
of the microdynamics of formed blood elements. The potential of portable 
implementation of LSA with nanoreinforced optical elements for the field 
and military medicine Role 2, Role 3 is highlighted, where the applicabil-
ity of conventional coagulation devices is limited. The proposed approach 
combines optical diagnostics and nanotechnology methods, which open up 
new opportunities for the creation of a new generation of mobile biomedi-
cal sensors. This work emphasizes not only the technological novelty of 
LSA, but also its direct clinical value for increasing the effectiveness of 
treatment in conditions of emergency and military medicine. 

У статті йдеться про перспективну технологію оцінки системи згортан-
ня крові, — лазерну спекл-аналізу (LSA), — з акцентом на застосуван-
ня оптичних наноструктурованих компонентів для підвищення якости 
діягностики. Проведено огляд фізичних основ методу, сучасних науко-
вих досліджень і порівняння з традиційними високоеластичними гемо-
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статичними системами TEG, ROTEM, ClotPro. Особливу увагу приділе-
но ролі нанотехнологічних рішень (антивідблискувальних нанопокрит-
тів типу ‘moth-eye’, плазмонних наночастинок Ag, Si і срібних наноп-
лівок товщиною у 40–80 нм) у формуванні стабільного, висококонтрас-
тного спекл-патерну. Описано механізми пониження вторинних відби-
вань, підвищення світлопропускання та посилення локального світло-
вого сиґналу за рахунок ефектів локального та поверхневого плазмон-
них резонансів. Показано, що впровадження таких наноструктур у 
конфіґурацію LSA-сенсора може значно поліпшити співвідношення си-
ґнал/шум, підвищити просторову роздільчу здатність і точність оцінки 
мікродинаміки формених елементів крові. Підкреслено потенціял пор-
тативної реалізації LSA з нанопосиленими оптичними елементами для 
польової та військової медицини Role 2, Role 3, де можливості викори-
стання класичних коаґуляційних пристроїв є обмеженими. Запропоно-
ваний підхід поєднує оптичну діягностику та методи нанотехнологій, 
що відкриває нові можливості для створення нового покоління мобіль-
них біомедичних сенсорів. Ця робота підкреслює не лише технологічну 
новизну LSA, але й її безпосередню клінічну цінність для підвищення 
ефективности лікування в умовах екстреної та військової медицини. 

Key words: laser speckle analysis, fibre-optic light guides, blood coagula-
tion, nanocoatings, optical diagnostics, military medicine. 

Ключові слова: лазерна спекл-аналіза, волоконно-оптичні світловоди, зго-
ртання крові, нанопокриття, оптична діягностика, військова медицина. 
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1. INTRODUCTION 

High-quality monitoring of blood clotting is critically important in 
various clinical and emergency situations, in particular, during 
surgical interventions, injuries, in ICU, and in combat conditions 
[1–5]. Rapid detection of coagulopathy or hypercoagulation allows 
the timely use of blood products, haemostatic drugs or anticoagu-
lants, which directly affects the quality of medical care [6–9]. 
 Classic laboratory tests such as prothrombin time (PT), activated 
partial thromboplastin time (aPTT), and fibrinogen levels provide 
limited insight into the dynamic process of clot formation. Instead, 
viscoelastic haemostatic (VHA) methods, including thromboelasto-
graphy (TEG), rotational thromboelastometry (ROTEM), and Clot-
Pro, provide real-time assessment of coagulation kinetics, clot 
strength, and lysis process [10]. These systems have become the 
gold standard in cardiac surgery, traumatology, and liver trans-
plantation [11–13]. However, their widespread use is limited by 
technical complexity, high cost, the need for trained personnel and 
sensitivity to mechanical stability, which limit applicability in field 
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or combat conditions [14]. 
 In recent years, optical methods, in particular, laser speckle 
analysis (LSA), have attracted attention as a promising alternative 
for non-contact and operative assessment of blood clotting [15]. By 
capturing dynamic changes in the speckle structure that occur when 
coherent laser radiation interacts with a blood sample, LSA allows 
indirectly assessing the process of clot formation without physical 
contact or moving parts [7]. Such properties make the method espe-
cially interesting for creating compact, reliable, using fibre-optic 
LEDs, and potentially suitable for use in the field [16]. 
 In the context of the full-scale war of the Russian Federation 
against Ukraine, the need for rapid and portable medical diagnos-
tics has increased significantly. Stabilization points, UGS, and 
frontline medical units operate in resource-constrained environ-
ments where traditional thromboelastography systems often cannot 
be installed [10]. Compact an optical diagnostic method capable of 
assessing blood clotting without stringent installation requirements 
could significantly improve the effectiveness of care in such condi-
tions. 
 The purpose of the review is to summarize the current state of 
research in the field of laser speckle analysis for monitoring blood 
coagulation, analyse its correlation with standard thromboelasto-
graphy, highlight the advantages and limitations of the method, 
review the use of nanoreinforced optical elements, as well as the 
prospects for its implementation in military and field medicine. 

