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Abstract

Amphetamine, dopamine, norepinephrine, serotonin, and tryptamine are a group of monoamine neurotransmitters that
regulate diverse brain functions. This work examined these compounds’ neutral, protonated, and deprotonated, structural,
energetic, and optical properties using quantum chemistry methods. Noncovalent interactions (NCI) and reduced density
gradient (RDG) investigations revealed weak intermolecular forces and electron density distribution. The RDG values were
observed to span from 0.12 to 0.43, indicating varying degrees of repulsion or attraction. The hydrogen bonding patterns
and their strength and nature were also investigated using the Atoms in Molecules (AIM) and B3LYP methods. The
quantification was done using V"2 p(r), H(r), and energy density values, which showed a variation from -0.014 to 0.026
Hartree/Bohr3, reflecting covalent or electrostatic interactions. A comparison was made between the compounds based on
their physical and chemical attributes, such as polar surface area (ranging from 41.81 to 86.71 A?), rotatable bonds (which
were identical), and proton affinity (a measure of stability). Lewis structures and natural bond orbital (NBO) analysis showed
resonance and electron delocalization. The study also examined their molecular orbitals (MOs) and found that protonation
and deprotonation could significantly change their electronic characteristics, including the energies of the highest occupied
(HOMO) and lowest unoccupied (LUMO), the energy gap, and the shape and size of their lobes. The nonlinear optical
properties were also assessed, affected by polarizability and hyperpolarizability indices, ranging from 2.267 a.u. (Dopamine)
to 7.891 a.u. (Protonated Serotonin). These properties pointed to the applications of these compounds in optical devices.

Keywords: Quantum chemistry, Molecular interactions, Monoamine neurotransmitters, electronic properties, and
Protonation states
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1. Introduction

Amphetamines, a class of psychoactive
compounds, exert profound effects on the
central nervous system. Notably, amphetamine,
a potent stimulant, triggers the release of key
neurotransmitters-dopamine, norepinephrine,
and serotonin-crucial for mood, attention,
and physiological processes. Dopamine relates
to pleasure, norepinephrine to alertness, and
serotonin to emotional well-being. Tryptamine,
a fundamental neurotransmitter component,
underscores their interconnected role in
cognition and sensation, affecting normal
brain function and psychoactive substance
effects [1-5]. Noncovalent interactions (NCIs),
encompassing weak molecular forces, hold
vast significance across chemistry, biology, and
material science, notably in drug discovery for
optimized interactions [6]. Recent strides in
methodologies like Reduced Density Gradient
(RDG) analysis and Noncovalent Interaction
(NCI) indices are pivotal for deciphering these
interactions and enhancing tailored drug-target
binding for therapeutic efficacy. The Reduced
Density Gradient (RDG) method, rooted in electron
density, unveils spatial distribution insights for
Non-covalent interactions like hydrogen bonds
and van der Waals forces, refining drug binding
and selectivity. This study employs RDG and NCI
methods to explore Non-covalent interactions,
spotlighting their role in drug design. Objectives
encompass characterizing interactions, assessing
protonation effects, and examining resulting
molecular properties, promising refined drug
design for potent therapeutic agents [7-9]. The
investigation extends to topological parameters
via the Atoms in Molecules (AIM) approach, vital
for understanding drug-receptor interactions and
enhancing binding affinity [10, 11]. By utilizing
advanced computational techniques, including
Density Functional Theory (DFT), this study
uncovers the distribution of attractive/repulsive
forces depicted through RDG scatter plots and
topological parameters [12]. The exploration also
delves into nonlinear optical properties (NLO)
and quantum parameters, offering multifaceted
insights [13, 14].

This study delves into the intricate world of
molecular interactions, bridging neurochemistry
and computational chemistry to advance
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our comprehension of the human mind and
pharmaceutical development.

2. Computational Details

In this study, the computational investigations
were conducted using the Gaussian software
package, a prominent suite of quantum chemistry
tools [15-17]. The Density Functional Theory
(DFT) calculations used the accurate 6-31G(d,p)
and 6-311++G(d,p) basis sets, enabling a precise
exploration of molecular interactions, electron
densities, and energy profiles. These aspects are
crucial for optimizing drug-receptor binding and
enhancing the understanding of non-covalent
interactions [18-20].

3. Results and discussion
3.1. RDG and NCI Analysis

Noncovalent interactions (NCI) and reduced
density gradient (RDG) studies are novel
methodologies used for the characterization of
weak intermolecular interactions [55-58]. The NCI
index is used for characterizing intermolecular
interactions and evaluating the characteristics
of weak interactions. The NCI index is derived
from the reduced density gradient (RDG) and
provides further support for non-covalent
interactions. The reduced density gradient (RDG)
is a fundamental dimensionless quantity that
includes the density and its initial derivative . The
colorful RDG scatter plots were produced using
the Multiwfn program, whereas the 3D isosurface
was shown employing the VMD software [21,
22]. The NCI studies were conducted using an
isosurface threshold of 0.5. The isosurface range
for the Reduced Density Gradient (RDG) extends
from —0.035 to 0.02 atomic units. Fig. 1 displays
the two-dimensional representation of the
reaction-diffusion grid (RDG) plots, as well as the
three-dimensional isosurface.

The determination of the electron density
of the sign(k2)q peaks concerning RDG provides
valuable insights into the characteristics and
intensity of the molecular interactions. Within
the molecular system, the color blue shows
attractive interactions, whereas the colour red
signifies repulsive interactions. The sign of the
product between the sign of A2 and the charge
p(r) is crucial in determining the characteristics of
the interaction. Specifically, when the sign of A2
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p(r) is negative, it signifies a repulsive interaction
that is bonded. Conversely, when the sign (A2) p is
positive, along with the corresponding symbol, it
shows a repulsive interaction that is non-bonded.

The scatter graphs of the RDG complexes are
shown on the right side of Fig. 1. As seen on the left
side of Fig. 1, the color red is assigned to denote
strong repulsion resulting from steric effects, blue
is used to show hydrogen bonding interactions,
and green is employed to signify van der Waals
interactions [23, 24]. As seen on the left side of
Fig. 1, the blue coloration signifies the occurrence
of hydrogen bonding. The green coloration
correlates to van der Waals interactions, while
the red coloration shows steric or cyclic effects.
It is observed that all deprotonated compounds
possess a low density and have a limited
hydrogen interaction. Conversely, all protonated
compounds show a larger density and display
hydrogen bond interactions.

Serotonin and tryptamine have a pronounced
repulsive behavior compared to other compounds,
as seen by their red color in Fig. 1. The existence of
aweak hydrogen bond interaction, together with
additional contacts between the two hydrogen
atoms (H-H), is shown by the observation of
a green-colored isosurface for the serotonin
and tryptamine complex. This green-colored
isosurface may be attributed to van der Waals
interactions. The identification of this isosurface
position suggests the existence of van der Waals
interactions.

3.2. Topological parameters

Using the atoms in molecules (AIM) analysis
is a widely used approach for the detection and
characterization of non-covalent interactions
present in molecular systems, particularly
emphasizing intra- and intermolecular hydrogen
bonding. The determination of hydrogen bonds
in molecular complexes is accomplished by
conducting a thorough examination of electron
density using topological techniques [25-28]. The
B3LYP [29, 30] technique was used to calculate
the topological characteristics, such as the
Laplacian of electron density and the electron
density, potential energy density, and ellipticity
at bond critical sites (BCP). The computations
have been succinctly presented in Table 1, while
Fig. 2 provides a visual representation of the BCP.
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Based on the findings presented in reference
[27], the quantification of hydrogen bond
interaction can be determined using the following
criteria: weak hydrogen bonding is shown when
the second derivative of the electron density
regarding the distance is positive and the value
of the Hamiltonian (H(r)) is positive; medium
hydrogen bonding is categorized by a positive and
a negative H(r); and strong hydrogen bonding is
classified by a negative and a negative H(r).

The strong covalent connection between
oxygen and hydrogen is shown by the significant
negative values for O1-H21(-2.170) for protonated
dopamine, as displayed in Table 1 and Fig. 2.

If the energy density at the critical sites is
negative (HBCPs < 0), the hydrogen bond exhibits
a covalent nature. Conversely, if the energy
density is positive (HBCPs > 0), the hydrogen bond
has an electrostatic character.

3.3. Drug likeness

Table 2 succinctly compares the physico-
chemical attributes of five compounds -
Amphetamine, dopamine, norepinephrine,
serotonin, and tryptamine - in neutral, protonated,
and deprotonated forms, shedding light on
their potential utility in drug design. Notably,
norepinephrine and dopamine exhibit a relatively
higher number of hydrogen bond donors and
acceptors compared to the expected range
of <5, suggesting their propensity for strong
interactions [31]. Norepinephrine boasts the
largest polar surface area (PSA) of 86.71 A2,
indicative of extensive interaction potential,
while Tryptamine possesses a smaller PSA of
41.81 A?, suggesting a more focused interaction
profile [32]. The variations in molecular weight
among the compounds reflect Norepinephrine’s
relatively higher mass and Amphetamine’s and
Dopamine’s lighter nature, potentially affecting
their absorption and distribution properties
[33]. Interestingly, all compounds share the
same number of rotatable bonds (2), showing
comparable flexibility [34]. The higher molar
refractivity observed in dopamine and tryptamine
implies their favorable interaction with polar
environments [35]. Upon protonation, hydrogen
bonding properties remain relatively stable
across the compounds, with minor decreases in
PSA values and minimal changes in molecular
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Table 1. Topological parameters (all in a.u) at the bond critical point (BCP) of title compound [Electron

density (, Laplacian of electron density (, and Ellipticity)], The units of V, G, and H are in a.u. For a — in
a protonated state, and b — in a deprotonated state

1 | 2 | 3 | 4 | 5 | 6 | 7
a
Amphetamine
Cesisu \Y G H
C2-HI11 0.295 -1.088 0.028 -0.346 0.037 -0.309
C3-HI12 0.283 -0.979 0.011 -0.331 0.043 -0.288
C3-HI13 0.283 -0.982 0.010 -0.332 0.043 -0.289
C5-HI16 0.282 -0.987 0.016 -0.331 0.042 -0.289
C5-H14 0.287 -1.049 0.010 -0.340 0.039 -0.301
C5-H15 0.280 -0.976 0.017 -0.328 0.042 -0.286
C6 - H17 0.288 -1.013 0.033 -0.344 0.045 -0.299
C7 -H18 0.289 -1.031 0.026 -0.345 0.043 -0.301
N1-HI19 0.336 —-1.852 0.004 -0.539 0.038 -0.501
N1 -H20 0.336 -1.850 0.004 -0.539 0.038 -0.501
C8 - H21 0.292 -1.061 0.023 -0.349 0.042 -0.307
C9 - H22 0.292 -1.059 0.027 -0.350 0.042 -0.307
C10 - H23 0.292 -1.062 0.025 -0.349 0.042 -0.308
N1 -H24 0.336 -1.848 0.004 -0.538 0.038 -0.500
Dopamine
N3 - H23 0.335 -1.851 0.003 0.500 0.000 0.500
C4-HI13 0.283 -0.983 0.011 0.288 0.000 0.288
C6-H14 0.292 -1.086 0.031 0.308 0.000 0.308
C6 — H15 0.293 -1.089 0.031 0.308 0.000 0.308
C7-Hl16 0.288 -1.021 0.036 0.300 0.000 0.301
C8 - H17 0.289 -1.030 0.027 0.301 0.000 0.301
C10-H18 0.289 -1.032 0.029 0.302 0.000 0.302
N3 -HI19 0.335 -1.853 0.003 0.501 0.000 0.501
N3 - H20 0.336 -1.853 0.003 0.501 0.000 0.501
O1-H21 0.366 -2.170 0.021 0.601 0.001 0.602
02 - H22 0.367 -2.166 0.019 0.602 0.001 0.603
Norepinephrine
O1-H24 0.025 0.128 0.320 -0.028 0.030 0.002
C5 -H13 0.289 -1.033 0.027 -0.332 0.037 -0.295
C7-H14 0.292 -1.089 0.028 -0.344 0.036 -0.308
C7 - H15 0.293 -1.092 0.029 -0.345 0.036 -0.309
C8 -H16 0.290 -1.034 0.034 -0.348 0.045 -0.303
C9 - H17 0.289 -1.038 0.023 -0.345 0.043 -0.302
C11-H18 0.290 -1.034 0.030 -0.346 0.044 -0.302
01 -H19 0.363 -2.165 0.020 -0.658 0.058 -0.599
N4 - H20 0.337 -1.856 0.003 -0.541 0.039 -0.503
N4 - H24 0.326 -1.815 0.002 -0.522 0.034 -0.488
N4 - H21 0.337 -1.860 0.003 -0.542 0.038 -0.503
02 - H22 0.366 -2.171 0.020 -0.659 0.058 -0.601
03 - H23 0.367 -2.168 0.019 —-0.662 0.060 -0.602
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Table 1.
1 2 3 4 | 5 | 6 7
Serotonin
C6-H14 0.284 -0.986 0.012 -0.332 0.043 -0.289
Cl11-H21 0.290 -1.044 0.023 -0.347 0.043 -0.304
Cl1-C13 0.316 -0.822 0.507 -0.439 0.117 -0.322
C13 - H22 0.293 -1.065 0.026 -0.350 0.042 -0.308
C6 - H15 0.282 -0.974 0.013 -0.328 0.042 -0.286
C8 -Hl16 0.290 -1.076 0.026 -0.345 0.038 -0.307
N2 - H17 0.348 -1.841 0.057 -0.579 0.059 -0.520
C9-H18 0.292 -1.087 0.032 -0.344 0.036 -0.308
C9-H19 0.293 -1.090 0.032 -0.344 0.036 -0.308
C10 - H20 0.282 -0.964 0.045 -0.340 0.050 -0.290
N3 - H23 0.335 -1.851 0.003 -0.538 0.038 -0.501
N3 - H24 0.336 -1.853 0.004 -0.539 0.038 -0.501
O1-H25 0.372 -2.146 0.021 -0.665 0.064 -0.601
N3 -H26 0.336 -1.853 0.003 -0.539 0.038 -0.501
C6-H14 0.284 -0.986 0.012 -0.332 0.043 -0.289
Tryptamine
C5 -H13 0.284 -0.987 0.012 -0.332 0.043 -0.290
C10-H20 0.290 -1.036 0.029 -0.346 0.044 -0.303
Cl1-H21 0.291 -1.050 0.025 -0.348 0.043 -0.305
C12 - H22 0.292 -1.057 0.024 -0.349 0.042 -0.307
C5-H14 0.282 -0.976 0.013 -0.328 0.042 -0.286
C7 - H15 0.290 -1.077 0.027 -0.345 0.038 -0.307
N1-H16 0.348 -1.840 0.057 -0.578 0.059 -0.519
C8 - H17 0.292 -1.085 0.032 -0.343 0.036 -0.307
C8 - H18 0.293 -1.093 0.031 -0.344 0.036 -0.309
C9-H19 0.286 -0.996 0.031 -0.342 0.046 -0.295
N2 - H23 0.336 -1.852 0.003 -0.538 0.038 -0.501
N2 - H24 0.336 -1.853 0.003 -0.538 0.038 -0.501
N2 - H25 0.336 -1.852 0.003 -0.539 0.038 -0.501
b
Amphetamine
Cesi3u \Y G H
C2-Hl11 0.253 -0.751 0.016 -0.265 0.039 -0.226
C3-HI12 0.282 -0.972 0.018 —-0.331 0.044 -0.287
C3-H13 0.280 -0.947 0.020 -0.329 0.046 -0.283
C5-H16 0.273 -0.911 0.006 -0.321 0.047 -0.274
C5-H14 0.271 -0.906 0.001 -0.315 0.044 -0.271
C5-H15 0.272 -0.911 0.004 -0.318 0.045 -0.273
C6 - H17 0.289 -1.017 0.041 -0.348 0.047 -0.301
C7-H18 0.287 -1.008 0.027 -0.342 0.045 -0.297
N1-H19 0.327 -1.366 0.076 -0.517 0.088 -0.430
C8 — H20 0.285 -0.995 0.024 -0.340 0.045 -0.294
C9 -H21 0.285 -0.988 0.030 -0.340 0.047 -0.294
C10-H22 0.284 -0.985 0.033 -0.340 0.047 -0.293
Dopamine
02 -H20 0.019 0.090 1.083 -0.022 0.022 0.000
C4 - H12 0.280 -0.954 0.027 -0.332 0.047 -0.285
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Table 1.
1 2 3 4 5 6 7
C4 - H13 0.278 -0.934 0.028 -0.329 0.048 -0.281
C6-H14 0.274 -0.915 0.022 -0.313 0.042 -0.271
C6 - H15 0.260 -0.818 0.024 -0.284 0.040 -0.244
C7-H16 0.287 -1.002 0.044 -0.345 0.047 -0.298
C8 - H17 0.286 -1.005 0.030 -0.342 0.045 -0.297
C10-H18 0.284 -0.989 0.025 -0.339 0.046 -0.293
N3 -HI19 0.328 -1.379 0.073 -0.520 0.087 -0.432
O1-H20 0.367 -2.128 0.022 -0.656 0.062 -0.594
02 - H21 0.369 -2.105 0.023 -0.660 0.067 -0.593
Norepinephrine

03 - H22 0.371 -2.131 0.021 -0.666 0.067 -0.599
02 -H21 0.371 -2.141 0.022 -0.664 0.064 -0.600
N4 - H20 0.338 -1.671 0.036 -0.541 0.061 -0.479
N4 - H19 0.330 -1.747 0.027 -0.531 0.047 -0.484
C8 -H16 0.291 -1.069 0.025 -0.346 0.039 -0.307
C9 - H17 0.285 -0.984 0.045 -0.342 0.048 -0.294
Cl11-H18 0.281 -0.958 0.029 -0.334 0.047 -0.287
C7-H14 0.279 -0.953 0.018 -0.326 0.044 -0.282
C7 -H15 0.276 -0.933 0.018 -0.320 0.044 -0.277
C5-HI13 0.260 -0.814 0.023 -0.277 0.037 -0.240
O1-H19 0.022 0.100 0.528 -0.025 0.025 0.000