2. OVERVIEW OF THROMBOELASTOGRAPHY 

Thromboelastography is a method of visualizing and quantifying 
blood clotting processes in real time. It allows you to trace all 
stages of clot formation from initiation to fibrinolysis based on 
changes in the mechanical properties of a blood sample. 
 The classical thromboelastograph (TEG) and its modern analogues 
(ROTEM and ClotPro) use a viscoelastic analysis model. The princi-
ple of operation is to measure the force that is transmitted between 
a rotating or oscillating element (bowl or stem) and a clot that 
forms in a test tube with a blood sample [17]. 
 The main parameters that the thromboelastograph fixes: 
— R (Reaction Time)—the time before the onset of coagulation 
(thrombin activation); 
— K (Kinetics)—the time until certain clot strength is reached; 
—  angle (Alpha angle)—the rate of formation of the fibrin 
framework; 
— MA (Maximum Amplitude)—the maximum strength of the clot, 
which characterizes platelet and fibrin function; 



304 Viktor BOROVSKYI and Mykola BOGOMOLOV 

— LY30 or ML (Lysis)—the degree of fibrinolysis 30 min after 
reaching MA. 
 ROTEM and ClotPro use similar parameters, but with their own 
terminology, for example, CT (Clotting Time), CFT (Clot Formation 
Time), MCF (Maximum Clot Firmness), LI30/ML. 
 Due to its high information content, thromboelastography is 
widely used in cardiac surgery, traumatology, obstetrics and resus-
citation. The method allows you to reduce the use of blood compo-
nents, optimize anticoagulant therapy and prevent thrombotic com-
plications [18, 19]. 
 At the same time, the use of the above systems in the field is 
complicated due to their need for stable horizontal placement, the 
absence of vibrations, temperature sensitivity, as well as the high 
cost and need for personnel training. This opens up the prospect for 
the development of alternative methods, in particular optical ones, 
such as laser speckle analysis [10].  

3. THEORETICAL FOUNDATIONS OF SPECKLE ANALYSIS 

Laser speckle analysis (LSA) is based on an optical phenomenon that 
occurs, when a heterogeneous medium is illuminated by coherent 
laser radiation [20, 21]. 
 Because of the interaction of the beam with microscopic struc-
tures (for example, blood cells or plasma components), a character-
istic interference pattern is formed on the surface of the sample, 
namely, a speckle structure. It has a random appearance, but 
changes in time in response to micromovements, diffusion of parti-
cles or changes in the rheological properties of the medium [16]. 
 In dynamic analysis, which is used to study blood coagulation, a 
change in the intensity or contrast of the speckle structure over 
time is recorded [21]. In the initial stages of coagulation, when the 
cells are still moving in the plasma, there is a high variability in 
intensity. As the fibrin clot forms and the particles lose mobility, 
the variability decreases, and the speckle pattern stabilizes. 
 The laser radiation passes through the blood sample, after which a 
speckle pattern is formed, which is recorded by the camera through 
the optical system and in a short period of time (Fig. 2) [22]. 
 One of the key parameters is speckle contrast, which can be cal-
culated from the standard deviation of pixel intensity in a specific 
time or space window. A decrease in contrast indicates an increase 
in the mobility of particles, while its increase indicates the stabili-
zation of the structure, i.e., the formation of a clot [14]. 
 Other analysis techniques include constructing temporal autocor-
relation functions, estimating average phase shift, detecting optical 
vortices, or statistical changes in image texture. All these ap-
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proaches are aimed at obtaining information about the micromove-
ments of blood cells, which change in the process of coagulation. 
 Thus, the LSA provides an indirect but informative assessment of 
the stages of blood clotting without physical contact with the 
specimen. The technique is characterized by high sensitivity, does 
not require markers or reagents and can be implemented on compact 
fibre-optic LEDs [23, 24]. 
 The following sections discuss examples of studies, in which LSA 
has been used to assess blood coagulation, in particular, compared 
to thromboelastography systems. 

 

Fig. 1. Structural diagram of a laboratory setup for recording speckle im-
ages [22]: 1—He–Ne laser; 2—lens; 3—blood sample; 4—recording screen; 
5—camera. 

   
a    b   c 

Fig. 2. Control speckle image. 
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4. REVIEW OF STUDIES ON THE USE OF LSA TO ASSESS 
BLOOD CLOTTING 

Over the past decade, a number of studies have been conducted that 
have demonstrated the effectiveness of laser speckle analysis (LSA) 
in assessing blood-clotting parameters. One of the first large-scale 
studies in which a system based on LSA was developed to measure 
the viscoelastic properties of blood during coagulation. The authors 
showed that the indicators obtained using this method show a high 
correlation with the data of traditional mechanical rheometry [21]. 
 Further research [25] proposed alternative ways to analyse 
speckle patterns, including the detection of optical vortices, which 
allowed for improved temporal resolution and accuracy in determin-
ing the moment of clot formation. In this work, a comparison was 
also made with the parameters of the thromboelastograph, which 
confirmed the clinical relevance of the technique. 
 Other studies have adapted the LSA to the conditions for assess-
ing coagulation in gel-like media, demonstrating the wide versatil-
ity of the approach and the possibility of modifying the method to 
meet the needs of medical diagnostics. 
 All of the above-mentioned papers highlight the potential of LSA 
as a non-contact, fast, and cost-effective alternative to traditional 
coagulology methods. Although clinical use is still in the prototype 
phase and in vitro studies, the availability of comparative data with 
thromboelastography suggests significant prospects for use in re-
source-limited settings, including Role 2, Role 3 medical care for 
the wounded [1]. 