O1-H16 0.017 0.080 1.566 -0.016 0.018 0.002

03 - H22 0.371 -2.131 0.021 -0.666 0.067 -0.599

Serotonin
N3 - H23 0.327 -1.383 0.076 -0.520 0.087 -0.433
Cl11-H21 0.284 -0.991 0.023 -0.339 0.046 -0.293
Cl1-C13 0.307 -0.775 0.496 -0.414 0.110 -0.304
C13 - H22 0.287 -1.007 0.030 —-0.343 0.046 -0.298
C6-H14 0.280 -0.958 0.015 -0.327 0.044 -0.283
C6 - H15 0.280 -0.948 0.017 -0.329 0.046 -0.283
C8-H16 0.288 —-1.046 0.046 -0.347 0.043 -0.304
N2 - H17 0.349 -1.794 0.064 -0.580 0.066 -0.514
C9-H18 0.246 -0.721 0.024 -0.257 0.038 -0.218
C9-H19 0.259 -0.812 0.021 -0.283 0.040 -0.243
C10-H20 0.284 -0.986 0.034 -0.340 0.047 -0.293
O1-H24 0.372 -2.127 0.022 -0.664 0.066 -0.598
Tryptamine

C5 -H13 0.276 -0.930 0.018 -0.326 0.047 -0.279
N2 - H23 0.320 -1.359 0.054 -0.507 0.084 -0.424
H18 - H19 0.009 0.025 0.233 -0.004 0.005 0.001

C10-H20 0.278 -0.955 0.034 -0.334 0.047 -0.286
Cl1-H21 0.280 -0.972 0.031 -0.336 0.047 -0.290
C12 - H22 0.280 -0.971 0.026 -0.336 0.046 -0.289
C5-H14 0.273 -0.909 0.019 -0.322 0.047 -0.275
C7 - H15 0.285 -1.024 0.064 -0.343 0.044 -0.299
N1-H16 0.347 -1.826 0.051 -0.570 0.057 -0.513
C8 - H17 0.253 -0.758 0.010 -0.284 0.047 -0.237
C8 -H18 0.244 -0.693 0.014 -0.268 0.047 -0.221
C9-HI19 0.285 -1.033 0.020 -0.340 0.041 -0.299
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Fig. 2. Electron density of the title compounds
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Fig. 2.

weights. Remarkably, all measured values align
with the expected ranges for drug-like molecules,
highlighting the compounds’ suitability for
further drug design efforts. In summary, this
concise yet informative analysis underscores how
a diverse range of physicochemical properties
can effectively guide molecular design, ensuring
favorable interactions and the potential
development of efficacious therapeutic agents.

3.4. Natural Bond Order (NBO) analysis

The investigation included the examination
of the Lewis structures of all compounds in their
neutral, protonated, and deprotonated forms. This
examination was conducted using the B3LYP/6—
311+G(d, p) technique and theoretical approaches
based on the NBO analysis, as shown in Table
3-7. The NBO analysis is a significant technique
used for examining the Lewis structure of a

molecule. It offers essential insights into several
aspects, including resonance delocalization, bond
order, hybridization type, and donor-acceptor
interactions. The DFT calculations were used
to conduct a comprehensive study, including
the entire NBO analysis and the analysis of the
second-order Fock matrix perturbation theory.
As well as, the second order energy predicts
the stabilization energy, which represents the
strength of the delocalization interactions, for
each donor NBO (i), acceptor NBO (j), and the
E(2) associated with the electron delocalization
between the donor and the acceptor [36-40].

In the above equation, the symbol “gi”
represents the occupancy of the donor orbital,
while “ei” and “gj” denote the diagonal elements.
“F(i,j)” represents the off-diagonal NBO Fock
matrix element. A greater value of E(2) signifies

389



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

Y. H. Azeez et al.

2024;26(3): 379-406

Probing molecular interactions, electronic properties, and reactivity...

Table 2. Physiochemical property values of study compounds and standard drug molecules

Am- Norepi-
Descriptors phet- Dopa- nep}?— Sero- | Trypt- | Expect-
amine mine rine tonin amine |ed range
Hydrogen bond donor (HBD) 1 3 4 2 2 <5
Hydrogen bond acceptors (HBA) 1 3 4 2 1 <10
Polar surface area (PSA) 26.02 66.48 86.71 62.04 41.81 < 140
Molecular weight 135.21 | 153.18 | 169.18 | 176.22 | 160.22 <500
Number of rotatable bonds 2 2 2 2 2 <10
Molar refractivity 43.73 42.97 44.13 52.80 50.78 | 40-160
Protonated
Hydrogen bond donor (HBD) 1 3 4 3 2 <5
Hydrogen bond acceptors (HBA) 0 2 3 1 0 <10
Polar surface area (PSA) 3.24 43.70 63.93 39.26 19.03 <140
Molecular weight 136.21 | 154.19 | 170.19 | 177.22 | 161.22 <500
Number of rotatable bonds 2 2 2 2 2 <10
Molar refractivity 44.69 43.93 45.09 53.13 51.74 | 40-160
Deprotonated
Hydrogen bond donor (HBD) 1 3 4 3 <5
Hydrogen bond acceptors (HBA) 1 3 4 2 1 <10
Polar surface area (PSA) 26.02 64.31 171.19 62.04 41.81 < 140
Molecular weight 137.22 | 153.18 86.71 178.23 | 160.22 <500
Number of rotatable bonds 2 0 2 2 2 <10
Molar refractivity 43.73 45.97 44.13 52.80 50.78 | 40-160

anincreased level of interaction between electron
donors and electron acceptors.

In this work, the NBO analysis reveals that the
highest lone pair of electrons on oxygen (N2) inside
the carboxylic group undergoes delocalization
towards the n* antibonding molecular orbital
of the C4-C8 bond within the same carboxylic
group for protonated serotonin compounds. This
delocalization process results in a significant
stabilization energy of 42.97 kcal/mol, as seen
in Table 1.

The delocalization interaction n*(C 11 -
C 13) tonn*(C 5 - C 7) in protonated serotonin
is of significant importance, with a stabilization
energy of 261.16 kcal/mol. Similarly, with
the neutral norepinephrine molecule, the
interaction betweenn*(C 11-C 12) and m*(C 8 -
C 10) is noteworthy, with a stabilization energy
of 256.38 kcal/mol. The findings show that
6—c™ interactions have a lower delocalization
energy compared to n—n* interactions. The
electron density attributed to 6 bonds exhibits
greater magnitude when compared to that of
m bonds.

390

3.5. Nonlinear optical properties (NLO)

Nonlinear optical (NLO) materials are of
significant importance in nonlinear optics,
particularly because of their significant effect
on information technology and industrial
applications. The first static analysis was
performed on the geometry that has undergone
optimization using the B3LYP/6-311G++(d,p)
method. The initial static hyperpolarizability,
represented as: is a tensor of three dimensions
with a rank of three, which may be mathematically
represented by a 3x3x3 matrix. The total static
dipole moment mean polarizability , and initial
static hyperpolarizability may be determined by
using the equations that include the x,y, and z
component [38, 41].

A high value of a particular component of
the polarizability and hyperpolarizability indices
indicates that there has been a considerable
delocalization of charge in one or more
specific directions [42, 43]. The total molecular
dipole moment , mean polarizability, and
first hyperpolarizability of the title have been
calculated and are presented in Table 8.
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Table 3. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Amphetamine

Donor NBO (i) | Acceptor NBO (j) |  E@),kcal/mol | E()-E(i),au. | F(iyj),a.u.
Neutral
nC 4-C 7 w™*C 6-C 8 19.64 0.28 0.066
nC 4-C 7 n*C 9-C 10 21.47 0.28 0.069
nC 6-C 8 C 4-C 7 20.68 0.29 0.069
nC 6-C 8 n*C 9-C 10 19.62 0.28 0.067
oC 6-H 17 c*C 4-C 7 3.95 1.1 0.059
oC 7-H 18 o*C 4-C 6 4.01 1.09 0.059
oC 7-H 18 ¢*C 9-C 10 3.53 1.1 0.056
nC 9-C 10 n*C 4-C 7 19.38 0.29 0.067
nC 9-C 10 n*C 6-C 8 20.76 0.28 0.068
oC 9-H 22 c*C 4-C 7 3.79 1.1 0.058
Protonated
nC 4-C 7 ™C 6-C 8 19.23 0.29 0.067
nC 4-C 7 ™C 9-C 10 18.18 0.3 0.066
cC 5-H 14 o*N 1-C 2 5.68 0.68 0.056
nC 6-C 8 n*C 4-C 7 21.44 0.27 0.069
nC 6-C 8 *C 9-C 10 18.87 0.29 0.067
cC 6-H 17 c*C 4-C 7 4.11 1.1 0.06
ocC 7-H 18 c*C 4-C 6 4.17 1.09 0.06
ntC 9-C 10 n*C 4-C 7 22.53 0.27 0.069
nC 9-C 10 *C 6-C 8 20.99 0.27 0.069
n*C 4-C 7 n*C 9-C 10 171.97 0.02 0.082
Deprotonated
nC 4-C 6 n*C 7-C 9 20.47 0.26 0.066
nC 4-C 6 n*C 8-C 10 26.03 0.25 0.073
nC 7-C 9 n*C 4-C 6 18.9 0.3 0.068
nC 7-C 9 n*C 8-C 10 18.96 0.28 0.066
nC 8-C 10 n*C 4-C 6 15.76 0.3 0.063
nC 8-C 10 “C 7-C 9 19.11 0.29 0.067
oC 9-H 21 o*C 4-C 7 3.65 1.12 0.057
LP( 2)N 1 c*C 2-H 11 20.35 0.48 0.092
n*C 7-C 9 C 4-C 6 196.57 0.02 0.084
n*C 8-C 10 n*C 4-C 6 133.51 0.02 0.08
Table 4. Second Order Perturbation Theory Analysis of Fock Matrix in NBO for dopamine
Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol E@)-E(), a.u. F(i,j), a.u.
1 2 3 4 5
Neutral

60 1-H 21 c*C 7-C 9 5.47 1.31 0.076
nC 5-C 8 nC 7-C 9 18.23 0.28 0.064
nC 5-C 8 n*C 10-C 11 20.8 0.27 0.068
nC 7-C 9 n*C 5-C 8 20.73 0.3 0.071
nC 7-C 9 n*C 10-C 11 19.68 0.28 0.068
cC 8-C 10 c*0 2-C 11 5.08 1.02 0.064
nC 10-C 11 nC 5-C 8 17.09 0.31 0.066
nC 10-C 11 n*C 7-C 9 18.6 0.3 0.068
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Table 4.
1 2 3 4 5
LP( 2)0 1 nC 7-C 9 28.74 0.35 0.095
n*C 10-C 11 n*C 5-C 8 179.74 0.02 0.08
Protonated
cO 1-H 21 o*C 7-C 9 5.64 1.3 0.077
c O 2-H 22 o“C 9-C 11 4.29 1.27 0.067
nC 5-C 8 n*C 7-C 9 17.38 0.29 0.065
nC 5-C 8 n*C 10-C 11 17.4 0.29 0.065
nC 7-C 9 n*C 5-C 8 20.91 0.29 0.07
nC 7-C 9 n*C 10-C 11 18.74 0.29 0.066
ocC 8-C 10 o0 2-C 11 4.88 1.05 0.064
nC 10-C 11 n*C 5-C 8 19.58 0.29 0.069
nC 10-C 11 n*C 7-C 9 18.85 0.29 0.067
LP( 2)0 1 nC 7-C 9 32.29 0.33 0.098
Deprotonated
oN 3-H 19 c*C 6-H 14 5.9 0.94 0.067
oC 4-C 6 o*C 5-C 7 7.11 0.47 0.057
nC5-C 7 n*C 8-C 10 18.2 0.26 0.061
nC 5-C 7 n*C 9-C 11 30.11 0.24 0.079
ntC 8-C 10 C 5-C 7 17.25 0.3 0.067
nt C 8-C 10 n*C 9-C 11 16.07 0.27 0.063
nC 9-C 11 n*C 8-C 10 21.98 0.3 0.073
LP( 2)0 1 n*C 9-C 11 26.91 0.35 0.095
™ C 8-C 10 n*C 5-C 7 227.99 0.01 0.082
n*C 9-C 11 ™ C 8-C 10 254.9 0.01 0.079
Table 5. Second Order Perturbation Theory Analysis of Fock Matrix in NBO for Norepinephrine
Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol E(j)-E(i), a.u. F(i,j), a.u.
1 2 3 4 5
Neutral
6O 2-H 22 c*C 8-C 10 5.43 1.31 0.076
nC 6-C 9 *C 8-C 10 18.14 0.28 0.065
nC 6-C 9 n*C 11-C 12 20.41 0.27 0.068
nC 8-C 10 n*C 6-C 9 21.08 0.29 0.071
nrC 8-C 10 n*C 11-C 12 20.66 0.28 0.069
cC 9-C 11 o0 3-C 12 5.03 1.02 0.064
nC 11-C 12 *C 8-C 10 17.97 0.3 0.067
LP( 2)O 2 n*C 8-C 10 28.2 0.35 0.094
n*C 11-C 12 ™C 6-C 9 179.59 0.02 0.08
n*C 11-C 12 *C 8-C 10 256.38 0.01 0.083
Protonated
cO 2-H 22 o*C 8-C 10 5.66 1.3 0.077
nC 6-C 9 “C 8-C 10 17.55 0.29 0.065
nC 6-C 9 n*C 11-C 12 16.78 0.29 0.063
nC 8-C 10 ™C 6-C 9 20.33 0.28 0.069
nC 8-C 10 n*C 11-C 12 18.85 0.29 0.066
cC 9-H 17 o*C 6-C 8 4.34 1.09 0.061
nC 11-C 12 ™C 6-C 9 20.31 0.29 0.07
nC 11-C 12 ™C 8-C 10 18.53 0.29 0.066
LP( 2)0 2 ™ C 8-C 10 32.64 0.33 0.098
LP( 2)0O 3 n*C 11-C 12 28.84 0.35 0.096
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Table 5.
1 | 2 | 3 | 4 | 5
Deprotonated
6O 2-H 21 c*C 8-C 10 5.17 1.34 0.074
nC 8-C 10 *C 6-C 9 20.78 0.3 0.071
nC 8-C 10 n*C 11-C 12 22.32 0.26 0.07
cC 9-C 11 c*0 3-C 12 5.13 0.99 0.064
LP( 2)0 1 c*C 5-C 6 19.19 0.55 0.093
LP( 3)0 1 c*C 5-H 13 16.01 0.56 0.086
LP( 1)O 2 c*C 10-C 12 5.71 1.15 0.073
LP( 2)0 2 n*C 8-C 10 23.94 0.37 0.09
n*C 8-C 10 nC 6-C 9 212.92 0.02 0.085
n*C 11-C 12 n*C 8-C 10 131.19 0.03 0.083
Table 6. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Serotonin
Donor NBO () |  AcceptorNBO () | E@),kcal/mol | E()-E@i),au. | F(i,j),a.u.
Neutral
cC 4-C 8 c*C 5-C 10 5.02 1.27 0.071
nC 4-C 8 n*C 5-C 7 16.32 0.29 0.068
nC 5-C7 n*C 4-C 8 18.11 0.28 0.065
nC 5-C 7 n*C 10-C 12 17.78 0.27 0.063
nC 5-C7 n*C 11-C 13 21.14 0.27 0.069
n C 10-C 12 n*C 5-C 7 18.2 0.29 0.069
nC 10-C 12 n*C 11-C 13 16.1 0.29 0.062
cC11-C 13 6*N 2-C 7 6.15 1.16 0.075
nC 11-C 13 n*C 10-C 12 19.25 0.29 0.069
LP( )N 2 n*C 4-C 8 35.4 0.3 0.093
Protonated
cC 5-C 7 c*C 4-C 6 5.29 1.06 0.067
nC 5-C 7 n*C 4-C 8 19.79 0.26 0.064
nC 10-C 12 n*C 5-C 7 19.4 0.29 0.071
nC 10-C 12 n*C 11-C 13 14.93 0.3 0.06
cC 11-C 13 c*N 2-C 7 6.27 1.15 0.076
nC 11-C 13 n*C 10-C 12 20.35 0.28 0.069
LP( 2)0 1 n*C 10-C 12 31.11 0.34 0.098
LP( )N 2 n*C 4-C 8 42.97 0.28 0.099
n*C 5-C 7 n*C 11-C 13 233.04 0.01 0.082
n*C 10-C 12 n*C 11-C 13 254.27 0.01 0.082
Deprotonated
cC 4-C 8 c*C 5-C 10 5.29 1.25 0.073
nC 5-C 7 n*C 4-C 8 17.65 0.29 0.066
nC 5-C 7 n*C 10-C 12 18.89 0.26 0.063
nC 5-C 7 n*C 11-C 13 24.39 0.25 0.07
oC 6-H 15 c*C 4-C 8 5.06 1.05 0.065
nC 10-C 12 n*C 11-C 13 16.24 0.28 0.063
nC 11-C 13 n*C 10-C 12 19.18 0.29 0.069
LP( )N 2 n*C 5-C 7 31.23 0.3 0.091
n*C 5-C 7 n*C 4-C 8 111.28 0.02 0.067
n*C 11-C 13 n*C 5-C 7 261.16 0.02 0.083
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Table 7. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Tryptamine

DonorNBO () |  AcceptorNBO () | E@),kcal/mol | EG)-EGi),au. | F(iy),a.u.
Neutral
sC 4-C 6 s*C 3-C 5 4.43 1.1 0.063
pC 4-C 6 p*C 3-C 7 18.35 0.28 0.065
pC 4-C 6 p*C 9-C 11 19.82 0.28 0.068
pC 4-C 6 p*C 10-C 12 19.01 0.27 0.065
sC 5-H 13 s*C 3-C 4 4.86 1.02 0.063
pC 9-C 11 p*C 4-C 6 16.63 0.28 0.065
pC 9-C 11 p*C 10-C 12 19.45 0.28 0.067
pC 10-C 12 p*C 4-C 6 18.9 0.28 0.069
pC 10-C 12 p*C 9-C 11 17.12 0.29 0.064
IP( )N 1 p*C 4-C 6 35.26 0.3 0.094
Protonated
sC 4-C 6 s*C 3-C 5 5.16 1.06 0.066
pC 4-C 6 p* C 3-C 7 19.81 0.26 0.065
pC 4-C 6 p* C 9-C 11 18.58 0.28 0.066
pC 9-C 11 p* C 10-C 12 18.24 0.29 0.066
sC 10-C 12 s*N 1-C 6 6.36 1.14 0.076
pC 10-C 12 p*C 4-C 6 20.46 0.27 0.07
pC 10-C 12 p* C 9-C 11 18.7 0.28 0.065
LP( )N 1 p*C 3-C 7 41.22 0.28 0.098
p*C 4-C 6 p* C 9-C 11 249.47 0.01 0.079
p*C 4-C 6 p* C 10-C 12 207.04 0.02 0.081
Deprotonated
pC 3-C 7 p*C 4-C 9 13.95 0.31 0.061
pC 4-C 9 p*C 3-C 7 10.81 0.31 0.052
pC 4-C 9 p*C 6-C 10 13.27 0.3 0.057
pC 4-C 9 p*C 11-C 12 12.49 0.28 0.053
pC 6-C 10 p*C 11-C 12 11.52 0.3 0.053
pC 11-C 12 p*C 6-C 10 8.44 0.31 0.047
LP( )N 1 p*C 6-C 10 16.18 0.38 0.072
IP( 2)N 2 s* C 8—H 18 9.75 0.6 0.072
p*C 6-C 10 p*C 4-C 9 115.66 0.02 0.073
p*C 11-C 12 p*C 6-C 10 85.65 0.01 0.061

The polarizabilities and the hyperpolari-
zabilities that were acquired from the GAUSSIAN
09 output were initially represented in atomic
units (a.u.). These computed values have been
translated into electrostatic units (e.s.u.forof
making comparisons and interpretations more
straightforward. For polarizabilities, 1 a.u.is equal
t00.1482-10"2*e.s.u.,and for hyperpolarizabilities,
1 a.u.is equal to 8.6393-1073 e.s.u.

As observed in Table 8, the computed dipole
moment values for the compounds under
investigation, both in their protonated and
deprotonated states, are higher than the dipole
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moment of urea, which is equal to 1.3732 D. When
exploring the nonlinear optical (NLO) features
of molecular systems, urea is often used as a
model molecule because of its well-characterized
nonlinear optical behavior. Because of this, it
has often been used as a benchmark in many
comparative studies.

The polarizability values were calculated for all
compounds in their neutral, protonated, and depro-
tonated states. These values are reported in Table 8.
The findings show that the polarizability is reduced
in the deprotonated state as compared with the cor-
responding protonated and neutral states.
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Table 8. NLO parameters for all compounds

Parameters | Neutral Protonated Deprotonated Neutral Protonated Deprotonated
1 2 3 4 5 6 7
Amphetamine Dopamine

o, 1.26 11.90 9.25 2.86 14.82 12.42
o, -57.96 -2.26 -106.59 -58.06 30.59 -131.00
o, -56.53 -50.44 -65.72 -60.58 -55.79 -70.20
o -62.99 57.11 -69.70 -68.66 -62.17 -70.06
o, -59.16 1.47 -80.67 -62.43 -29.13 -90.42

o (esu)*107 -8.77 0.22 -11.96 -9.25 -4.32 -13.40
B 0.97 165.11 -121.75 76.32 -293.07 -314.64
[ 3.67 11.87 11.87 7.37 -0.96 -4.65
B, 7.24 22.15 -5.74 10.86 -16.95 -31.93
B, 11.88 199.13 -115.62 94.54 -310.98 -351.22
B... -4.21 -5.31 0.89 -9.86 -8.35 -6.61
B.. -13.78 -19.99 20.46 -21.18 6.97 10.76
B, -0.83 0.11 0.13 2.91 5.32 0.49
B, -18.83 -25.19 21.48 -28.13 3.94 4.65
B 0.34 0.85 -1.72 -2.77 -9.10 7.08
B.. 21.92 2.49 30.89 28.10 -38.04 -25.57
B.. -2.49 -1.12 -2.19 -2.62 -3.70 1.97
B 19.76 2.22 26.99 22.71 -50.84 -16.52

B, (esu)*107 29.77 200.73 120.66 101.22 315.13 351.64

Norepinephrine Serotonin

i, 4.37 11.51 10.82 1.10 16.41 12.51
o, -48.16 11.56 -102.27 -84.18 -1.57 —-155.02
o, -68.01 -61.36 -78.14 -56.30 -44.08 -74.40
o -72.25 -62.33 -82.33 -78.32 -74.52 -83.09
o, -62.80 -37.38 -87.58 -72.93 -40.06 -104.17

o (esu)*107 -9.31 -5.54 -12.98 -10.81 -5.94 -15.44
B, 1.81 188.37 -141.20 27.98 -311.06 264.60
B... -9.96 -1.25 -23.60 -12.03 -37.53 38.08
B, 6.77 27.16 -32.30 -9.79 -21.39 4.74
B, -1.39 214.28 -197.10 6.17 -369.98 307.42
B... -7.85 6.67 -7.18 4.00 -6.17 15.89
B... -33.69 7.75 —-29.43 5.65 -75.10 98.86
B, 3.40 -8.23 3.11 -8.20 -12.22 -3.66
B, -38.14 6.19 -33.50 1.45 -93.49 111.10
B 9.01 7.39 0.64 2.28 5.37 -0.97
B.. 23.32 -54.05 -10.11 18.24 28.03 3.51
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Table 8.
1 2 3 4 5 6 7
B.. 0.43 -2.69 7.69 -0.58 0.87 3.37
B 32.77 -49.35 -1.78 19.94 34.28 5.92
B, (esu)*107% 50.34 219.98 199.93 20.92 383.15 326.93
Tryptamine
u, 1.35 14.48 11.70
o, -70.12 10.12 -134.08
o, -57.78 -49.61 -76.20
o -73.26 -69.73 -7743
o, -67.05 -36.41 -95.90
o (esu)*10™ -9.94 -5.40 -14.21
B... 30.27 -285.98 -231.75
B... -0.31 -11.74 -20.72
B, -15.30 -26.16 1.77
B, 14.67 -323.88 -250.69
B, 24.41 19.17 14.72
B... -16.25 -52.43 67.38
B, -0.27 -2.65 3.40
B, 7.88 -35.92 85.50
B 3.01 5.81 -0.35
B.. 17.98 28.07 -9.63
B.. 1.67 3.63 -8.61
B 22.67 37.51 -18.59
B, (esu)*107%| —70.12 10.12 -134.08

The determination of the size has significant
importance within the context of a nonlinear
optical (NLO) system. The values of the
deprotonated dopamine and protonated serotonin
molecules are found to be relatively greater than
urea. Specifically, the  value of urea is measured
to be 343.272-107% esu, but other findings show
that the initial hyperpolarizability value is less
than the hyperpolarizability value of urea. The
findings show that deprotonated dopamine and
protonated serotonin have promise for uses in
Nonlinear Optical (NLO) systems.

3.6. Quantum chemical parameters
and Molecular orbitals (MOs)

Table 9 presents a detailed overview of the
quantum chemical parameters for Amphetamine,
Dopamine, Norepinephrine, Serotonin, and
Tryptamine, in their neutral, protonated, and
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deprotonated states. These parameters provide
valuable insights into the compounds’ electronic
properties, reactivity, and stability, all of which
are crucial considerations in evaluating their
potential as drug candidates [44, 45].

Examining the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) energies reveals important details
about the compounds’ ionization potential and
electron affinity [46]. For example, Amphetamine’s
neutral state shows a HOMO energy of —6.304 eV,
showing its ability to donate electrons, while
its LUMO energy of 0.049 eV suggests a lower
tendency to accept electrons. Similar trends are
observed across the compounds, with Tryptamine
displaying a comparable pattern.

The energy gap, representing the difference
between HOMO and LUMO energies, reflects
the compounds’ stability and their capacity
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Table 9. Quantum chemical parameters for title compounds

Parameters Neutral Protonated Deprotonated
1 2 3 4
Amphetamine
HOMO, (eV) -6.304 -9.798 1.868
LUMO, (eV) 0.049 -4.235 3.585
Ionization energy, (eV) 6.304 9.798 -1.868
Electron Affinity, (eV) -0.049 4.235 -3.585
Energy gap, (eV) 6.353 5.563 1.717
Hardness, (eV) 3.177 2.782 0.859
Softness, (eV)! 0.157 0.180 0.582
Electronegativity, (eV) 3.128 7.017 -2.727
Chemical potential, (eV) -3.128 -7.017 2.727
Electrophilicity, (eV) 1.540 8.850 4.330
Nucleophilicity, (eV)! 0.650 0.113 0.231
Back-donation, (eV) -0.794 -0.695 -0.215
Electron transfer 0.985 2.523 -3.176
Total energy T.E., (a.u) -405.559 -405.936 -404.895
Dopamine
HOMO, (eV) —-5.522 1.492 1.492
LUMO, (eV) 0.173 3.653 3.653
Ionization energy, (eV) 5.522 -1.492 -1.492
Electron Affinity, (eV) -0.173 -3.653 -3.653
Energy gap, (eV) 5.695 2.161 2.161
Hardness, (eV) 2.848 1.081 1.081
Softness, (eV)'! 0.176 0.463 0.463
Electronegativity, (eV) 2.675 —-2.573 -2.573
Chemical potential, (eV) -2.675 2.573 2.573
Electrophilicity, (eV) 1.256 3.062 3.062
Nucleophilicity, (eV)! 0.796 0.327 0.327
Back-donation, (eV) -0.712 -0.270 -0.270
Electron transfer 0.939 -2.381 -2.381
Total energy T.E., (a.u) -516.681 -515.018 -515.017
Norepinephrine
HOMO, (eV) -5.45 -8.761 0.25
LUMO, (eV) -0.313 -3.903 3.972
Ionization energy, (eV) 5.450 8.761 -0.250
Electron Affinity, (eV) 0.313 3.903 -3.972
Energy gap, (eV) 5.137 4.858 3.722
Hardness, (eV) 2.569 2.429 1.861
Softness, (eV)! 0.195 0.206 0.269
Electronegativity, (eV) 2.882 6.332 -2.111
Chemical potential, (eV) —-2.882 -6.332 2.111
Electrophilicity, (eV) 1.616 8.253 1.197
Nucleophilicity, (eV)! 0.619 0.121 0.835
Back-donation, (eV) -0.642 -0.607 -0.465
Electron transfer 1.122 2.607 -1.134
Total energy T.E., (a.u) —-591.899 -592.282 -591.286
Serotonin

HOMO, (eV) -5.184 -8.095 1.902
LUMO, (eV) -0.125 -4.355 3.005
Ionization energy, (eV) 5.184 8.095 -1.902
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Table 9.

1 2 3 4
Electron Affinity, (eV) 0.125 4.355 -3.005
Energy gap, (eV) 5.059 3.740 1.103
Hardness, (eV) 2.530 1.870 0.552
Softness, (eV)! 0.198 0.267 0.907
Electronegativity, (eV) 2.655 6.225 -2.454
Chemical potential, (eV) -2.655 -6.225 2.454
Electrophilicity, (eV) 1.393 10.361 5.458
Nucleophilicity, (eV)! 0.718 0.097 0.183
Back-donation, (eV) -0.632 -0.468 -0.138
Electron transfer 1.049 3.329 —-4.449
Total energy T.E., (a.u) -573.030 -573.460 -572.361

Tryptamine

HOMO, (eV) -5.284 -8.41 2.122
LUMO, (eV) -0.086 -4.343 3.14
Ionization energy, (eV) 5.284 8.410 -2.122
Electron Affinity, (eV) 0.086 4.343 -3.140
Energy gap, (eV) 5.198 4.067 1.018
Hardness, (eV) 2.599 2.034 0.509
Softness, (eV)! 0.192 0.246 0.982
Electronegativity, (eV) 2.685 6.377 -2.631
Chemical potential, (eV) -2.685 -6.377 2.631
Electrophilicity, (eV) 1.387 9.997 6.800
Nucleophilicity, (eV)! 0.721 0.100 0.147
Back-donation, (eV) -0.650 -0.508 -0.127
Electron transfer 1.033 3.136 -5.169
Total energy T.E., (a.u) -497.713 -498.190 -497.140

for electronic transitions [47]. Importantly, all
compounds exhibit energy gap values that fall
within the expected range, underscoring their
potential stability and reactivity. For instance,
Norepinephrine’s neutral state boasts an energy
gap of 5.137 eV, highlighting its suitability for
electronic transitions and reactivity.

Regarding hardness, a measure of
resistance to electron addition or removal,
values range from 0.509 eV (Tryptamine) to
3.177 eV (Amphetamine). These values signify
the compounds’ ability to maintain stability
during chemical interactions. Electronegativity,
indicative of electron-attracting ability, provides
insights into polarity and reactivity [48, 49].
Dopamine’s electronegativity of 2.675 eV aligns
with expectations and underscores its balanced
electron-attracting behavior.

Comparing the compounds’ parameter
values to the expected ranges underscores their
suitability for drug design. Ionization energy
values within the expected ranges show their
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readiness for electron donation and participation
in chemical reactions. Similarly, electron transfer
energies suggest their potential for electron
donation or acceptance during reactions, with
Amphetamine displaying a value of 0.985 in its
neutral state.

Molecular Orbitals (MOs) (Fig. 3-7),
particularly HOMO and LUMO, are pivotal for
understanding electronic structure and reactivity.
In Gaussian software, these MOs can be visualized
by using different signs and colours to denote
the wave function and the electron density of
the orbital. The HOMO depicts regions of high
electron density, where electrons are prone to
be donated or transferred, implying nucleophilic
reactivity. The LUMO depicts regions of low
electron density, where electrons are prone to
be accepted or received, implying electrophilic
reactivity [50-53]. Protonation and deprotonation
are processes where a molecule gains or loses a
proton (H+), respectively. This alters the charge,
shape, and reactivity of the molecule, as well
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Fig. 3. Optimized structures, HOMO, and LUMO energies for Neutral, protonated, deprotonated

as the MOs, which are the regions where the
electrons are distributed in the molecule.

For example, the quantum chemical
parameters in Table 9 reveal the impact of
protonation and deprotonation on amphetamine’s
electronic properties. Protonation causes the
HOMO to shift to lower energy levels (from
-6.304 to -9.798 eV) and the LUMO to lower
energy levels (from 0.049 to —4.235 eV), leading
to areduced energy gap (from 6.353 to 5.563 eV).
In contrast, deprotonation shifts the HOMO to

higher energy levels (from -6.304 to 1.868 eV)
and the LUMO to higher energy levels (from 0.049
to 3.585 eV), resulting in a narrower energy gap
(from 6.353t0 1.717 eV). These changes highlight
how protonation and deprotonation influence
amphetamine’s reactivity and electron-donating
or -accepting properties, Similar patterns
of energy shifts are observed for Dopamine,
Norepinephrine, Serotonin, and Tryptamine.
Also, Inthe Fig. 3, you can see how protonation
and deprotonation modify the shape and size of
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Fig. 4. Optimized structures, HOMO, and LUMO energies for Neutral, -protonated, and deprotonated

the lobs in the HOMO and LUMO of amphetamine.
For example, in the protonated form, the nitrogen
atom has a positive charge and a smaller lob in
the HOMO, while in the deprotonated form, the
nitrogen atom has a negative charge and a larger
lob in the LUMO. The electron density is more
pronounced in regions with larger and same-
signed lobs. For instance, in amphetamine’s
HOMO, electron density concentrates on the
nitrogen atom and its double-bond-connected
carbon atoms. Conversely, in amphetamine’s
LUMO, electron density mostly concentrates on
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its double-bond-connected carbon atoms on a
benzene ring. Regions with smaller or oppositely-
signed lobs have lower electron density.

4. Conclusions

This work investigated the reactivity, electronic
characteristics, and molecular interactions of five
different forms of monoamine neurotransmitters:
deprotonated, protonated, and neutral. Various
quantum chemical methods were used to
analyze their structural, energetic, and optical
characteristics. The protonation states of these
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Fig. 5. Optimized structures, HOMO, and LUMO energies for Neutral, -protonated, and deprotonated

compounds changed the weak intermolecular
forces and hydrogen bonding patterns that they
showed. Lewis structures and NBO analysis were
demonstrated to be effective tools for observing
their resonance and the motion of the electrons. It
was demonstrated that protons added or removed
altered the molecular orbitals and energy gaps
of these compounds, potentially affecting their
reaction. It was also found that their nonlinear
optical properties changed depending on their
polarizability and hyperpolarizability indices.