5. COMPARATIVE ANALYSIS OF LSA AND TEG/ROTEM/ClotPro 

Comparison between laser speckle analysis (LSA) and traditional 
highly-elastic methods for assessing blood coagulation (TEG, 
ROTEM, ClotPro) allows us to determine the advantages and limita-
tions of each of the approaches, as well as the potential of LSA in 
clinical applications, as shown in Table 1 below [1, 6, 7, 25]. 
 Main parameters for comparison are as follow. 
 Despite the fact that thromboelastography is a recognized clinical 
standard, its use in difficult conditions (combat, field, mobile hos-
pitals, etc.) is significantly complicated due to sensitivity to tilt, 
vibration and the need for consumables. LSA can be implemented as 
an alternative in the form of a compact, non-contact device that al-
lows you to obtain quickly information about the state of haemosta-
sis even under minimal laboratory conditions. 
 In Table 2 [21, 26–28] below, there is a comparing the quantita-
tive indicators obtained by traditional thromboelastography tech-
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niques (TEG, ClotPro) and the corresponding parameters, which are 
evaluated by laser speckle analysis (LSA), according to literature 
sources. 
 At the same time, the LSA does not yet have full clinical valida-
tion and requires further research, in particular using various co-
agulation profiles, in vivo testing, as well as the development of 
data interpretation standards. Despite this, the already available 
experimental comparisons demonstrate a high degree of correlation 
between optical performance and results obtained with 
TEG/ROTEM. 
 To visualize the main differences between classical thromboelas-
tography methods and laser speckle analysis of comparison in the 
context of use in clinical and military practice, the following is a 
comparative in Table 3 [1–4, 6, 15, 19, 21]. 

TABLE 1. Comparative analysis of LSA and TEG/ROTEM/ClotPro. 

Setting 
Thromboelastography 

(TEG/ROTEM/ClotPro) 
Laser speckle analysis (LSA) 

Onset of clotting R/CT 
Speckle variability 

reduction time  

Rate of clot formation K, /CFT,  Contrast change gradient 

Maximum  
clot strength 

MA/MCF 
Speckle field stability and 

intensity 

Fibrinolysis LY30/ML 
Secondary increase  

in variability (experimental) 

Contact of the sample 
with the instrument 

Need Not required 

The need for reagents Yes (e.g., activators) No 

Research time 30–60 min 
5–20 min  

(depending on implementation) 

Field use Limited 
Possible  

(with proper implementation) 

TABLE 2. Comparison of quantitative indicators of TEG, ClotPro and 
LSA. 

Setting TEG/ClotPro (average) LSA (similar indicator) 

R, min 5–8 
5–7  

(Contrast stabilization start) 

MA, mm 55–70 Variation index0.75–0.90 

Clot formation time 10 min 8 min 

Viscosity (indirectly) — 
Speckle rheology 
(LSR scale 0–1) 



308 Viktor BOROVSKYI and Mykola BOGOMOLOV 

 In this way, LSA not only complements classical methods, but 
also has the potential to replace them in specific situations where 
classical equipment is unavailable, less practical or too difficult to 
use. 

6. PROSPECT FOR USE IN THE FIELD 

Assessing blood clotting in resource-limited settings, especially in 
field or combat situations, requires technologies that are as 
autonomous, fast, and easy to use as possible. In such conditions, 
traditional thromboelastography systems are often unusable due to 
limitations in mobility, the need for calibration, reagents, constant 
power supply, and stable horizontal installation. 
 Laser speckle analysis (LSA) has a number of features, which de-
termine its peculiarity for use in the field: 
— contactless (it reduces the risks of contamination, simplifies 
maintenance and allows integration into sealed modules); 
— no need for reagents (it allows you to reduce costs and minimize 
logistics dependencies); 
— compactness and energy efficiency (the technology can be imple-
mented on the base of portable lasers and CMOS cameras); 
— rapid analysis provides results within 5–20 minutes, which is 
critical with a mass admission of patients); 
— possibility of installation in mobile laboratories or medical plat-
forms (ambulances, stabilization points, field surgical hospitals, 
etc.). 
 In the context of the war in Ukraine, such decisions are espe-
cially relevant. Domestic stabilization points often operate with 

TABLE 3. Comparison of application possibilities in the clinical and mili-
tary practices of TEG, ROTEM, ClotPro and LSA. 

Setting 
Thromboelastography 

(TEG/ROTEM/ClotPro) 
Laser Speckle Analysis (LSA) 

Method type Mechanical–optical 
Optical (based on coherent 

scattering) 

Contact Pin Contactless 

The need for reagents Reagents are needed No reagents 

Time to get the result 10–60 min 2–10 min 

Mobility Stationary device Portable, POC option possible 

Vibration sensitivity 
High 

(requires 

a stable surface) 
Low (can be adapted) 