This meant that they could be used in optical
devices. The results provided insights into the
molecular mechanisms and functions of these
neurotransmitters in the brain and suggested new
avenues for their applications in nanotechnology.
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relationships that could have influenced the work
reported in this paper.
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Abstract

Nanostructured composite films based on Ag-Si containing silver nanoparticles are used as a material for SERS (Surface-
enhanced Raman spectroscopy) substrates, plasmonic back reflector, nanoplasmonic sensors, nonlinear optics devices,
memristor structures, etc. Due to the widespread use of nanocomposite films based on Ag-Si, there is a need to develop
simple and affordable methods for their production compatible with semiconductor technology. Therefore, this work is
devoted to the production of an Ag, Si,, nanocomposite film with a high silver content (80 at.%) by ion-beam sputtering
with simultaneous control of the morphology, structure, phase composition and electrical properties of the manufactured
sample. As a result of complex studies using X-ray diffraction, ultra-soft X-ray emission spectroscopy, SEM and AFM
microscopy, it was found that the film is a nanocomposite material based on silver nanoparticles with an average size of
~15+30 nm. At the same time, some silver nanoparticles are in direct contact, while some Ag nanoparticles are isolated
from each other by a shell of silicon dioxide SiO, and amorphous silicon a-Si. Such a nanogranulated structure of the Ag, Si,,
film causes the presence in the test sample of the effect of switching from a high-resistance state (880 Ohm) to a low-
resistance state (~1 Ohm) under the action of a voltage of ~ 0.2 V. As a result of the formation of conductive filaments (CF)
of Ag atoms in the dielectric layer between the silver granules.
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1. Introduction

Nanostructured composite materials
containing silver nanoparticles, due to their ability
to amplify the electromagnetic field near the
surface of metal nanoparticles when interacting
with light (surface plasmon resonance), are
a promising material for the manufacturing
technology of SERS substrates used for high-
precision diagnostics and detection of very low
concentrations of material by Raman spectroscopy
[1-3]. In addition, silver nanoparticles are used
to create structures with a plasmonic back
reflectors in order to increase the efficiency of
solar cells [4,5], nanoplasmic sensors [6] and
nonlinear optics devices [7,8]. In addition, silicon
decorated with silver nanoparticles is considered
one of the candidates as an anode material for
next-generation lithium-ion batteries with
high energy density [9-11]. Despite the high
theoretical capacity of 4200 mA-h/g of silicon,
a strong volume change (> 300%) of the silicon
anode occurs during the lithiation—delithiation
process, which leads to its destruction and
deterioration of electrochemical characteristics.
Surface nanostructuring of a silicon anode
using silver nanoparticles makes it possible
to improve the conductivity of a silicon anode
and reduce internal stresses when the volume
of silicon changes, which leads to a significant
increase in electrochemical characteristics [9-
11]. It was shown in [9] that when using an Ag-
Si nanocomposite film with a silver content of
about 20% as an anode, the Coulomb efficiency
reaches 95%, due to a decrease in the polarization
of the anode due to the presence of silver
nanoparticles. Currently, nanostructured Ag-
Si and Ag-SiO,_ films are of interest for creating
random access memory (RAM), since they have
the effect of switching from a high-resistance to
alow-resistance state (memristor effect) [12-15].
Moreover, such structures are used as artificial
electrical synapses for building neuromorphic
computing systems. [16—18].

The widespread use of nanocomposite films
based on Ag-Si leads to the need to develop simple
and affordable methods for their production
compatible with semiconductor technology.
At the same time, additional difficulties are in
the formation of metal nanoparticles in films
with a high metal content as a result of their
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coalescence into larger particles [19]. Therefore,
this work is devoted to the production of an
Ag, Si,, nanocomposite film with a high silver
content (80 at.%) by ion-beam sputtering
with simultaneous control of the morphology,
structure, phase composition and electrical
properties of the resulting sample.

2. Experimental

2.1 Preparation of the Ag, Si, film
by ion-beam sputtering

The Ag, Si,, film with a thickness of about
1.5 ym was obtained on a Si (100) substrate of
the KDB-12 brand by ion-beam sputtering of a
composite target (size 100x200 mm) made of pure
silver Ag (99.99%) and Si (KDB-12) silicon strips
with a size of 100x10 mm. To obtain the Ag,Si,,
film of the desired atomic composition, silicon
strips with a width of 10 mm were placed at a
distance of 20 mm on the surface of the silver plate.
The deposition was realized in a vacuum chamber
(107 Topp) filled with Ar (purity99.992%) up to
the total gas pressure 8:10~* Topp. A magnetic
system consisting of permanent magnets, a
magnetic circuit and an anode was used as a
source of ion-beam sputtering. Argon ionization
is carried out in the gap of the magnetic circuit
located in the immediate vicinity of the anode, to
which a positive displacement of 4 kV is applied.
The optimal plasma current is ~170 pA. The
sputtering coefficients of Ag and Si were 11.8 [20]
and 1.5 [21], respectively. This mode ensures the
deposition rate of the Ag, Si,  film ~1.5 p/h. The
ion beam sputtering technique is described in
more detail in the works [20,21].

2.2 Methods of characterization
of the Ag, Si,, ion-beam film

The atomic composition of the film was
determined using a JEOL JSM-6380LV scanning
electron microscope (SEM) with an INCA Energy
250 microanalysis attachment at a primary
electron energy of 5 keV.

The structure of the sample was analyzed using
a PANalytical Empyrean B.V. X-ray diffractometer
with Cu Ko, ,-radiation A = 1.542 A.

The surface morphology of the Ag, Si, ion-
beam film was analyzed using the Solver P47
NT-MDT scanning atomic force microscope
(AFM) in the 1x1 pm scanning area.
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The phase composition of the Ag,Si,, film
was determined using a unique technique of
ultra-soft X-ray emission spectroscopy (USXES)
implemented on the RSM-500 spectrometer. This
method allows recording the characteristic X-ray
SiL, . radiation resulting from electron transitions
from the valence band to the Si 2p core level. As
aresult, the USXES method provides information
about the density of electronic states in the
valence band, which makes it possible to detect
the presence of Si-Si or Si-O bonds, regardless
of the degree of ordering of the atomic structure
of the film [22,23]. Modeling using reference
spectra makes it possible to determine the
contribution of amorphous, crystalline and oxide/
suboxide phases of silicon in experimental Si
L, .-spectra [24]. The excitation of X-ray emission
SiL, -spectrawas carried out by an electron beam
with an energy E from 1 to 3 keV, which provided
an analysis depth of 10 to 60 nm [25].

The electrophysical properties of the film were
studied using the current-voltage characteristics
(I-V) obtained using a probe installation and a
digital oscilloscope Aktakom ASK-4106 in the
range from -0.6 to +0.6 V.

3. Results and discussion

3.1 Surface morphology of the Ag, Si,,
ion-beam film

As a result of ion-beam sputtering of a
composite target based on Ag and Si, a sufficiently
thick film ~ 1.6 microns thick is formed under
these conditions, as can be seen in the cross

WD10mm 5521 =25,000

SEl  20kV
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section SEM image (Fig. 1a). The analysis of the
elemental composition by energy dispersive
spectroscopy (EDS) shows that the resulting
ion-beam file has an atomic composition of Ag
79 at.% and Si 21 at.% (Ag,Si, ) close to the
technologically specified Ag, Si, . The elemental
composition was analyzed at a primary electron
energy of 5 keV in order to limit the depth of the
analyzed layer to the thickness of the film. The
surface of the Ag, Si,, film has a continuous and
homogeneous structure (Fig. 1b). At the same
time, according to AFM data, the surface of the
Ag, Si, film is granular with an average granule
size of ~30 nm, which is clearly visible in the three-
dimensional AFM image obtained by scanning a
1x1 um surface area (Fig. 2a). On the surface of
the Ag, Si,, film, both individual granules and
conglomerates formed by these granules reaching
sizes of ~100-200 nm are clearly distinguishable
(Fig. 2a). The average surface roughness of the
Ag, Si,, film is in the range of 2.5+3 nm, while
some local relief inhomogeneities reach a height
of 40+70 nm.

The formation of granular nanoparticles in
the Ag, Si,, film is clearly visible in the AFM
image obtained in phase contrast mode with a
scanning area of 1x1 um (Fig. 2b). At the same
time, it is clearly visible from Fig. 2b that some
nanoparticles are in direct contact, while some
of the nanoparticles are surrounded by a shell
with a different kind of contrast (light areas
in Fig. 2b). Based on the atomic composition
and AFM images of the Ag, Si,, film, it can be
assumed that the nanogranules are formed on

WD1ilmm 5535

215,000

Fig. 1. SEM images of the cross section (a) and the surface (b) of the Ag, Si, ion-beam film
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Fig. 2. Three-dimensional AFM image of the surface of the Ag, Si, film (a) and phase contrast (b) obtained

with a scanning area of 1x1 pm

the basis of silver, and the shell separating them
is formed by silicon. Therefore, X-ray diffraction
and X-ray spectroscopic studies were carried out
to unambiguously answer the question about the
phase composition of granules and shells in the
Ag, Si, film.

3.2. Structure and phase composition
of the Ag,Si,, ion-beam film

Fig. 3 shows XRD patterns of the Ag, Si,,
ion-beam film, as well as pure silver (99.99%)
and polycrystalline silicon (poly-Si). The X-ray
diffraction pattern of the Ag, Si, ion-beam film
shows XRD lines at values 26 = 38.20°, 44.10°,
64.30°, 77.15°, corresponding to the values of
d-spacings 2.356 A, 2,054 A, 1.448 A, 1.236 A,
respectively. All of these XRD lines are associated
with reflections from the crystallographic planes
Ag (111), Ag (200), Ag (220), Ag (222) and Ag
(400) (ICDD PDEF-2, Card No. 00-004-0783). At
the same time, all XRD reflexes in the Ag, Si
film are greatly expanded compared to similar
reflexes in the pure Ag standard, which indicates
a small size of the crystallites. To estimate the
average size of the crystallites by broadening
the diffraction line, a section of the XRD pattern
in the area of the Ag (111) line was recorded
separately in a step-by-step mode with a long
accumulation time in pure silver (Fig. 4a) and an
Ag, Si, ion-beam film (Fig. 4b). The Ag (111) XRD
lines obtained in this way were decomposed on

410

the double line CuKo,, Ko, by Lorentz functions
according to the standard procedure described in
the [26-28]. Fig. 4 shows that the half-width Ko,
of the Ag (111) reflex (0.35 26 deg.) is significantly
larger compared to the same reflex in pure silver
(0.12 26 deg.). Using the values of the half-width
and position of the Ko, component, the average
sizes of silver crystallites in the Ag, Si, film were
determined using the Debye-Scherrer formula,
which amounted to ~15 nm, which is consistent
with AFM data. Thus, according to the results
of X-ray diffraction analysis, silver in the ion-
beam film Ag, Si, is in a nanocrystalline state.
At the same time, no crystalline phases based
on silicon were detected in this film according to
XRD data. Therefore, further studies of the phase
composition of this sample will be carried out
using the USXES method.

X-ray emission Si L, -spectra of the Ag, Si,
film obtained at analysis depths of 10, 35 and
60 nm are shown in Fig. 5. Two intensity peaks
are observed in all X-ray spectra at E = 89 and
94.5 eV. The presence of these intensity maxima
is due to the presence of Si 3s and O 2p states
and is characteristic of the SiO, silicon dioxide
spectrum [29,30], the spectrum of which is
shown in the same figure for clarity. In addition,
the formation of the silicon oxide phase in the
Ag,,Si,, film is additionally evidenced by the
presence of a long-wavelength satellite in the
X-ray spectrum at 77 eV. However, in all X-ray
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Fig. 4. XRD patterns of the Ag, Si, ion-beam film and pure silver, recorded with a long accumulation time in
the area of the Ag (111) line, as well as the result of their decomposition into components CuKa, and CuKa, by

Lorentz functions

spectra of the Ag, Si, film, the intensity in the
region of 92 eV is noticeably higher compared
to the SiO, spectrum. Such an increase in the
intensity of the spectrum at 92 eV is due to the
presence of a non-oxidized silicon phase in the
Ag,Si,, film, the maximum of which is in this

energy region. To identify the phase of non-
oxidized silicon in the Ag, Si, film, experimental
X-ray spectra based on standards were simulated
[24]. The simulated spectra are shown in Fig. 5
as solid red lines. The simulation results show
that in the surface layer of the Ag,Si,, film
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with a depth of 10 nm, silicon is indeed mainly
contained in the form of the SiO, phase, however,
part of the silicon atoms (about 10%) is in the
amorphous silicon a-Si phase. At the same time,
with an increase in the depth of analysis to 35
nm, it leads to an increase in the a-Si content
to 35%, which may be due to a decrease in
the influence of the surface oxide. A further
increase in the depth of analysis to 60 nm does
not lead to a change in the shape of the X-ray
spectrum, which indicates the uniformity of the
phase composition of the Ag, Si, film in depth.
Thus, according to X-ray diffraction and ultra-
soft X-ray emission spectroscopy, the Ag, Si,,
ion-beam film is a nanocomposite material
containing silver nanogranules with an average
size of about 15 nm, separated by a layer based
on silicon dioxide and amorphous silicon.

cpepbl U MexdasHble rpaHuLbl 2024;26(3): 407-416

Ag-Si composite films obtained by ion beam sputtering

3.3. Electrical properties of Ag, Si,, ion beam
film

To study the electrical properties of the
Ag,,Si,, ion beam film, the current-voltage
characteristics in the plane geometry of the
sample were measured (Fig. 6). It can be seen from
Figure 6 that with an increase in voltage from 0 to
0.6 Von the I-V characteristic in the 0.2 Vregion,
there is an abrupt change in the recorded current
values from 1.5-10* to 0.1 A (by almost three
orders of magnitude), the value of which increases
smoothly with a further increase in the applied
voltage, which is clearly visible on a logarithmic
scale, shown in the box to Fig. 6. The evaluation
of the resistance values R of the Ag, Si,0 film in
two linear sections reveals the effect of switching
at 0.2 Vfrom the high-resistance state of the film
(~880 Ohm) to the low-resistance (~1 Ohm). At

3.6
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Fig. 5. X-ray emission Si L, .-spectra of the Ag, Si, film obtained at analysis depths of 10, 35 and 60 nm, as well
as spectra of standards of crystalline silicon (c-Si), amorphous silicon (a-Si) and silicon dioxide (SiO,). The
experimental spectrum is represented by dots, the model is represented by a solid red line
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Fig. 6. Current-voltage curve of the ion beam film Ag, Si

on a logarithmic scale

the same time, in the case of a decrease in the
voltage applied to the film from 0.6 to 0.05 V, the
film remains in a low-resistance state until the
current polarity changes, and hysteresis can be
seen on the I-V characteristic. A similar character
of the I-V curves was observed in the case of
nanogranulated silver films obtained by thermal
evaporation followed by oxidation at 100 °C [31],
in Ag-SiO,, nanocomposite films obtained by the
sol-gel method with an Ag content of ~50% [14],
in Ag-Si0_nanocomposite structures [12, 13]. In
such films, silver nanoparticles are mostly isolated
either by an oxide layer or by a dielectric matrix,
and only individual particles of the system come
into contact with each other. The state of the film
in which individual particles are on the verge of
forming a bound system is called the percolation
threshold. In such a system, switching can be
associated with various mechanisms of current
flow: thermally induced tunneling at low fields,
and field-induced tunneling at high fields [14,
32]. On the other hand, the switching effect may
be associated with the formation of conductive
filaments (CF) in the dielectric layer (in our case
SiO, + a-Si) between the silver granules under
the action of voltage [12, 13, 32]. The formation

L I S . L . P EL
01 00 01 02 03 04 05 086

U,V

. The insert shows a straight branch of the I-V curve

of conductive filaments in the dielectric is due
to the interaction of Ag atoms on the surface of
nanogranules with broken Si bonds, followed by
diffusion and gradual accumulation of Ag atoms
in the dielectric [13]. The second mechanism
describing the switching effect in this case seems
to be predominant, since the studied ion-beam
film Ag, Si, after switching to a low-resistance
state does not return to a high-resistance state
when the electric voltage is removed, which
indicates structural changes in the film.

4. Conclusions

As a result of comprehensive studies of the
morphology, structure and phase composition
of the Ag, Si, film with a high silver content
(80 at.%) obtained by ion beam sputtering, it was
found that the film is a nanocomposite material.
According to XRD and AFM microscopy, the
Ag, Si,, film is nanogranulated with an average
size of silver granules ~15+30 nm. Some silver
nanoparticles are in direct contact, while some
Ag nanoparticles are isolated from each other
by a shell, which, according to ultra-soft X-ray
emission spectroscopy, consists of silicon dioxide
Si0, and amorphous silicon a-Si. At the same
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time, in the surface layer of the Ag, Si, film with
a depth of 10 nm, silicon is mainly contained in
the form of the SiO, phase, and only about 10%
of silicon atoms are in the amorphous silicon
a-Si phase. At the same time, with an increase
in the depth of analysis to 35 and 60 nm leads
to an increase in the content of a-Si up to 35%.
According to USXES data, the phase composition
of the Ag, Si, ion-beam film is uniform in depth.
The nanogranulated structure of the Ag, Si
film causes the presence in the test sample of
the switching effect from a high-resistance state
(880 Ohm) to a low-resistance state (~1 Ohm)
under the influence of a voltage of ~0.2 V. The
switching effect in this case may be associated
with the formation of conductive filaments of Ag
atoms in the dielectric layer (in our case SiO, +
a-Si) between the silver granules.

Contribution of the authors
The authors contributed equally to this article.

Conflict of interests

The authors declare that they have no
known competing financial interests or personal
relationships that could have influenced the work
reported in this paper.

References

1. Dzhagan V., Mazur N., Kapush O., ... Yukhym-
chuk V. Self-organized SERS substrates with efficient
analyte enrichment in the hot Spots. ACS Omega.
2024;9(4): 4819-4830. https://doi.org/10.1021/ac-
somega.3c08393

2.ErminaA. A., Solodovchenko N. S., Levitskii V. S.,
... Zharova Y. A. Plasmonic disordered array of hemi-
spherical AGNPs on SiO,@c-Si: their optical and SERS
properties. Materials Science in Semiconductor Process-
ing. 2024;169: 107861. https://doi.org/10.1016/j.
mssp.2023.107861

3.Yang Z. W., Meng L. Y., Lin J. S., ... Li J. F. 3D
hotspots platform for plasmon enhanced Raman and
second harmonic generation spectroscopies and quan-
titative analysis. Advanced Optical Materials. 2019;7:
3-8. https://doi.org/10.1002/adom.201901010

4. Morawiec S., Mendes M. J., Priolo F., Crupi L.
Plasmonic nanostructures for light trapping in thin-
film solar cells. Materials Science in Semiconductor
Processing. 2019;92: 10—18. https://doi.org/10.1016/j.
mssp.2018.04.035

5. Atwater H. A., Polman A. Plasmonics for im-
proved photovoltaic devices. Nature Materials. 2010;9:
205-213. https://doi.org/10.1038/nmat2629

414

2024;26(3): 407-416

Formation of silver nanocrystals in Ag-Si composite films obtained by ion beam sputtering

6. Cesca T., Michieli N., Kalinic B., Balasa I. G.,
Rangel-Rojo R., Reyes-Esqueda J. A., Mattei G. Bidi-
mensional ordered plasmonic nanoarrays for nonli-
near optics, nanophotonics and biosensing applica-
tions. Materials Science in Semiconductor Processing.
2019;92: 2-9. https://doi.org/10.1016/j.
mssp.2018.03.025

7. Lippitz M., Van Dijk M. A., Orrit M. Third-har-
monic generation from single gold nanoparticles. Nano
Letters. 2005;5: 799-802. https://doi.org/10.1021/
nl0502571

8. Sato R., Ohnuma M., Oyoshi K., Takeda Y. Ex-
perimental investigation of nonlinear optical proper-
ties of Ag nanoparticles: Effects of size quantization.
Physical Review B. 2014;90: 1-6. https://doi.
org/10.1103/PhysRevB.90.125417

9. Polat D. B., Eryilmaz L., Keles O. Generation of
agsi film by magnetron sputtering for use As anodes
in lithium ion batteries. ECS Meeting Abstracts.
2015;MA2015-01: 514-514. https://doi.org/10.1149/
ma2015-01/2/514

10.Liu B.,Xu G.,Jin C.,... Zhou L. The Si/Ag,Si/Ag
particles with the enhanced mechanical contact as
anode material for lithium ion batteries. Materials
Letters. 2020;280: 128536. https://doi.org/10.1016/j.
matlet.2020.128536

11. Li S., Ma W., Luo B., ... Wang L. High-perfo-
rmance porous silicon/nanosilver anodes from indus-
trial low-grade silicon for lithium-ion batteries. ACS
Applied Materials and Interfaces. 2020;12: 49080-
49089. https://doi.org/10.1021/acsami.Oc14157

12.Li R., Yang H., Zhang Y., ... Huang P. Physical
mechanisms and enhancement of endurance degra-
dation of SiOx:Ag-based volatile memristors. 2023
Silicon Nanoelectronics Workshop (SNW). 2023;40:
117-118. https://doi.org/10.23919/
SNW57900.2023.10183918

13. Ding X., Huang P., Zhao Y., Feng Y., Liu L. Un-
derstanding of the volatile and nonvolatile switching
in Ag-based memristors. IEEE Transactions on Electron
Devices.2022;69: 1034-1040. https://doi.org/10.1109/
TED.2022.3144373

14. Sarkar D. K., Cloutier F., E1 Khakani M. A. Elec-
trical switching in sol-gel derived Ag-SiO, nanocom-
posite thin films. Journal of Applied Physics. 2005;97:
2-7. https://doi.org/10.1063/1.1870112

15. Dias C., Lv H., Picos R., ...Ventura J. Bipolar
resistive switching in Si/Ag nanostructures. Applied
Surface Science. 2017;424: 122-126. https://doi.
org/10.1016/j.apsusc.2017.01.140

16. Cha J. H., Yang S. Y., Oh J., ... Choi S. Y. Con-
ductive-bridging random-access memories for emer-
ging neuromorphic computing. Nanoscale. 2020;12:
14339-14368. https://doi.org/10.1039/d0Onr01671c

17. Sokolov A. S., Abbas H., Abbas Y., Choi C. To-
wards engineering in memristors for emerging me-



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

K.A.Barkov et al.

mory and neuromorphic computing: a review. Journal
of Semiconductors. 2021;42(1): 013101. https://doi.
org/10.1088/1674-4926/42/1/013101

18. Raeis-Hosseini N., Lim S., Hwang H., Rho ]J.
Reliable Ge,Sb,Te -integrated high-density nanoscale
conductive bridge random access memory using facile
nitrogen-doping strategy. Advanced Electronic Materi-
als. 2018;4(11). https://doi.org/10.1002/
aelm.201800360

19. Cuenya B. R. Synthesis and catalytic properties
of metal nanoparticles: Size, shape, support, compo-
sition, and oxidation state effects. Thin Solid Films.
2010;518: 3127-3150. https://doi.org/10.1016/].
tsf.2010.01.018

20. Semenova A.A., Semenov A.P., Goodilin E.A.,
Semenova I.A. Synthesis of Plasmonic Photonic Crys-
tal SiO,-Ag Nanostructures by Ion Beam Deposition
of Silver Clusters onto Silica Microspheres. Bulletin of
the Russian Academy of Sciences: Physics. 2019; 83:
1415-1418. https://doi.org/10.3103/
S$1062873819110200

21.Lunin L.S., Chebotarev S.N., Pashchenko A.S.,
Bolobanova L.N. Ion beam deposition of photoactive
nanolayers for silicon solar cells. Inorganic Materials.
2012; 48: 439-444. https://doi.org/10.1134/
$0020168512050111

22.Saad A.M.,Fedotov A.K.,Fedotova].A.,... Sitni-
kov A.V. Characterization of (Co, ,.Fe . Zr ) (ALO,)
nanocomposite films applicable as spintronic materials.
Physica Status Solidi C. 2006;3: 1283—-1290. https://doi.
org/10.1002/pssc.200563111

23. Svito I., Fedotov A. K., Koltunowicz T. N.,
Saad A. Hopping of electron transport in granular
Cu,(Si0,), A nanocomposite films deposited by ion-
beam sputtering. Journal of Alloys and Compounds.
2015;615: S371-S374. https://doi.org/10.1016/j.jall-
com.2014.01.136

24. Agarwal B. K. Soft X-ray spectroscopy. X-Ray
Spectroscopy. Springer, Berlin, Heidelberg; 1979,
p.311-330 https://doi.org/10.1007/978-3-662-14469-
57

25. Zimmermann P., Peredkov S., Abdala P. M., ...
van Bokhoven J. A. Modern X-ray spectroscopy: XAS
and XES in the laboratory. Coordination Chemistry
Reviews. 2020;423: 213466. https://doi.org/10.1016/j.
ccr.2020.213466

26. Terekhov V. A., Kashkarov V. M., Manukov-
skii E. Yu., Schukarev A. V., Domashevskaya E. P. De-
termination of the phase composition of surface layers
of porous silicon by ultrasoft X-ray spectroscopy and
X-ray photoelectron spectroscopy techniques. Journal
of Electron Spectroscopy and Related Phenomena.
2001;114-116: 895-900. https://doi.org/10.1016/
S0368-2048(00)00393-5

27. Domashevskaya E. P., Peshkov Y. A., Tere-
khov V. A., Yurakov Y. A., Barkov K. A. Phase composi-

2024;26(3): 407-416

Formation of silver nanocrystals in Ag-Si composite films obtained by ion beam sputtering

tion of the buried silicon interlayers in the amorphous
multilayer nanostructures [(Co,Fe, Zr )/a-Si:H], and
[(Co,Fe, Zr )..(AlO,) /a-Si:H], . Surface and Interface
Analysis. 2018;50: 1265-1270. https://doi.org/10.1002/
sia.6515

28. Langford J. I., Wilson A. J. C. Scherrer after
sixty years: a survey and some new results in the de-
termination of crystallite size. Journal of Applied
Crystallography. 1978;11: 102-113. https://doi.
org/10.1107/50021889878012844

29. Kovba L. M., Trunov V. K. X-ray phase analysis.
Moscow: Moscow University Publ.; 1976, 232 p. (In
Russ.)

30.Jain R. A review on the development of XRD in
ferrite nanoparticles. Journal of Superconductivity and
Novel Magnetism. 2022;35: 1033-1047. https://doi.
org/10.1007/s10948-022-06213-9

31. Wiech G., Feldhiitter H. O., Sim{inek A. Elec-
tronic structure of amorphous SiOx:H alloy films
studied by X-ray emission spectroscopy: SiK, Si L, and
O K emission bands. Physical Review B. 1993;47:
6981-6989. https://doi.org/10.1103/PhysRevB.47.6981

32. Nekrashevich S. S., Gritsenko V. A. Electronic
structure of silicon dioxide (a review). Physics of the
Solid State. 2014;56(2): 207-222. https://doi.
org/10.1134/s106378341402022x

33. Gladskikh I. A., Gushchin M. G., Vartanyan T. A.
Resistance switching in Ag, Au, and Cu films at the
percolation threshold. Semiconductors. 2018;52:
671-674. https://doi.org/10.1134/S1063782618050093

34, Vartanyan T. A., Gladskikh I. A., Leonov N. B.,
Przhibel’skii S. G. Fine structures and switching of
electrical conductivity in labyrinth silver films on
sapphire. Physics of the Solid State. 2014;56: 816—-822.
https://doi.org/10.1134/5S1063783414040349

Information about the authors

Konstantin A. Barkov, Cand. Sci. (Phys.-Math.),
Head of the Laboratory, Department of Solid State
Physics and Nanostructures, Voronezh State University
(Voronezh, Russian Federation).

https://orcid.org/0000-0001-8290-1088

barkov@phys.vsu.ru

Vladimir A. Terekhov, Dr. Sci. (Phys.-Math.), Full
Professor, Department of Solid State Physics and
Nanostructures, Voronezh State University (Voronezh,
Russian Federation).

https://orcid.org/0000-0002-0668-4138

terekhov@phys.vsu.ru

Dmitry N. Nesterov, Cand. Sci. (Phys.-Math.),
Assistant Professor, Department of Solid State Physics
and Nanostructures, Voronezh State University
(Voronezh, Russian Federation).

https://orcid.org/0000-0002-2462-7153

nesterov@phys.vsu.ru

415



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

K.A.Barkov et al.

Kirill E. Velichko, Process Engineer, Research
Institute of Electronic Technology (Voronezh, Russian
Federation).

Sergey A. Ivkov, Cand. Sci. (Phys.-Math.), Leading
Electronics Engineer, Department of Solid State
Physics and Nanostructures, Voronezh State University
(Voronezh, Russian Federation).

https://orcid.org/0000-0003-1658-5579

ivkov@phys.vsu.ru

Nikita S. Buylov, Cand. Sci. (Phys.-Math.), Assistant
Professor, Department of Solid State Physics and
Nanostructures, Voronezh State University; Engineer,
Research Institute of Electronic Technology (Voronezh,
Russian Federation).

https://orcid.org/0000-0003-1793-4400

buylov@phys.vsu.ru

Sergey V. Kannykin, Cand. Sci. (Phys.-Math.),
Assistant Professor, Department of Materials Science
and the Industry of Nanosystems, Voronezh State
University; Engineer, Research Institute of Electronic
Technology (Voronezh, Russian Federation).

https://orcid.org/0000-0001-8756-5722

svkannykin@gmail.com

Igor E. Zanin, Cand. Sci. (Phys.-Math.), Assistant
Professor, General Physics Department, Voronezh
State University (Voronezh, Russian Federation).

iezan@mail.ru

Boris L. Agapov, Cand. Sci. (Tech.), Centre for
Collective Use of Scientific Equipmen, Voronezh State
University, Research Institute of Electronic Technology
(Voronezh, Russian Federation).

b.agapov2010@yandex.ru

416

2024;26(3): 407-416

Formation of silver nanocrystals in Ag-Si composite films obtained by ion beam sputtering

Sergey V. Rodivilov, Leading Process Engineer,
Research Institute of Electronic Technology (Voronezh,
Russian Federation).

Evgenii S. Kersnovsky, student, Department of Solid
State Physics and Nanostructures, Voronezh State
University (Voronezh, Russian Federation).

https://orcid.org/0009-0006-8215-6077

kersnovsky@phys.vsu.ru

Ivan V. Polshin, student, Department of Solid State
Physics and Nanostructures, Voronezh State University
(Voronezh, Russian Federation).

https://orcid.org/0009-0008-7639-6538

polshin@phys.vsu.ru

Stanislav V. Ryabtsev, Dr. Sci. (Phys.-Math.),
Leading Researcher, Joint Scientific and Educational
Laboratory “Atomic and Electronic Structure of
Functional Materials” of Voronezh State University
and the National Research Center “Kurchatov
Institute”, Voronezh State University (Voronezh,
Russian Federation).

https://orcid.org/0000-0001-7635-8162

ryabtsev@phys.vsu.ru

Margarita V. Grechkina, Leading Electronics
Engineer, Departments of Semiconductor Physics and
Microelectronics, Voronezh State University (Voronezh,
Russian Federation).

https://orcid.org/0000-0002-7873-8625

grechkina m@mail.ru

Aleksandr V. Sitnikov, Dr. Sci. (Phys.-Math.), Full
Professor, Departments of Solid-State Electronics,
Voronezh State Technical University (Voronezh,
Russian Federation).

https://orcid.org/0000-0002-9438-9234

sitnikov04@mail.ru

Received 09.11.2023; approved after reviewing
05.12.2023; accepted for publication 14.12.2023;
published online 01.10.2024.

Translated by Konstantin Barkov



Condensed Matter and Interphases. 2024;26(3): 417-423

ISSN 1606-867X (Print)
ISSN 2687-0711 (Online)

Condensed Matter and Interphases

Kondensirovannye Sredy i Mezhfaznye Granitsy
https://journals.vsu.ru/kcmf/

Original articles
Research article
https://doi.org/10.17308/kemf.2024.26/12216

Electrophysical properties of PIN photodiodes of the 2.2-2.6 ym
range based on InGa(Al)As/InP heterostructures
with a metamorphic buffer layer

E. I. Vasilkova'*‘, E. V. Pirogov!, K. Yu. Shubina!, K. O. Voropaev?, A. A. Vasil’ev?,
L. Ya. Karachinsky!?3, I. I. Novikov'3, O. V. Barantsev!, M. S. Sobolev

Alferov University,
8/3 Khlopina st., Saint Petersburg 194021, Russian Federation

2JSC “OKB-Planeta”,
13a, room 1n Bolshaya Moskovskaya st., Velikiy Novgorod 173004, Russian Federation

SITMO University
49, bldg. A Kronverksky pr., Saint Petersburg 197101, Russian Federation

Abstract

Due to a large number of applications in the near and short-wave IR spectrum and a relatively high detectivity, PIN
photodiodes based on epitaxial InGa(Al)As/InP heterostructures are of a great scientific interest. The operational spectral
range of such photodetectors is up to 2.6 um. However, to reach such wavelengths it is necessary to synthesize heterostructures
with metamorphic buffer layers. In our study, we investigated the current-voltage and capacitance-voltage characteristics
of PIN photodiodes based on InGa(Al)As/InP heterostructures with an original metamorphic buffer layer and an In  ,,Ga, ,As
absorbing layer grown by means of molecular beam epitaxy.

The photodiode chips were formed using standard post-growth processing techniques. The diameter of the photosensitive
area of the obtained diodes was 140 um. The dark currents and the shunt resistance were ~ 300 nA and ~ 25 kQ at the voltage
of -10 mV respectively.

Therefore, the suggested metamorphic buffer layer effectively eliminates threading dislocations in the active area of the
heterostructure. The obtained heterostructures with metamorphic buffer layers can be used to produce IR photodetectors
for the spectral range of 2.2-2.6 um.

Keywords: Molecular beam epitaxy, Metamorphic buffer layers, Near IR photodetectors, Current-voltage characteristic,
Capacitance-voltage characteristic, Dark currents
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1. Introduction

IR photodetectors attract attention due to
the specifics of their spectral range, namely the
high contrast of short-wave IR radiation in the
Earth’s atmosphere. They also have numerous
applications in the atmospheric window in a
range of 1-3 yum, including in satellites, night
vision equipment and thermal visors, lidars,
fluid and gas spectroscopy, etc.[1]. Therefore, the
development of effective near IR photodetectors
is a promising area.

At the moment, the most well-studied is
the wavelength range of up to 1.7 um, with
the leading position occupied by photodiodes
based on In .. Ga , As/InP lattice-matched
heterostructures, which are characterized by
lower dark currents and higher mobility of charge
carriers as compared to photodiodes based
on germanium (Ge). However, the 1.9-2.7 pm
spectral range (in between the strong absorption
spectra of water vapor) is often more preferable.
In this case, analogous to the short-wave range,
PIN photodiodes based on heterostructures
with active In Ga, As (x > 0.53) layers grown on
indium phosphide substrates demonstrate good
performance. Their cut-off wavelengths can be up
to 2.6 um [2; 3]. However, during the transition
from the lattice-matched heterostructure to the
layers enriched with indium, the dark currents
of photodiodes grow rapidly by several orders
of magnitude, which results in an abrupt drop
in their detectivity [4]. Nevertheless, InGa(Al)
As nanoheterostructures on InP substrates can
compete with HgCdTe and InAsSb materials
in the 2.2-2.6 ym spectral region because this
technology makes it possible to synthesize
perfect crystalline semiconductor structures
with highly homogeneous parameters and to use
mature post-growth processing techniques to
form crystal photodiode. Photodetectors based
on InGa(Al)As/InP are highly effective at room
temperature. Therefore, they require neither
active, nor passive cooling, which helps to make
the final devices smaller and more attractive
commercially.

As compared to photodetectors based
on In,.Ga,,As/InP lattice-matched hetero-
structures, photodetectors based on InGa(Al)
As in the 2.2-2.6 ym spectral region are more
difficult to produce, because they require very
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thick (about 1-2 pm) active layers with a high
(up to 83%) concentration of indium. The
pseudomorphic epitaxial growth of such layers on
InP is impossible due to the strong elastic strain
[5]. To grow relatively thick In ..Ga, ,,As layers on
InP substrates, it is necessary to artificially match
the crystal lattice parameters of the material and
the substrate.