Possibility of field use Low High 
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minimal equipment, in the field or in rooms without a stable power 
supply. LSA devices can be implemented as portable diagnostic 
modules for the initial assessment of the coagulation status of vic-
tims, which will allow timely decisions on transfusion, the use of 
anticoagulants or referral to the hospital. 
 The minimum requirements for laboratory diagnostics vary sig-
nificantly depending on the level of the medical unit. Coagulation 
tests PT, aPTT, INR are included in the mandatory list only for 
Role 3 units, while for Role 2 such tests are not provided as manda-
tory [1]. This creates a potential clinical risk, since urgent surgical 
interventions are often performed at the Role 2 level in conditions 
of limited laboratory infrastructure, which makes it impossible to 
detect coagulopathy in time. Lack of access to coagulogram results 
can delay critical decisions about blood transfusion, fibrinogen ad-
ministration, or anti-shock measures [6, 29]. 
 In this context, portable technologies, such as laser speckle 
analysis (LSA) or thromboelastography (TEG/ROTEM), can signifi-
cantly enhance the diagnostic capabilities of Role 2 [30]. Due to 
autonomy, high speed of obtaining results 5–15 minutes and the 
absence of the need for reagents, such methods are able to provide a 
prompt assessment of haemostasis even in unstable conditions [31]. 
This makes them particularly suitable for Damage Control Resusci-
tation (DCR) scenarios, which, according to modern military doc-
trine, are actively implemented at the Role 2 level. LSA can act not 
only as an alternative to classical laboratory coagulation, but also 
provide continuous monitoring of the state of coagulation before, 
during and after surgery, which significantly increases the chances 
of survival in patients with polystructural injury. 
 Most patients admitted to the Role 2 level have combined and 
combined combat injuries accompanied by massive bleeding. Accord-
ing to clinical studies, acute traumatic coagulopathy (ATC) can occur 
already at the prehospital stage (for in 25–35% of seriously injured 
patients [32]). In such situations, delay in identifying blood-clotting 
disorders significantly worsens the prognosis and can lead to unjusti-
fied blood loss, hypothermia and fatal complications. As stated in the 
updated European guidelines for the treatment of bleeding, the use 
of POC methods for monitoring haemostasis can significantly reduce 
the time to clinical decision-making compared to traditional labora-
tory tests [33]. If such technologies are integrated into the Role 2 
structure, it is possible to achieve more effective coagulopathy con-
trol, which corresponds to modern principles of management of seri-
ously injured patients in the war zone. 
 In the context of optical diagnostics, it is also worth noting that 
physical and chemical environmental factors affect the biosynthetic 
activity of microalgae specifically for each species. For example, 
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may either stimulate or inhibit the synthesis of metabolites, includ-
ing lipids, carotenoids, chlorophylls, proteins and carbohydrates. In 
addition, the spectrum and intensity of light, as well as the dura-
tion and frequency of exposure to ultrasound, UV and -radiation, 
are able to alter the metabolic pathways of microalgae, which dem-
onstrates the breadth of possibilities for the influence of physical 
factors on cellular processes, which is consistent with the mecha-
nisms that underlie laser speckle analysis. 

7. NANOCOATING OF OPTICAL COMPONENTS TO IMPROVE 
SPECKLE IMAGE QUALITY 

In a configuration where laser radiation is directed at an angle of 
45 directly at the sample, and the reflected signal is recorded 
through the lens, optical transparency and the purity of the optical 
path play a key role in the formation of a high-quality image [34, 
35]. Under the conditions of laser speckle analysis, even minor 
parasitic not required on the lens or objective surfaces can cause 
interference noise, a decrease in contrast and errors in the analysis 
of particle dynamics [36]. 
 Nanoscale particles, especially metallic particles, are essential for 
increasing the sensitivity of laser speckle analysis due to the phe-
nomenon of local surface plasmon resonance (LSPR) [37, 38]. Under 
the action of coherent laser light, electrons on the surface of the 
nanoparticle oscillate synchronously, which greatly enhances the 
scattering and absorption of light under resonant conditions. This 
effect produces brighter, more sensitive speckle signals, allowing 
detection of cell movements or aggregation even with fewer parti-
cles or aggregation of cells or protein structures into the blood-
stream [28, 39]. 
 One of the most promising solutions is the use of nanostructured 
anti-reflective (AR) coatings. The moth-eye coating mimics the 
structure of the eyes of nocturnal insects and creates a gradient re-
fractive index at the air–glass interface, which significantly re-
duces reflection in a wide spectral range even at angular incidence 
of light [40]. Such nanocoatings reduce reflection from the surface 
to 0.5% and increase light transmission up to 99% in the wave-
length range of 400–900 nm [20, 41]. 
 Unlike traditional multilayer AR coatings, which are effective 
mainly at normal beam incidence, moth-eye nanotextures remain ef-
fective at oblique angles, which is especially important when ob-
serving a sample at an angle of 45 [25]. 
 Another approach is to use coatings with plasmonic nanoparticles 
(e.g., Ag or Si), which not only reduce reflection but can also amplify 
the local light signal through the surface plasmon resonance. These 
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effects allow not only to muffle background noise, but also to in-
crease the amplitude of the speckle signal and image detail [25, 41]. 
 Studies show that such nanocomposites significantly improve the 
signal-to-noise ratio in optical imaging systems, in particular by re-
ducing scattering and interference artefacts [20]. 
 Nanocoatings also have a positive effect on optical clarity and spa-
tial resolution, as the reduction of spurious reflections allows weak 
signals to be recorded without additional noise. Combined with high-
quality lenses, this provides better focal stability, speckle structure 
clarity, and a more accurate analysis of microdynamics in the blood 
sample. 
 To implement these approaches, methods of nanolithography, ion 
etching, self-assembly technologies, or nanoparticle sputtering can 
be used. Most commercial optical manufacturers already offer AR 
lenses with nanotextures, including Edmund Optics, Thorlabs, Jen-
optik, and others. 