The misfit dislocations occurring during the
epitaxial growth are extended charged defects
of the crystal structure and result from elastic
deformations taking place during the growth of
layers with different parameters of their crystal
lattices. Dislocations always have a negative
effect on the properties of active optoelectronic
devices, including photodetectors. Specifically,
they reduce the breakdown voltage and increase
the leakage current within the whole reverse
bias range [6]. In the active area of photodiodes,
dislocations can act as conductive channels
between p-type and n-type regions, i.e. as a
p-n junction barrier. Furthermore, dislocations
result in a number of traps in the band gap for
charge carriers acting as parasitic recombination
centers. One solution to this problem involves
introducing transitional epitaxial layers of
variable compositions between the InP substrate
and the active area of InGaAs, i.e. using the so-
called metamorphic buffer layer [7]. The main
purpose of growing metamorphic structures is
to slow down the penetration of dislocations
into the buffer layers and to obtain a strain-free
active area with a low density of defects in the
crystal structure [8-10]. Metamorphic buffer
layers prevent the penetration of dislocations
into the active areas of photodiodes with an
In,,.Ga, .As absorbing layer, thus reducing the
dark currents. Together with shunt resistance
and the capacitance of photodiodes, dark currents
are critical for the detection and identification of
small optical signals with high signal-to-noise
ratio.

Therefore, it is important to obtain InGa(Al)
As/InP heterostructures for PIN photodetectors
characterized by a high structural quality
and low dark currents and functioning in the
spectral region of up to 2.6 uym. To obtain such
a heterostructure, we suggested a design for
InAlAs metamorphic buffer layers and performed
the epitaxial growth of the test samples with an
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active area of a high structural quality [11]. In the
present study, we investigated the effect of the
suggested structure of the metamorphic buffer
layer on the electrophysical properties of crystal
PIN photodiodes.

2. Experimental

The sample heterostuctures with metamorphic
buffer layers for PIN photodiodes were grown
by means of molecular beam epitaxy on n*-
InP (100) doped epi-ready substrates using a
Riber MBE49 industrial molecular beam epitaxy
setup. The heterostructure obtained for PIN
photodiodes is demonstrated in fig. 1. It
contained a p*-In Al As region, a 1500 nm
thick n~-In ,.Ga . As layer serving as an IR
absorptioni-region,a 2 um thick n*-InAlAs graded
metamorphic buffer layer of variable composition,
and a 100 nm thick In, ., Al , As lattice-matched
layer. The layers between the substrate and the
active InGaAs area were doped with silicon (n"),
and the contact layers were doped with beryllium
(p"). The InGaAs region was doped to the degree
of (0.5-2)-10"* cm™>. The In Al, As metamorphic
buffer layer was formed by linearly increasing the
molar fraction of In from 0.52 to 0.86 at a constant
temperature of the substrate with three thin
inserts [InAs/InAlAs]x3 every 0.5 pm. At the end
of the formation of the graded layer, the structure
was annealed at a maximum temperature, and
the temperature of the substrate holder was then
lowered. The technology of the epitaxial growth
of metamorphic buffer heterostructures for PIN
photodiodes is detailed in [11].

p+-|nn_33Gao_”ﬁ5 20 nm
p+-|ﬂg_33A|u.”ﬁ5 600 nm
n- ‘Iﬂﬂ_aasaul17A$ 1,5 um
buffer n*-INALAS  2um
x=0.52->0_86
NIy AlggghS 100 nm
substrate n*-InP

Fig. 1. The heterostructure obtained for PIN photodio-
des
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Fig. 2 presents the diffraction pattern of
the studied sample. The diffraction pattern
demonstrates peaks of the InP substrate, the
InGaAs layer, and the InAlAs metamorphic
buffer with a linear composition gradient.
The X-ray diffraction was performed using
a DRON-8 diffractometer with a Bartels
monochromator and the radiation at the X-ray
tube of CuKo, = 0.15406 nm. The diffraction
maximum of the InGaAs layer corresponds to the
reference maximum of a completely strain-free
layer with a composition of about 83%.

In order to perform electrophysical
measurements of the heterostructure by
means of double photoresistive mask lift-off
photolithography, we formed p- and n-type
ohmic contacts based on a Ti/Pt/Au metal
system and anode-cathode contact pads based
on the V/Au metallization. The diameter of the
photosensitive area of the diode was 140 pym.
An optical microscope image of the obtained
crystal photodiodes is presented in fig. 3.
The crystals were then studied by means of
electrophysical methods using a SUSS MicroTec
PM 8 microprobe unit at the temperature of
295 K.

3. Results and discussion
3.1. Current-voltage characteristics

The effectiveness of the suggested design of
the metamorphic buffer layer can be assessed
based on the dark current-voltage characteristics
of the resulting photodiode. The dark current-
voltage characteristics of several photodiodes
from the middle of the wafer are shown in fig. 4.
They were obtained using an Agilent B1500A
semiconductor device parameter analyzer in
the forward bias range V from -1 to 0.25 V with
a 5 mV step. The figure demonstrates strictly
asymmetric forward and reverse branches,
which is common for diodes. The reverse current
branch initially located in the third quadrant
was projected to the positive semiplane for the
convenience of presentation on a logarithmic
scale. The most rapid increase in the dark
current is observed at low reverse voltage bias
range of up to 100 mV. The reverse branch
corresponds to low dark currents: ~ 10 uA at
reverse voltage bias of 1 Vand ~ 300 nA at 10 mV
respectively.
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Fig. 2. X-ray diffraction pattern of the heterostructure with regard to the symmetric InP (004) reflection

Fig. 3. An image of a PIN photodiode crystal

The shunt resistance of the photodiode is
the resistance of the unbiased p-n junction.
It is usually measured based on the current
value at the reverse bias of 10 mV < kT/q at
room temperature T = 295 K (where k is the
Boltzmann constant, q is the elementary charge)

in accordance with the Ohm’s law: R; =L;—IIJ.
The calculated shunt resistance was on average
~ 25 kQ, which corresponds to the product of
R A ~4 Ohm-cm?, where A is the junction area of
the photodiode.

When the crystal PIN photodiodes are
subjected to IR radiation with a wide spectrum
and the maximum intensity in the region
of 2.5 ym, the current values of the reverse
branch grew by about an order of magnitude.
This indicated effective formation of electron-
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Fig. 4. The dark current-voltage characteristics of
crystal PIN photodiodes at 295 K

hole pairs in the i-region of the photodiode.
Therefore, the obtained heterostructure can
be used to produce photodetectors of near IR
radiation.

The dark current is an important parameter
of photodetectors affecting the signal-to-
noise ratio and detectivity. There are several
major dark current mechanisms reported for
photodiodes: the diffusion current mechanism,
the generation-recombination current in the
depletion region, and the deep level tunneling
mechanisms [3]. Surface leakage at the sidewall
of mesa can also contribute to the dark current
[12]. For a better understanding of the processes
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occurring in photodiodes it is necessary to
determine the dominant mechanism based
on the dependence of the dark current on the
temperature. This is generally an exponential
dependence I, ~ exp(-E /kT). However, the
activation energies E_in the exponent differ
depending on the dark current mechanism.
For the diffusion current, the activation energy
is about the band gap of the semiconductor
material E_, for the generation-recombination
current it is about E /2, and for the deep level
tunneling and surface leakage the activation
energy is E, /4 [12]. The existing literature
focuses on the dominating nature of generation-
recombination currents and trap-assisted
tunneling [2, 3]. Indeed, at high concentrations
of indium, the InGaAs solid solution becomes
a narrow-bandgap material. This can be one of
the reasons for the increase of the share of the
generation-recombination currents as compared
to lattice-matched heterostructures. However,
a large number of dislocations characteristic of
heterostructures with metamorphic buffer layers
can result in additional levels in the band gap.
Therefore, the contribution to the dark current is
of mixed nature. In our study, we observed a four-
time decrease in the dark current at the voltage
of -10 mV during the thermoelectric cooling of
crystal PIN photodiodes by 10 degrees (fig. 5).
To refine the dark current mechanism, further
research is required in a larger temperature range
of up to 77 K.

0.001

— 295K

164 | 285K |

1E-5 1

1E-6 p

Dark current, A

1E-T |

1E-B |

1E-9 " A L . L v A i " i
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Bias voltage, B

Fig. 5. The dark current-voltage characteristics of a
crystal PIN photodiode at various temperatures
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3.2. Capacitance-voltage characteristics

Standard capacitance—voltage characteristics
of PIN photodiodes were determined by means
of microprobe analysis using an Agilent E4980A
precision LCR meter at frequencies of 200 kHz
and 1 MHz in the reverse bias range from 0 to 3
V. Typical capacitance-voltage characteristics
are presented in fig. 6. Fig. 6 demonstrates that
capacitance—voltage profile curves are practically
identical at different frequencies. The capacitance
of bias-free photodiodes was about 14 pF and
then decreased following an increase in reverse
voltage. In the reverse bias range of up to 2 V
curves 1/C*(V) are linear with the slope coefficient
practically independent of the frequency of the
signal (fig. 7), which can indicate the abrupt
nature of the obtained p-n junction [13].

4. Conclusions

In our study, we produced PIN photodiode
chips of the near IR spectrum based on InAlAs/
In,..Ga As/InP heterostructures with a
metamorphic buffer layer. The measurements of
the electrophysical properties of the chips with
the sensitivity area of 140 uym gave the following
results: the dark current was ~ 300 nA at the
reverse bias of 10 mV, the shunt resistance was
~ 25 kQ, and the shunt capacity was ~ 14 pF.
Relatively low dark currents indicate effective
resistance to the penetration of dislocations in
the active area of the heterostructure, which
are the main sources of noise and leakages.

sat —— 200 kHz |
. — 1 MHz

0.0 0.5 1.0 1.5 20 25 3.0
Reverse bias, V

Fig. 6. The capacitance-voltage characteristics of
crystal PIN photodiodes at 295 K
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0.10

— 200 kHz
— 1 MHz

0.0 0.5 1.0 15 2.0 25 3.0
Reverse bias, V

Fig. 7. Dependence of 1/C?on the voltage for crystal
PIN photodiodes at 295 K

The results demonstrate that the suggested
metamorphic buffer layers of the heterostructure
can be effectively used for the production of PIN
photodiodes in the spectral range of 2.2-2.6 ym.
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Abstract

Luminescent manifestations of the interaction of Ag,S quantum dots (QDs) with Au nanorods (NRs) depending on the
overlap degree of the corresponding luminescence bands and plasmon resonance peaks have been experimentally established.
Under spectral resonance conditions, the possibility of controlling the intensity of QDs luminescence by changing the
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demonstrated. In turn it determines the influence of the near-field of metal nanoparticles on photoprocesses in Ag,S QDs.

The detuning of the spectral resonance due to the change in the Au QDs length leads to the asymmetry of the spectral
contour of the Ag,S QDs luminescence band, which may be due to the manifestation of the Fano effect during plasmon-
exciton interaction, taking into account the inhomogeneous broadening of the corresponding bands.
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1. Introduction

Semiconductor colloidal quantum dots (QDs)
are relevant objects of research due to their size-
dependent spectral-luminescent properties,
which ensure control of the the corresponding
peaks by varying the size without changing the
chemical composition of the nanocrystals [1-
9]. Such unique spectral properties of colloidal
QODs make them promising materials for a
wide range of practical applications in modern
photonics, including optoelectronics [1, 2,
7-9], luminescence and biosensors [2, 5, 6],
photocatalysis [1-4], and others.

Additional opportunities for controlling
the spectral-luminescent properties of QDs
are provided by the use of exciton-exciton and
plasmon-exciton interaction effects [10-21].
Plasmon-exciton interaction, realized during
the association of colloidal QDs with plasmonic
nanoparticles,leads to striking effects [12-21]. The
physical mechanism of plasmon-exciton effects is
associated with the mutual near-field interaction
of QDs and NPs, in which the NPs acts as both a
source of strong polarization of the environment
and a nano-resonator concentrating the field
energy [13, 14, 17]. A lot of experimental studies,
implemented primarily within the framework
of single-object spectroscopy techniques,
demonstrate an increase in the intensity of QDs
luminescence with a simultaneous decrease in
its duration in the presence of plasmonic NPs,
which is interpreted as a manifestation of the
Purcell effect [12, 13, 18-21]. Depending on the
magnitude of the mutual distance between the
components of the plasmon-exciton structure and
spectral tuning of resonances in the luminescence
and extinction spectra of plasmonic NPs, the
occurrence of the effect of quantum interference
(Fano effect) is probable, as well as the splitting
of the luminescence spectra under conditions of
strong plasmon-exciton coupling (Rabi splitting)
[13, 15-17]. The development of applications
related to the use of plasmon-exciton effects in
luminescent sensors requires an understanding
of the interactions that arise between NPs
and QDs, as well as their manifestation in the
luminescence of ensembles of QDs [18, 19,
22-24]. The dispersion of QDs in size in the
ensemble suggests a noticeable broadening of
their luminescence band, as well as offset of the
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spectral resonance, which determines the effects
of interaction in the resulting spectral properties
of plasmon-exciton nanostructures [18, 19,
22-24]. In addition, the necessary conditions
for observing the effects of plasmon-exciton
interaction (spectral resonance of the extinction
peak of NPs and the luminescence band of QDs,
the distance between the components) suggest
the presence of other, accompanying interaction
processes, in particular, non-radiative energy
transfer between QDs and NPs [25], as well as
photoinduced charge transfer [26, 27]. In this
regard, the manifestation of plasmon-exciton
interaction effects in the luminescent properties
of colloidal ensembles of QDs may differ
significantly from the manifestation of these
effects for a single emitter.

This study is devoted to the experimental
establishment of the influence of Au plasmonic
nanorods (NRs) on the IR trap state luminescence
of Ag,S ODs ensembles depending on the degree
of overlap of the plasmon resonance peak and
luminescence band.

2. Experimental

Synthesis of colloidal Ag,S QDs was carried
out in ethylene glycol. The 2-mercaptopropionic
acid (2-MPA) molecules were used as a passivating
ligand [28]. The synthesis method involved
mixing AgNO, precursors and 2-MPA in a
molar ratio of 1:2 in 30 ml of ethylene glycol.
The control of particle size and position of the
luminescence peak within this approach was
achieved by exposing a colloidal solution of Ag,S
QDs by radiation with a wavelength of 405 nm
(100 mW) for 20 hours. The removal of reaction
by-products, colloidal Ag,S QDs were precipitated
by centrifugation and re-dissolution in ethylene
glycol.

Plasmonic Au NRs were obtained by aqueous
synthesis using cetyltrimethylammonium
bromide (CTAB) molecules, which form cylindrical
micelles, thereby defining anisotropic conditions
for NRs growth [18]. The length of the Au NRs
was controlled by adding AgNO, to the reaction
solution. The changes in the length of the Au NRs
allows to control the position of the extinction
peak of the longitudinal plasmon resonance of
the Au NRs, ensuring spectral resonance with the
luminescence band of the Ag,S QDs.
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Inthe Ag,S QDs colloidal solution Au NRs were
introduced in a concentration ratio ~ 10*:1 pcs.
for the formation of plasmon-exciton mixtures.
Solutions containing Ag,S QDs and Au NRs
separately in concentrations equivalent to those
introduced during the formation of their mixtures
served as comparison samples in the study of
spectral-luminescent properties of mixtures of
Ag,S QDs and Au NRs.

Structural data of Ag,S QDs and Au NRs
were determined using a Libra 120 transmission
electron microscope (TEM) (CarlZeiss, Germany)
and a JEOL 2000FX high-resolution TEM
(JEOL Ltd., Japan). The absorption properties
were studied using a USB2000+ spectrometer
(OceanOptics, USA) with a USB-DT radiation
source (OceanOptics, USA). Luminescence spectra
and luminescence decay of Ag,S QDs were studied
using USB2000+ and TimeHarp~260 system for
time correlated photon counting (PicoQuant
Germany) with a PMC-100-20 photomultiplier
tube (Becker&Hickl Germany) with a time
resolution of 0.2 ns. A diode laser LD PLTB450
(Osram, Germany) with a wavelength of 445 nm
(200 mW) was used to stimulate the luminescence.
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3. Results and discussion
3.1. Structural properties

The analysis of TEM images of Ag,S ODs
showed the formation of individual nanocrystals
with an average size of 2.8+0.5 nm with an
ensemble dispersion of ~30%, which was due to
the chosen approach of colloidal synthesis in an
aqueous solution (Fig. 1a).

According to TEM images, the formation of Au
NRs with average length values of 30+5 nm and
35%5 nm and a diameter of 9*2 nm (Fig. 1b) and
Au NRs with an average length of 455 nm and a
diameter of 9+2 nm was established (Fig. 1c). The
dispersion of the Au NRs in the ensemble did not
exceed 30% (Fig. 1b, ).

High-resolution TEM data (Fig. 1d) showed
cluster of spherical nanoparticles near cylindrical
nanoparticles. The interplanar distance of
~0.251 nm of spherical nanoparticles corresponded
tothe crystallographic plane (022) of the monoclinic
crystal lattice of Ag,S, and the interplanar
distance of 0.237 nm of cylindrical nanoparticles
corresponded to the crystallographic plane (111) of
the face-centred cubic crystal lattice of Au (Fig. 2d).
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Fig. 1. TEM image of Ag,S QDs - (a). TEM image of Au NRs with average length of 30 nm and 35 nm - (b). TEM
image of Au NRs with average length of 45 nm - (c) High resolution TEM image of Ag,S QDs and Au NRS - (d).
Optical absorption (1) and luminescence (2) spectrum of Ag,S QDs, extinction spectra of Au NRs with average

length of 30 nm (3), 35 nm (4) and 45 nm (5) — (e)
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Fig. 2. Extinction spectrum of Au NRs with an average length of 45 nm (1), luminescence spectra of free Ag,S
QDs (2), in the presence of plasmonic Au NRs (3) and in the presence of plasmonic Au NRs and polymer (4) -
(a). Extinction spectrum of Au NRs with an average length of 30 nm (1) and 35 nm (2), luminescence spectra
of free Ag,S QDs (3), in the presence of plasmonic Au NRs with an average length of 30 nm (4) and in the pres-
ence of plasmonic Au NRs with an average length of 35 nm (5) - (b)

3.2. Spectral-luminescent properties

In UV-Vis absorption spectrum of Ag,S QDs
in the region of 680 nm, a clearly expressed
feature, corresponding to the ground exciton
transition in the optical absorption of QDs,
characteristic of charge carriers with confinement
in nanocrystals was observed (Fig. le, curve I).
UV-Vis absorption spectrum corresponded to
Ag.,S QDs with an average size of 2.7 nm [28],
which was in good agreement with the TEM image
data (Fig. 1a). The studied colloidal Ag,S QDs
were characterized by luminescence with a peak
at 820 nm (Fig. le, curve 2). The Stokes shift was
0.31 eV (140 nm). According to the data of study
[29], the luminescence of Ag,S QDs is the result
of radiative hole recombination with electrons
localized at the levels of structural impurity
defects.