8. PHYSICAL MECHANISMS OF THE EFFECT 
OF NANOPARTICLES ON LSA SENSITIVITY 

One of the important factors in increasing the sensitivity of LSA is 
the use of nanoscale structures, whose size is commensurate with the 
wavelength of coherent laser radiation in the range of 400–900 nm 
[38]. It is at this scale that the phenomena of localized surface plas-
mon resonance (LSPR) and surface plasmon resonance (SPR) occur 
[36]. When coherent light interacts with silver, gold, or silicon 
nanoparticles, electrons on their surface begin to oscillate synchro-
nously with the electromagnetic field, resulting in a significant in-
crease in the local electric field near the nanoparticles, the formation 
of ‘hot spots’, and a sharp increase in the intensity of light scatter-
ing and absorption [35]. As a result, even minimal changes in the 
blood microstructure during the initial stages of coagulation become 
available for registration, which directly increases the sensitivity of 
the sensor. 
 Work in the field of biosensors confirms that the nanosize of 
particles itself allows recording the smallest changes in the refrac-
tive index of the medium, which is impossible for classical macro-
scopic optical elements. The use of nanoparticles in the near-
infrared range provides an increase in refractometric sensitivity 
along with better control of spectral selectivity, which opens up 
prospects for high-precision biomedical sensors [42]. For LSA, this 
means that the system is able to record microdynamic changes in 
the movement of cells and proteins even before the appearance of a 
macroscopic clot, that is, those that precede the formation of the 
fibrin scaffold. 
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 Another important mechanism is a sharp increase in the scattering 
and absorption of light by nanoparticles. For example, it has been 
shown that scattering from a gold nanoparticle with a diameter of 80 
nm can be 105 times stronger than fluorescence and 1012 orders of 
magnitude more intense than the Raman signal [42]. For the practi-
cal side of LSA, this means that, even when using low-power diode 
lasers, a sufficiently intense speckle signal is formed, which allows 
reducing power consumption, simplify the optical circuit and reduce 
the dimensions of the device. Accordingly, the amplified signal al-
lows you to use compact CMOS cameras without losing the quality of 
measurements. 
 The effect of nanocoatings on the signal-to-noise ratio in the sys-
tem is no less important. Even minor parasitic reflections from the 
surfaces of lenses or lenses can lead to interference noise, which re-
duces the accuracy of speckle analysis. The use of anti-reflective 
nanocoatings of the moth-eye type can reduce the reflection coeffi-
cient to 0.5% and increase light transmission to almost 99% [43], 
which ensures the formation of a pure speckle pattern, suitable for 
further digital processing and creates the prerequisites for a more 
accurate assessment of cell micromovements. The additional appli-
cation of plasmonic nanoparticles integrated into the coating allows 
not only to dampen unwanted reflections, but also to amplify the 
useful signal thanks to LSPR [23, 44, 45]. 
 An important role in the formation of a qualitative speckle pat-
tern is also played by the coherence of the radiation source. Adjust-
ing the degree of partial coherence can optimize the signal-to-noise 
ratio in nanoparticle imaging. For LSAs, this approach allows you 
to reduce the impact of static interference noise and artefacts, 
while remaining highly sensitive to dynamic changes in the sample. 
Considering this factor in the design of portable sensors makes 
them less demanding on ideal operating conditions, which is espe-
cially important for military medicine. 
 The combination of the above-mentioned physical mechanisms 
makes it possible to create compact and at the same time highly 
sensitive sensors. Signal amplification at the level of nanostructures 
reduces the requirements for laser power and camera sensitivity, 
reduces the number of optical components and simplifies the design 
of the system, which opens the way for the development of Point-
of-Care devices suitable for use in mobile laboratories, stabilization 
points and field hospitals. 

9. NANOCOATING OF CUVETTES: USING SILVER NANOFILM 
TO RECORD SPECKLE STRUCTURES WITH REFLECTED LIGHT 

Laser speckle analysis involves the use of coherent radiation passing 
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through the sample, but, when using a heated table (so that the 
blood sample does not dry out), recording the reflected speckle pat-
tern becomes less effective. To obtain a clear and stable image, it is 
best to have a thin silver nanocoating at the bottom of the cuvette 
where the blood sample is stored. 
 The precipitated silver nanofilm with a thickness of 40–80 nm 
creates an optically active surface that reflects laser radiation with a 
high coefficient, while allowing the phenomena of local plasmon 
resonance (LSPR) and surface plasmon resonance (SPR) to be real-
ized at the silver–biological fluid interface. This makes it possible to 
increase the sensitivity of speckle analysis to micromovements of 
blood cells or changes in rheological properties during coagulation 
[46]. 
 Such solutions are widely applied in PPR microscopy, biosensors 
and laser optical backscatter systems. Silver nanofilms with a thick-
ness of 50 nm offer the highest sensitivity to changes in the refrac-
tive index of the medium compared to other metals, in particular, 
gold. 
 The morphology and thickness of the silver layer has a great in-
fluence on the reflective properties and interference effects that 
form the structure speckle. Samidir Im Nanofilms (100 nm) gives 
the best-distributed display for recording speckle pattern [45, 47]. 

9. CONCLUSIONS 

Laser speckle analysis (LSA) has established itself as a promising 
optical diagnostic tool for assessing blood clotting. Compared to 
traditional thromboelastography systems TEG, ROTEM, ClotPro, 
this method has a number of advantages: contactlessness, no need 
for reagents, the possibility of portable implementation and the 
speed of obtaining results. 
 Available studies confirm a high correlation between the indica-
tors obtained with the help of LSA and the parameters of standard 
coagulological devices. Although the method is still at the stage of 
laboratory validation, it has significant potential for use in extreme 
conditions, in particular, in field hospitals, stabilization points, and 
during emergencies. 
 Further research should be aimed at standardizing the technique, 
developing software for signal processing and creating full-fledged 
prototypes for clinical use. In the future, LSA can become an inte-
gral part of mobile diagnosis of haemostasis, especially in condi-
tions of war or disasters, where the speed of decision-making saves 
lives. 
 The use of nanocoatings on optical elements, in particular, lenses 
and lenses, in speckle imaging systems reduces noise levels, im-
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proves contrast and image detail, which is critical for the correct 
analysis of coagulation processes in biological samples. 
 The integration of silver nanofilm as a reflective element into the 
optical circuit of the speckle analyser allows: 
— to increase optical contrast; 
— to enhance the dynamics of the speckle signal; 
— to react sensitively to structural and viscous changes in the 
blood sample during coagulation. 
 This solution is a full-fledged element of the nanotechnological 
design of the system, taking into account the scale, application 
methods (e-beam evaporation, sputtering) and nanostructural surface 
properties. 
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Effect of Nanogold Layer on the Aluminizing Process 
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Mosul, Iraq 

Nanolayer of gold is obtained by the method of physical vapour deposition 
as a thermal barrier on a nickel-base superalloy. The effect of this layer 
on the aluminizing process and the efficiency for hot-corrosion resistance 
is studied by comparing two sets of samples: the first set, which is con-
tained of the gold layer, while the second set is aluminized without this 
layer. The aluminizing process is carried out for both sets, using the pack-
cementation method at a temperature of 1000C. The samples coated with 
nanogold show a different behaviour from those samples, which are alu-
minized only, where the use of nanogold oxide improves the alloy ability 
to withstand hot-corrosion conditions. 

Наношар золота було одержано методом фізичного осадження з парової 
фази як тепловий бар'єр на ніклевому суперстопі. Вплив цього шару на 
процес алюмінування й ефективність стійкости до гарячої корозії було 
досліджено шляхом порівняння двох наборів зразків: перший набір мі-
стив шар золота, а другий набір був алюмінований без цього шару. 
Процес алюмінування проводився для обох наборів методом пакуваль-
ної цементації за температури у 1000C. Зразки, покриті нанозолотом, 
демонстрували іншу поведінку, ніж ті, що були лише алюміновані, де 
використання нанооксиду Ауруму поліпшило здатність стопу витриму-
вати умови гарячої корозії. 

Key words: diffusion coating, hot corrosion, nanogold, pack cementation, 
surface engineering. 

Ключові слова: дифузійне покриття, гаряча корозія, нанозолото, твер-
да цементація, інженерія поверхні. 
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1. INTRODUCTION 

Diffusion coatings were developed firstly and are used primarily to 
enrich the surface of the superalloy with aluminium. These coatings 
proved very successful and in the early to mid-1960s, this coating 
technique was applied to turbine blades made of nickel alloys [1–3]. 
There are a number of methods of forming aluminide coatings such 
as slurry spraying followed by high temperature diffusion, electroly-
sis and pack cementation. Of all these methods, pack cementation is 
the one widely used, as it is inexpensive and ideally suited for coat-
ing small components [4–6]. Despite the mentioned features, the dif-
fusion of Ni from the superalloy and that of Al from the overlay 
causes, however, structural changes capable of causing spall off of 
the protecting layer [7]. Diffusion barrier coating systems have ex-
cellent mechanical properties (creep and fatigue), improving alloy 
substrate performance, and enhance the anti-exfoliation properties of 
YSZ in thermal barrier coatings (TBC) in addition to providing excel-
lent oxidation resistance [8]. Adding a layer of yttrium oxide (Y2O3) 
to the alloy Fe–30 Cr before the aluminizing process improves its re-
sistance to oxidation, as the yttrium oxide layer acts as a diffusion 
barrier that prevents the spread of aluminium from the coating layer 
into the alloy and preventing the spread of the alloy elements out-
ward. The concentration of the element yttrium has an effect on the 
properties of the coating resulting from the aluminizing process, 
small amounts of it act as nucleation sites that impede the growth of 
granules, while adding large amounts of it leads to delaying the 
phase transformation -Al2O3-Al2O3 [9]. The diffusion barrier 
may partially prevent the interdiffusion of the alloy elements, thus 
improving the oxidation resistance of thermal barrier coatings 
(TBCs), where the content of aluminium and chromium was higher, 
while the rest of the alloy elements were lower in the mixture coat-
ing material for the sample with the diffusion barrier compared to 
the one without the barrier [10]. In this research, adding a nanogold 
layer as a thermal barrier to a nickel-based alloy and study the effect 
of that layer on the aluminizing process and efficiency of hot corro-
sion for the BV-18 nickel-based superalloy. The resulting coatings 
were analysed quantitatively and qualitatively for both types of coat-
ing using x-ray spectroscopy (XRD), (SEM), and (EDX) techniques to 
determine the compounds that make up the coating and their phases. 