The morphology and average length of Au
NRs of 30, 35, and 45 nm provided the location
of longitudinal plasmon resonance peaks at 710,
740, and 825 nm, respectively (Fig. le, curves 3,
4, 5). Thus, Au NRs with an average length of 30
and 35 nm provided a detuning of the spectral
resonance of the longitudinal plasmon peak of Au
NRs from the luminescence band of Ag,S QDs at

110 and 80 nm, respectively (Fig. le, curves 2, 3,
4). The Au NRs with a length of 45 nm provided
significant spectral resonance of the longitudinal
mode peak of Au NRs with a luminescence
spectrum of Ag,S QDs (Fig. 1e), curves 2, 5).

The formation of plasmon-exciton structures
based on Ag,S QDs and Au NRs, providing
significant spectral overlap of the peak of
longitudinal plasmon resonance of NRs and the
luminescence band of QDs, led to a decrease
in the intensity of the Ag,S QDs luminescence
by 2.5 times (Fig. 2a, curves 1-3) at constant
luminescence decay time of Ag,S QDs (Fig. 2a,
inset, curves 1, 2). The observed regularities
were usually interpreted as photoinduced charge
transfer from Ag,S QDs to Au NRs [18, 26, 27].
At the same time, the authors of the study [30],
for the simple classical model of forced and
spontaneous dipole transitions in a two-level
system near a metal NPs, showed that a decrease
in the of luminescence intensity of emitter while
maintaining its lifetime near the surface of the
metal NPs can be caused by the high absorption
of the NPs wave energy. In this case, an increase
in the distance between the components of the
plasmon-exciton mixture in some cases leads
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to an increase, and in others to a decrease in
the luminescence intensity of emitter, which
is determined by the mutual orientation of the
dipole moment of the transition of the emitter
from the ground to the excited state and the field
of the metal NPs, which strongly depends on the
distance between the components of the mixture
[30]. Spatial separation of mixture components by
introduction of a polymer into a plasmon-exciton
mixture provides an increase in the quantum yield
of Ag,S QDs luminescence from 5 to 7.5% (Fig. 2a,
curves 2,4). A slight increase in the luminescence
quantum yield may be due to a significant
contribution of the constant luminescence of Ag,S
QDs to the resulting luminescent properties of
plasmon-exciton mixtures, free from interaction
with Au NRs. The increase of the quantum yield
of Ag,S QDs luminescence in the presence of
plasmonic Au NRs was accompanied by reduction
of the luminescence decay time from 77 to
58 ns (Fig. 2a, inset, curves 1, 3), which may also
indicate the implementation of the Purcell effect
in the studied plasmon-exciton mixtures [12, 13,
18-21, 31].

The most interesting regularities were found
in the case of plasmon-exciton mixtures, based
on Ag,S QDs and metallic Au NRs with the
length of 30 and 35 nm, providing the spectral
resonance shift of the NRs extinction from the
QDs luminescence band by 80-110 nm (Fig. 2a,
curves 1-3). In this case, an asymmetry of the
luminescence contour of Ag,S QDs was observed.
This asymmetry was manifested in a decrease in
the peak luminescence intensity (820 nm) with
a simultaneous increase in intensity at the band
edge in the region of 720 nm (Fig. 2a, curve 4) or in
the region of 900 nm (Fig. 2a, curve 5) with spectral
resonance shift at 110 and 80 nm, respectively. In
this case, an increase in the average luminescence
decay time from 94 to 115 ns was established
at a wavelength of 720 nm (900 nm) (Fig. 2a,
inset, curves 1, 2) and decrease in the average
luminescence decay time from 94 to 16 ns was
revealed at a wavelength of 820 nm (Fig. 2a, inset,
curves 1, 3). The observed spectral regularities
were a manifestation of exciton-plasmon
interaction and can be interpreted as the Fano
effect [13, 15-17]. The non-monotonic change
of the luminescence spectral contour of Ag,S
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QDs when changing the spectral resonance shift
of the plasmonic peak of Au NRs from the Ag,S
ODs luminescence band within 30 nm (Fig. 2b,
curves 1, 2, 4, 5) can be caused by dispersion
in the size and distances between components
in the plasmon-exciton mixture. Thus, the
obtained experimental data certainly require a
theoretical description for each specific case. The
determination of the parameters of the emitters
ensemble and plasmonic nanoparticles for the
theoretical description of the experimentally
observed effects of plasmon-exciton interaction
is a complex task, which requires separate and
detailed consideration.

4. Conclusions

The study presents experimental data
demonstrating the manifestation of plasmon-
exciton interaction effects in the luminescent
properties of colloidal Ag,S QDs depending on
the degree of overlap of their luminescence band
with the plasmon resonance peak of metallic Au
NRs. It was established that, under the condition
of spectral resonance of the corresponding peaks,
control of the luminescence quantum vyield is
achieved by changing the distance between
components of the plasmon-exciton mixture.
The spectral resonance shift by 80-110 nm due
to a change in the length of the Au NRs leads to
a decrease in the luminescence quantum yield of
of Ag,S QDs and asymmetry of the luminescence
contour of Ag,S QDs. Such luminescent properties
are the result of the implementation of the Fano
effect, the spectral manifestation of which is
complicated by the influence of the dispersion
of QDs in the ensemble and mutual distances of
the components.
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Abstract

The goal of this study was to establish optimal conditions for the formation of hybrid nanostructures based on quantum
dots and metal nanoparticles with a nonlinear optical response in the near ultraviolet. The relevance of this study is
confirmed by the need to create passive devices for controlling the parameters of laser radiation in the presence of
semiconductor colloidal quantum dots (QDs) and plasmonic nanoparticles (NPs). Manifestations of interaction in the
nonlinear optical response of Zn, .Cd, .S QDs and spherical Ag NPs (10 nm) in the field of laser pulses of 10 ns duration at
a probing radiation wavelength of 355 nm have been established using the Z-scan method. Manifestations of the formation
of hybrid nanostructures have been established using transmission electron microscopy and optical absorption and
luminescence spectroscopy. The interaction of colloidal QDs and NPs was manifested as the recombination luminescence
quenching of the former with a peak at a wavelength of 450-480 nm. For ensembles of colloidal Zn .Cd .S QDs with an
average size (2.0, 2.2, 2.4 nm), nonlinear refraction (defocusing) of 10 ns laser pulses in the near ultraviolet (355 nm) was
established, the coefficient of which increased with increase in QDs. It has been established that during the interaction of
Zn,.Cd, .S QDs with Ag NPs, the suppression of nonlinear refraction was observed against the background of a twelvefold
increase in the nonlinear absorption coefficient. It was concluded that the most probable reason for the observed changes
in the nonlinear optical response is the polarizing effect of plasmonic Ag NPs.

Keywords: Nonlinear refraction, Nonlinear absorption, Quantum dot, Zn, ,Cd, .S, Plasmonic nanoparticle, Z-scan
Funding: The study was supported by the grant of the President of the Russian Federation No. MK-4408.2022.1.2.

Acknowledgements: the study of structural properties by transmission electron microscopy was carried out using the
equipment of the VSU Centre for Collective Use of Scientific EQquipment.

For citation: Zvyagin A. 1., Chevychelova T. A., Smirnov M. S., Ovchinnikov O. V., Latyshev A. N. Formation of hybrid
nanostructures based on Zn, .Cd, .S quantum dots and silver nanoparticles for nonlinear optical applications in the near
ultraviolet. Condensed Matter and Interphases. 2024;25(3): 431-439. https://doi.org/10.17308/kemf.2024.26/12218

na yumupoeanus: 3ssrviH A. U., Yesbiuesnosa T. A., CmupHoB M. C., OBunHHMKOB O. B., JIaTpiieB A. H. @opmupoBaHue
ru6PYUIHBIX HAHOCTPYKTYD Ha OCHOBE KBaHTOBBIX Touek Zn  Cd .S 1 HaHOuUacTuIL cepebpa [1si HeJIMHEe HO-ONTUYeCKMUX
TIPUJIOKEHU B GiIVskHEM yiibTpaduonere. KoHdeHcuposaHHsle cpedsl u mexcdastsie eparuypl. 2024;25(1): 431-439. https://
doi.org/10.17308/kemf.2024.26/12218

DX Andrey 1. Zvyagin, e-mail: andzv92 @yandex.ru
© Zvyagin A. 1., Chevychelova T. A., Smirnov M. S., Ovchinnikov O. V., Latyshev A. N., 2024

The content is available under Creative Commons Attribution 4.0 License.

431



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

A.l.Zvyagin et al.

1. Introduction

The interaction of noble metal NPs and
semiconductor colloidal QDs and dye molecules
can significantly affect the optical properties of
thelatter [1, 2]. Recently, in the scientific literature
there has been widespread interest in the study
of hybrid nanostructures, characterized by the
manifestation of plasmon-exciton interaction
[3-9]. Such nanosystems are interesting from
the point of view of controlling the luminescent,
spectral and nonlinear optical properties of
components due to the exchange of electronic
excitations between QDs and Nps and the Rabi,
Fano, and Purcell effects [1, 5, 6, 10-14]. The
most attention is paid to the analysis of the
manifestations of plasmon-exciton interaction
in the spectral and luminescent properties of
such nanosystems, while the nonlinear optical
response remains practically unstudied, despite
the prospect of their active use to control the
intensity and phase of laser radiation [4, 5].
Theoretical studies propose models of plasmonic
amplification of third-order nonlinear optical
processes [15] and demonstrate the possibility of
creating nanostructures with ultrafast response
and the ability to reduce the size of nonlinear
optical components [16]. In addition, there is
evidence of a dielectric-metal hybrid system
where an enhancement of optical nonlinearities is
observed due to the strong coupling between the
epsilon-near-zero mode in the indium tin oxide
(ITO) nanofilm and the localized surface plasmon
inthe nanocavity[17]. The study revealed increases
in the nonlinear refractive index and nonlinear
absorption coefficient by three and two orders of
magnitude compared to pure ITO, respectively.
Plasmonic interaction is used to enhance
such nonlinear processes as second harmonic
generation and sum frequency generation [18].
An example of this is the experimental study [19],
where the authors demonstrated the possibility
of amplifying the output of the second harmonic
generation signal of a Ti:Sapphire femtosecond
laser on a nanosystem of gold nanoparticles with
an average size of 80 nm in the presence of CdS
quantum dots with an average size of 3 nm up to
20 times. The ratio of QDs to NPs was 200 to 1.

In addition to inorganic plasmon-exciton
nanostructures, nanomaterials based on dyes
and plasmonic nanoparticles have recently
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been considered promising in nonlinear optics
[20]. There are several methods for modifying
specified linear and nonlinear optical properties
of organic dyes [21, 22]. One of the simplest
and most effective methods is formation of
the nanostructure with nanoparticles of noble
metals. Plasmonic nanoparticles have unique
optical characteristics resulting from localized
surface plasmon resonances that generate intense
electromagnetic fields near the nanoparticle
surface and can interact with electronic
transitions in nearby molecules such as organic
dyes [23, 24]. Various studies have been reported
on the modification of the electrical, chemical
and optical properties of nanostructures based
on organic dyes and metal nanoparticles; there
are studies that consider the modification of the
nonlinear optical response in such nanosystems
[25, 26]. The driving force for these studies is the
fact that the nanosystem acquires many unique
optical properties compared to its components,
since the presence of plasmonic nanoparticles
affects the probabilities of optical transitions
in organic dyes [27, 28]. The study [29] which
demonstrates the enhancement of nonlinear
refraction and nonlinear absorption of the organic
dye Methyl Orange in the presence of silver and
gold nanoparticles in the field of nanosecond
pulses of the second harmonic generated by
Nd3*:YAG laser should be mentioned. Our study
[4] is devoted to the investigation of such effects
of the modification of nonlinear absorption of
the solution of the Methylene blue dye in the
presence of gold nanoparticles coated with a
silicon oxide shell, where an increase in reverse
saturable absorption in the dye was demonstrated.
It should be noted that the number of studies
considering the nonlinear optical response in
the near ultraviolet range is small; mainly the
properties of glasses and various nonlinear
crystals are considered.

The goal of this study was to establish
optimal conditions for the formation of hybrid
nanostructures for nonlinear optical applications
in the near ultraviolet. The nonlinear optical
properties of Zn .Cd, .S quantum dots passivated
with thioglycolic acid (QD Zn, .Cd, .S/TGA), with
average sizes of 2.0, 2.2 and 2.4 nm in mixtures
with silver nanoparticles (Ag NPs) of spherical
geometry (10 nm) have been studied using the
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Z-scan method. The samples were probed with
third harmonic pulses generated by Nd*":YAG
laser (355 nm) with a duration of 10 ns. In our
study we used Zn, .Cd .S QDs, interesting because
their exciton absorption peak is easily tuned by
the synthesis and is located near the wavelength
of the probing radiation (355 nm).

2. Experimental

The studied QDs and NPs samples were created
using aqueous colloidal synthesis techniques. The
Zn, Cd,.S/TGA QDs were synthesized using an
aqueous solution of zinc and cadmium nitrates
in a ratio of 1 to 1. Then, with constant stirring,
an aqueous solution of thioglycolic acid (TGA)
was added to the reactor, and the formation
of the Zn(Cd)-TGA complex was observed
(the solution became cloudy, pH was 2.4). By
adjusting the pH to 7 with an aqueous 0.1 M
NaOH solution, the solution became transparent.
Then an aqueous Na,S solution, which is a source
of sulfur was added. Molar ratios of precursors
v(TGA):n(Zn(NO,),(Cd(NO,),)):n(Na,S) were
2:1:0.5 for quantum dots with an average size
of 2.0 nm. The variation in the size of QDs was
achieved by increasing the sulfur precursor ratio
to 0.6 and 0.7, respectively, for QDs with sizes of
2.2 and 2.4 nm. Reaction products were removed
from the QD colloidal solution by centrifugation
with the addition of ethanol and re-dissolution
in water in the original ratio. We estimated the
ratio of Zn to Cd in the obtained QDs as 1 to 1;
the provision of the more accurate estimate of
the ratio of atoms using X-ray diffraction is a
rather labor-intensive task due to the significant
broadening of X-ray diffraction peaks from the
studied nanocrystals. This has been demonstrated
in many studies, including ours [5].

Silver nanoparticles of spherical geometry (Ag
NPs) were obtained by the Turkevich method [30].
The method involves the reduction of silver ions
Ag’ fromssilver nitrate precursor AGNO, by sodium
citrate (Na,C .H.O.). During the reduction process,
clusters, and then nanoparticles stabilized by
sodium citrate molecules are successively formed.
The 20 ml of an aqueous solution of sodium
citrate Na,C,H.O, (4 mM) were added within
5 min into a boiling aqueous solution of silver
nitrate AgNO, (1 mM) with a volume of 20 ml,
followed by boiling and stirring for 30 min. The
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final solution had yellow color. Molar ratio of
precursors in v(AgNO,):v(Na,C H.O.) solution
was 1:4. The resulting colloidal solution of silver
nanoparticles was purified from reaction products
by several cycles of deposition of Ag NPs on the
bottom of test tubes during centrifugation and
washing with distilled water. For the preparation
of mixtures of the studied samples, a solution of
Ag NPs was introduced into the QD solution in a
ratio of about 1000 QDs to 1 NP.

The size of the studied QDs and NPs was
determined by digital image analysis, using a
Libra 120 transmission electron microscope
(TEM) (CarlZeiss, Germany) with an accelerating
voltage of 120 kV. The spectral and luminescent
properties of the studied QDs, NPs and their
mixtures were studied using USB2000+XR
spectrometer (OceanOptics, USA) with a USB-DT
radiation source (OceanOptics, USA). The
luminescence spectra of Zn .Cd .S/TGA QDs was
recorded under excitation with a 313 nm source
(monochromatic mercury lamp radiation). The
luminescence decay kinetics of QDs was measured
using a TimeHarp~260 module (PicoQuant,
Germany). The single photon detector was a PMT
PMC-100-20 (Becker&Hickl Germany) with a
time resolution of 0.2 ns. The luminescence decay
curves were approximated by the theoretical
curve using the deconvolution procedure with the
experimentally measured instrument response
function.

The nonlinear optical properties of the
samples were studied using the Z-scan method
[31]. The setup and methodology are described
in detail in [5].

Probing of the studied samples was carried out
with pulsed laser radiation of the third harmonic
of YAG:Nd* laser (LS-2132UTF, LOTIS TII) with
a wavelength of 355 nm, a duration of 10 ns and
a repetition rate of 1 Hz. The divergence of the
laser beam was ensured by a converging spherical
quartz lens with a focal length of 300 mm. The
beam waist radius was ~30 pum. Samples of
colloidal solutions in quartz cuvettes with the
thickness of 1 mm were moved along the optical z
axis of the collecting lens using a linear translator
8MT50-200BS1-MEn1 (Standa), from minus to
plus z values, e.g. from the converging lens to the
detector. The energy of the probing laser pulses
was controlled by a PM100USB power and energy
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meter with an ES111C pyroelectric detector
(Thorlabs) and amounted to 1.33 m].