2. EXPERIMENTAL METHODS 

2.1. Materials 

In this study, the superalloy BV-18 is used, which is one of the 
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blades of turbine engines used in gas stations to generate electrical 
power; its quantitative and qualitative specifications are shown in 
Table 1. 

2.2. Coating Processes 

In this study, two types of coating techniques are used. 

2.2.1. Pack Cementation 

Aluminizing is performed in a tube furnace under vacuum, which is 
maintained throughout the process (heating, holding, and cooling). 
 The cementation process was carried out for all prepared samples 
and for the superalloy BV-18 using a mixture of aluminium powder 
30% as the coating material, aluminium oxide (alumina) 66% as a 
material that helps prevent agglomeration of the mixture, and am-
monium chloride powder. With a percentage of 4% as an activating 
material, the mixture is placed after good mixing inside the pod 
gradually, while placing the samples to be coated in it. The pod is 
closed and placed inside a vacuum oven according to Fig. 1. 
 The temperature of the oven is set at the required degree 1000C. 
Cementing takes place for a period of 6 hours, and after the comple-
tion of the coating process, the samples are cooled inside the oven 
until the temperature (of 200


C) reaches, while continuing to oper-

ate the vacuum device. Then, the samples are taken out, cleaned, 
then weighed and stored well until tests are conducted on them. 

TABLE 1. Composition [wt.%] of superalloy BV-18 used in the experi-
ments. 

Element Ni Cr Ti Co Mo Al C Si S 

wt.% balance 17.85 4.15 5.31 2.28 10.53 8.79 4.99 3.57 

 

Fig. 1. Schematic drawing of the coating system. 
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2.2.2. Nanogold Layer Coating 

There are different techniques for fixing the diffusion barrier ma-
terial on the surface of the sample, including chemical evaporation 
(CVD) or physical (PVD) coating, laser coating, and others. In this 
study, the sputtering coating technique was used. This method is 
one of the physical evaporation (PVD) methods and is a widely used 
technique. To deposit thin films, a nanogold layer was deposited on 
some samples of the alloy BV-18 targeted in our study using a de-
vice (Q150R ES), the image of which is shown in Fig. 2. Sputter 
target/disc style 57 mm0.1 mm thick gold. 

3. RESULTS AND DISCUSSION 

3.1. Surface Morphology 

The results were obtained after aluminizing the superalloy BV-18 
with pack-cementation process through a single aluminizing process 
and aluminizing in the presence of the nanogold at a temperature of 
0111C and for time period of 6 h. For each processing mode, single 
set of parameter was used: high temperature with high Al activity 
(HTHA). 
 The results of the analysis of the scanning electron microscopy 
(SEM) shown in Fig. 3 for the two types of coatings showed a ho-
mogeneous spread of aluminium. 
 From spectroscopic analysis of the EDS (Figs. 4, 5), there are 

 

Fig. 2. Q150R ES device used to deposit nanogold layer. 

TABLE 2. Composition [wt.%] of the coated superalloy BV-18. 

Type of coating Element Al Ni Co Cr Au Si Mo 

Single aluminizing wt.% 21.21 25.52 16.08 8.18 Non 0.42 0.66 

Nanogold wt.% 24.00 12.62 3.01 2.32 1.99 0.76 0.00 
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many peaks for the elements, including aluminium, nickel and co-
balt, and the highest intensity of these peaks is the element alumin-
ium, which represents the basic element for the coating layer. 
 This is what appeared in the data of Table 3 for quantitative and 

  
a     b 

Fig. 3. Surface morphology of aluminizing with: a—single aluminizing; 
b—nanogold. 

 

Fig. 4. EDS for aluminizing coating for single aluminizing of BV-18 su-
peralloy at 1000C for 6 h. 

 

Fig. 5. EDS for aluminizing coating in the presence of nanogold layer for 
BV-18 superalloy at 1000C for 6 h. 
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qualitative analysis by the scanning electron device (EDS). 
 The percentage of aluminium and nickel is shown in Table 5. This 
supports the analysis of XRD spectrum in obtaining the intermedi-
ate compounds of nickel–aluminium, as well as obtaining some in-
termediate compounds of cobalt–aluminium, with a weight ratio 
[wt.%] of cobalt. 

3.2. Optical Microscopy Examination 

The samples that were coated with single aluminium using the pack-

TABLE 3. Average mass gain and average thickness of aluminized samples 
by single aluminizing and nanogold for BV-18 superalloy for 6 h at 0111C. 

Type of coating Av. thickness of coating, µm Mass gain, mg/cm2 

Single aluminizing 350 48.63 

Nanogold 358 40.57 

TABLE 4. The phases are possible to form in single aluminizing coating. 

Ref. Code Compound Name Chemical Formula 

03-065-0672 Aluminium Cobalt AlCo 

00-002-1261 Aluminium Nickel AlNi 

00-002-1239 Aluminium Chromium AlCr2 

00-021-0008 Aluminium Nickel AlNi3 

00-038-1026 Aluminium Chromium Al86Cr14 

03-065-3454 Aluminium Nickel Al3Ni2 

03-065-7336 Aluminium Chromium Al0.983Cr0.017 

03-065-8530 Aluminium Molybdenum AlMo3 

00-042-1467 Cobalt Oxide Co3O4 

00-032-0285 Chromium Oxide CrO3 

TABLE 5. The phases are possible to form in aluminizing process in pres-
ence of nanogold layer. 

Ref. Code Compound Name Chemical Formula 

03-065-8473 Aluminium Gold Al2Au 

01-075-1865 Aluminium Oxide Al2O3 

00-029-0021 Aluminium Cobalt AlCo 

00-002-1261 Aluminium Nickel AlNi 

00-047-1410 Aluminium Titanium AlTi2 

01-089-3697 Gold Au 
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cementations method showed the appearance of three areas of coat-
ing: the outer layer, the inner region and, interdiffusion zone, 
which is a narrow area free of deposits. The cross-section of the 
samples was photographed as shown in Fig. 6 for two types of coat-
ings (a—single aluminizing; b—nanogold). The thickness of coating 
with single aluminizing and nanogold with mass gain value are 
shown in Table 3. 
 The microscopic examination of the coating after 6 h showed the 
presence of two regions, the outer region containing dark structures, 
which may be secondary phases, and the inner region having light-
coloured structures, somewhat narrow and a little thick at the bot-
tom, i.e., the interdiffusion zone. This is known as the diffusive ex-
change zone. It is also noted that the microscopic structure of the re-
sulting coatings is characterized by the presence of more than one 
phase in the coating layer, and the outer coating layer consists of 
phases rich in aluminium. 

3.3. XRD Analysis 

It must be remembered that the alloy used in the research is nickel-
based, and its coating with aluminium leads to the formation of one 
of the phases of intermediate compounds nickel–aluminium, and 
this has already happened. The results of XRD analysis revealed 
many complications in terms of the number of resulting phases, but 
they confirmed the formation of the aluminium-rich phase Ni–Al 
and Ni2Al3 are mainly in the coatings produced after 6 hours this is 
consistent with what was stated in Ref. [11] for high temperature–
high activity aluminize coating. 
 The results of the x-ray diffraction analysis of the coated sample 
for a period of 6 hours, as was shown from the diffraction model in 
Fig. 7, the appearance of peaks by returning to the phase diagrams 
for both systems nickel–aluminium and aluminium–gold. In Figures 

 
a      b 

Fig. 6. Microstructure of the samples coated with two types of aluminizing 
coatings: (a) single aluminizing; (b) nanogold at temperature of 0110C for 
6 h. 
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8 and 9, we find that the phases are possible to form at this tem-
perature. Tables 4 and 5 show the phases, which are possible to 
form in single aluminizing and with nanogold layer. 

3.4. Hot-Corrosion Test 

This test was conducted with the aim of identifying the resistance of 
the single aluminized sample compared to the aluminized sample in 
presence of nanogold layer for hot corrosion conditions, and the test 
results have been shown by studying (the change of mass with time) 
in salt vapour at 900C. As shown in Fig. 01, the sample aluminized 
with single aluminizing suffered some decreasing in mass in the first 

  
a      b 

Fig. 7. X-ray diffraction plot of a sample coated with: (a) single aluminiz-
ing; (b) nanogold at 0111C for 6 hours. 

 

Fig. 8. Comparison of the results of X-ray analysis that are formed in a 
single aluminizing coating for BV-18 superalloy at 1000C for 6 h with 
those stored in the X’Pert High Score Plus program. 
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50 hours of exposure, while stability in mass was observed with alloy 
that coated with nanogold layer before aluminizing process. 

4. CONCLUSIONS 

In this research, the effect of adding nanogold layer as a thermal 
barrier on (aluminizing process and resisting hot corrosion) was 
studied. It is indicated from the (Microscopic, XRD, SEM-EDS) 
analysis that inward diffusion of Al and outward diffusion of Co, 

 

Fig. 9. Comparison of the results of x-ray analysis, which are obtained for 
the aluminizing coating in the presence of nanogold layer for BV-18 su-
peralloy at 1000C for 6 h, with those stored in the X’Pert High Score 
Plus program. 

 

Fig. 01. Cyclic oxidation kinetics of single aluminizing coating and in 
presence of nanogold layer in salt vapour at 900C. 



326 M. M. MAHMOOD, M. A. HAMOOD, and S. M. AHMED 

Ni and Cr have led to the formation of multilayer with different 
phases, the addition of nanogold produce some different phases 
such as Al2Au and stable alumina phase (Ref. Code 01-075-1865), 
namely, -Al2O3. By monitoring the weight loss and the data ob-
tained from the kinetics of oxidation, it was shown that the coating 
in the presence of nanogold has the best resistance to hot corrosion 
and had less change in mass during the test compared to single 
aluminized, and the protective oxidation scale -Al2O3 has very good 
adhesion and stability during exposure time. Overall, for the above, 
this thermal barrier is considered with a high efficiency in resisting 
the harsh operating conditions of engineering equipment. 
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