3. Results and discussion

Digital analysis of TEM images of the
initial components of QDs and NPs and their
mixtures (Fig. 1) allows to determine the size and
morphology of nanostructures. Thus, separate
ensembles of Zn, .Cd .S/TGA QDs were formed
(2.0, 2.2, 2.4 nm) with a size dispersion of 20-
30% (Fig. 1a-c). Ag NPs with spherical geometry
had an average size of 10 nm (Fig. 1d).

In the optical absorption spectra of
Zn, .Cd, .S/TGA QDs features associated with the
most probable exciton transition at wavelengths
of 320, 335 and 345 nm for QDs with an average
size of 2.0, 2.2 and 2.4 nm (Fig. 2a) were observed.
The light extinction spectrum of Ag NPs contained
a plasmon resonance peak at a wavelength of 400
nm (Fig. 2a).
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The absorption spectra of associates were
a summation of the absorption spectra of
QODs and the light extinction spectra of NPs
(Fig. 2b). This finding indicates the absence of
structural changes in the components during
the formation of the associate. Luminescence
spectra of Zn Cd, .S/TGA QDs were broad bands
with maxima at 450, 473, 480 nm. A significant
Stokes shift of 1.1 eV in the maximum of the
luminescence band relative to the exciton
absorption peak indicated the recombination
nature of the luminescence. The situation with a
noticeable offset of resonances in the absorption
and luminescence of QDs and the light extinction
of NPs was considered. A slight overlap of the
light extinction spectra of NPs and luminescence
of QDs will facilitate the exchange of electronic
excitations between the components of QDs and
NPs mixtures. Luminescence quenching by QDs
by 3-4 times and acceleration of luminescence

L]
20 nm -

Fig. 1. TEM images of the studied Zn, .Cd,.S/TGA QDs samples with an average size of 2.0 nm (a), 2.2 nm (b),
2.4 nm (c) and silver nanoparticles of spherical geometry with an average size of 10 nm (d)
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Fig. 2. Light extinction spectra of initial colloidal solutions of synthesized Zn, .Cd, .S/TGA QDs, Ag NPs (a) and

their mixtures in a ratio of 1000 QDs to 1 NP (b)
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decay kinetics by up to 2 times in mixtures with
NPs indicated their interaction. Under the existing
spectral conditions, two processes of exchange of
electronic excitations can occur: nonradiative
electronic excitation energy transfer from QDs
to NPs and photoinduced charge transfer.

Under conditions of interaction between
colloidal QDs Zn, .Cd, .S/TGA and AgNPs upon
electronic excitation of one of the components,
changes in the nonlinear optical response of a
colloidal mixture compared to the response of
individual components of the mixture. Using
the Z-scan method using a scheme with a closed
aperture, which allows recording nonlinear
absorption and nonlinear refraction (beam
divergence), suppression of nonlinear refraction
and enhancement of nonlinear absorption were
established QDs Zn .Cd, .S/TGA in the presence
of Ag NPs (Fig. 3b).

It is noteworthy that Z-scans of
Zn CT,.Cd .S/TGA exhibit profiles characteristic
of defocusing laser probe pulses (Fig. 3a) and very
weak nonlinear absorption. As the average QDs
size increased, an increase in the level of nonlinear
refraction was observed. Nonlinear refraction in
QDs is realized due to the “band filling” [32, 33],
and nonlinear absorption was associated with
reverse saturable absorption (RSA), which occurred
during transitions involving levels of localized
states, including levels of luminescence centers.

In turn, for Ag NPs in Z-scans a dip in the
focal plane associated with dynamic scattering

1,8 -
a)
w16 ——Zn, 4Cd, ¢S 2.0 nm
Zny ;Cd; <5 2.2 nm
144 ——2Zn, ,Cd, ;S 2.4 nm

= Ag NPs

40 0 10 20 30
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was observed, which was confirmed by the signal
on an additional photodiode located at an angle
to the optical axis of the converging lens during
Z-scanning.

An estimation of nonlinear refractive
coefficients (y) and nonlinear absorption (3) was
performed by approximating the experimentally
obtained dependences by the expression [34]:

4x 22X +3)
(X*+9)(x* +1) (X +9)(x* +1)

where x = z/z,, z, = 0.5k(w,)?, k = 2n/A, w, — beam
radius in the focal plane, A - radiation wave-
length, A®=kyI L .and A¥ = BI L /2 - parameters
describing the phase shift near the focal point,
v — nonlinear refractive index, 8 — nonlinear ab-
sorption coefficient, I - intensity of laser radia-
tion in the waist, L ;. = (1 - exp(-oL)]/a. - the ef-
fective thickness of the sample, o — the linear
absorption coefficient, L — sample thickness. The
values of the nonlinear refraction coefficient
equal to y = -5.9-107'* cm? W-! (2.0 nm);
vy=-72-10""*cm?* W' (2.2 nm), y=-9.1-10"'¢ cm?
W-! (2.4 nm) were established for Zn .Cd .S/TGA
QDs of various mean sizes. The nonlinear absorp-
tion coefficient for all QD samples was no higher
than 1.0-10 cm W1,

The theoretical analysis of the contribution of
thermal defocusing into nonlinear refraction was
analyzed by analogy with study [35] by solving the
heat equation. It was concluded that, under the
conditions of our experiments, the time for the

T(z)=1+

)

Zng (Cd, .5 2.0 nm + Ag NPs

1,41 b} Zn, ,Cd, ¢S 2.2 nm + Ag NPs
E 1,2 z“u_;‘:dggs 2.4 nm + hg NPs
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=
E 1:0' g
2
T 0,8
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30 20 40 0 10 20 30
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Fig. 3. Z-scans in closed-aperture geometry of the initial components of a Zn  Cd .S-based hybrid nanostruc-
ture and silver nanospheres (a) and their mixtures (b). Z-scans were obtained by probing the studied colloidal
solution with laser pulses with a duration of 10 ns at a wavelength of 355 nm and a pulse energy of 1.33 m]
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implementation of a thermal lens in solutions of
the studied samples was about = 3.8 ms, which
significantly exceeded the laser pulse duration of
10 ns. The low repetition rate of probing pulses
of 1 Hz also prevented heat accumulation. An
estimate of the nonlinear refractive index of
the thermal conductivity equation indicated
a value on the order of —10-" cm? W-!, which
was two orders of magnitude lower than the
value obtained experimentally. Thus, it can be
established that thermal refraction does not
influence the nonlinear optical response in our
samples.

In addition to the calculations obtained above,
the distance between the peak and the dip in the
Z-scan with a closed aperture was analyzed and it
was about 0.6 cm. This distance, according to the
data of [36], allows to determine the predominant
mechanism for defocusing laser radiation as
follows: for a thermal lens the characteristic
distance between the peaks in the Z-scan
corresponds to the distance AZ = 1.2z0 (z0 -
Rayleigh length equal to 0.353 cm for the probe
radiation length of 355 nm); for nonlinearities
of higher orders, the corresponding distance was
equal to AZ ~ 1.7z0. These data were obtained
by studying nonlinear refraction in CS, in the
field of femtosecond pulses. Accordingly, the
characteristic distances between the peak and
the dip for the thermal nature of defocusing were
equal to 0.42 and 0.56 cm for nonlinearities of
higher orders. In this case, non-thermal nature of
refraction in our experiments can be concluded.

It has been established that the lowest
contribution to the nonlinear optical response
from dynamic scattering was made by mixtures of
QDs and NPs in a concentration ratio of 1000:1.
Concentrations were estimated spectroscopically
using literature data on molar extinction
coefficients. Along with the disappearance of
the nonlinear refraction of QDs in mixtures
with NPs, an increase in the dip in the Z-scan
in the focal plane of the lens, characteristic of
nonlinear absorption, was observed, which, based
on the analysis of the shape of the dependence
of the energy of radiation transmitted through
the sample on the energy of the incident
radiation, was attributed to RSA. The analysis was
performed by mathematical processing of Z-scans
by analogy with [37], which allowed to establish
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a saturable dependence of the absorption
coefficient of the studied samples on the intensity
of the incident radiation, characteristic of reverse
saturable absorption with the involvement of
real QD states, while two-photon absorption
was characterized by a linear dependence. With
increasing QD size, an increase in the level of
reverse saturable absorption was observed.
This pattern can be explained by an increase in
the number of broken bonds on the QD surface
involved in the implementation of RSA with
increasing QD volume. This assumption was
confirmed by the results of [38], which showed a
significant influence of surface broken bonds and
defects in CuS quantum dots with an average size
of 2-4 nm and 5-11 nm on the reverse saturable
absorption. In this study the nonlinear optical
response in a field of 100 fs laser pulses at a probe
radiation wavelength of 800 nm was investigated.
The nonlinear absorption coefficient increased
up to 26 times with increase in size of CuS QDs.
The study [39] provides experimental data on
the effect of surface defects of PbS QDs on the
nonlinear absorption and nonlinear refraction
coefficients in the field of femtosecond laser
pulses at a wavelength of 800 nm. It was shown
that as the size of PbS QDs decreased from 4.3
to 1.5 nm, the ratio of the QD surface to volume
increased sharply, which made the influence of
surface traps even more pronounced and led to a
further decrease in the nonlinear response. The
authors noted that improved nonlinear optical
response can be achieved by creating QDs with
fewer defects, which will prevent capture of the
charge into trap states and decrease the oscillator
strength.

Based on the approximation of Z-scans, the
values of the nonlinear absorption coefficient
for the studied mixtures of Zn, .Cd .S QDs
(2.0 nm) and Ag NPs were establlshed -
B =4.5-10"" cm W-'; for mixtures of Zn .Cd .S
QDs (2.2 nm) andAgNPs—B 6.6:10" 11cmW 1
for mixtures of Zn, .Cd .S QDs (2.4 nm) and Ag
NPs -3 =12.3-10" i cmW 1. Thus, an increase in
the nonlinear absorption coefficient of mixtures
of QDs and NPs up to 12 times compared to free
Zn, .Cd, .S/TGA QDs was revealed.

The enhancement of RSA in QDs and NPs
mixtures indicated the participation of local
states in the formation of nonlinear absorption,
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which were most likely determined by broken
bonds on the QD surface. Accordingly, optical
transitions involving these states in the
presence of plasmonic NPs can lead to a change
in the probability ratio of two-step optical
transitions that determine RSA [40]. In this case,
a redistribution of the population of local states
of the QD in the field of laser pulses is probable,
which can lead to the suppression of the effect of
nonlinear refraction caused initially by the “band-
filling” effect and a change in the refractive index
of the colloidal solution in accordance with the
Kramers-Kroning relation [31]. The probabilities
of the corresponding transitions can change
under the polarizing action of NPs, which affects
the nonlinear optical response (an increase in
nonlinear optical absorption) regardless of the
settings of the optical resonances (luminescence
peak and plasmon peak, respectively). At the same
time, the observed pattern in nonlinear optical
and spectral luminescent properties can also arise
during photostimulated charge transfer between
the components of QDs and NPs mixtures.

4. Conclusions

Control of the nonlinear optical response
of Zn, .Cd .S/TGA QDs associated with Ag NPs
of spherical geometry in the radiation field of
laser pulses (10 ns) with a wavelength of 355 nm
using spectral-luminescent methods and the
Z-scanning method has been demonstrated. The
predominant mechanism for the implementation
of the nonlinear optical response in the studied
samples has been established: nonlinear
absorption is realized due to reverse saturable
absorption, self-focusing was of a non-thermal
nature and was associated with the “band filling”.
The mixtures of Zn,.Cd, .S/TGA QDs and Ag
NPs of different mean sizes were characterized
by suppression of nonlinear refraction and
enhancement of nonlinear absorption by up to
12 times, which can find practical application in
the production of passive optical power limiters
in the near ultraviolet.
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1. Introduction

Many modern optoelectronic devices, in
particular white LEDs, are based on nitride
technologies. The main components of white
LEDs are blue-light emitting LEDs [1,2] and
phosphors that convert blue-light quanta into
quanta of lower energy [3, 4]. A typical example
of a blue LED is the multi-layer InGaN/GaN
heterostructure with an active region based on
multiple InGaN quantum wells [5]. Significant
disadvantages of such structures reducing the
light yield efficiency are background impurities,
high density of lattice defects, and mechanical
stresses affecting the parameters of the band
structure. Structural defects and stresses are
associated with discrepancies between the
crystallographic parameters of nitride growth
structures and sapphire substrates. Also, total
internal reflection leading to photon scattering
results in a decrease in the efficiency of light-
emitting devices. Background impurities are
almost impossible to eliminate due to the specific
features of the method of organometallic vapor-
phase epitaxy, while defects and stresses can be
reduced by using “native” substrates for nitride
compounds. Currently, widespread use of “native”
gallium nitride substrates is not possible due to
their high production costs. Therefore, it appears
to be promising to use a ZnO-based substrate
material (a gallium nitride isostructural material).
Despite the minimal discrepancies between
the parameters of ZnO and GaN (less than 2%
[6]), the production of bulk ZnO single crystals
is also expensive, however, ZnO film synthesis
technologies are simple and affordable. To use
ZnO films as a substrate material, their sufficient
thickness should be at least tens of micrometers.
Conventional thin-film technologies for gas-
phase, magnetron deposition, laser ablation, etc.
are characterized by relatively low growth rates
and are not designed to produce bulk substrate
material.

In this paper, the technology of magnetron
sputtering of hot zinc oxide ceramic targets
was used to obtain thick ZnO layers, i.e. a ZnO
target, thermally insulated from the water-
cooled magnetron base, was sputtered. It should
be noted that the hot sputtering technology is
mainly used for sputtering single-component
metal targets [7,8]. In addition, it is known [9] that
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oxide or nitride films are formed by sputtering
hot metal targets in the corresponding gaseous
medium. In this regard, studies dedicated to the
sputtering of multicomponent ceramic targets
at a high discharge power are very relevant. The
main problem is associated with the difficulty
of building a model for sputtering of “hot”
ceramic targets. In contrast to the cooled target
sputtering, cascade sputtering is accompanied by
interconnected processes of radiation-enhanced
diffusion of atoms, leading to the formation
of growths on the surface of the target, and
microparticle emissions characteristic of shock-
evaporation processes. Due to the inhomogeneity
of the gas phase, the study of deposition processes
and their dependence on technological parameters
(discharge power, pressure of the working gas,
and substrate temperature) is important and of
scientific novelty. It is challenging to consider all
parameters at the same time, so at this stage only
the temperature of the substrate was changed. Our
first results on the sputtering of hot ZnO ceramic
targets were published earlier [10]. Studies showed
that at a sufficiently high temperature of the
substrate of 900 °C, epitaxial films were formed
with an ultra-high rate of about 0.9 um/min, which
is uncommon for thin-film technologies. What is
more, the films had a developed micromorphology
and characteristic hexagonal microcrystals up
to several micrometers in size were isolated on
the surface. It should be noted that reducing the
deposition temperature is a priority that meets
the requirements of energy efficiency. A decrease
in the deposition temperature under conditions
of high discharge power and, as a result, high
inhomogeneity of the ionized gas phase, can
lead to radical changes in the growth processes.
This work studies the influence of the deposition
temperature on the morphology and structural-
phase composition of the ZnO-based substrate
material with a thickness of more than 50 ym
during the magnetron sputtering of hot ceramic
targets.

2. Experimental

Chemically and mechanically polished
R-plane of a sapphire was used as a substrate.
ZnO films were precipitated by magnetron
sputtering with a cut-off of the cooling mode as
described in [10], under the following conditions:
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type I: temperature 750 °C, oxygen atmosphere,
pressure 1 Pa, discharge current strength 500 mA,
deposition time 35 min; type II: temperature
830 °C, oxygen atmosphere, pressure 1 Pa,
discharge current strength 500 mA, deposition
time 2 h. Samples obtained at a temperature of
900 °C (type III) were used for comparison [10].

X-ray diffraction (XRD) was used for structural
studies of the films. X-ray diffraction patterns
were recorded with Bragg-Brentano geometry
using an Empyrean diffractometer manufactured
by PANalytical (Netherlands). The study involved
using copper anode radiation (CuKa., = 1.54 A).
Electron microscopic studies of the cross-
section of the sample were carried out on a Jeol
NEOSCOPE 2 (JCM-6000) scanning electron
microscope (SEM).

3. Results and discussion

During the hot ceramic target sputtering, the
target is heated, which results in the formation
of growths of various morphologies on the target
surface. These growths are further destroyed by
micro-arcs, as a result of which both ionized
components and their microparticles enter the
gas phase. The large mass of the microparticles
restricts their diffusion activity on the growing
surface. In addition, it is necessary to take into
consideration that the adsorbed microparticles
can melt. The melting point in thin layers is
lower, and the Tammann temperature (T,) can be
used as a rough estimate [11]: T,~ (0.3-0.5) T,
where T, = 1,975 °C, the melting point of bulk
ZnO. The vibration spectrum of the atoms on the
crystal surface differs from their bulk spectrum.
The oscillation amplitude of atoms located on
the surface is always much higher than in bulk.
It was established that for a wide class of single
crystals of metals and semiconductors, the Debye
temperature T, at which all vibrational modes
in a solid are excited, for the surface phase,
decreases to the values of about 0.5 T, [12]. For
ZnO, the value of T is about 100 °C [13] and at
low temperatures, a significant weakening of
the elastic harmonic forces in the near-surface
layers of ZnO can be expected. Therefore, at
the precipitation temperatures of 700-900 °C
studied in the work, the processes of precipitate
nucleation and growth cardinally depended on
the temperature of the substrate.
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The thickness of the ZnO film on the R-plane
of the sapphire measured by SEM was 53.6
um. The average growth rate of ZnO films
was about 1.50 pm/min, which is a high rate
comparable to the growth rate of ZnO uniaxial
microcrystals (monocrystalline whiskers). The
high rate was achieved due to the emission
of microparticles from the surface of the hot
target and their incorporation in a growing film
according to the “liquid-crystal” mechanism
[10]. The surface of the ZnO film was rough and
morphologically heterogeneous (Fig. 1a) with
individual microcrystallites of different shapes.

During the next stage, the ZnO film easily
separated from the sapphire substrate. This
was facilitated by a significant (more than 10
times) difference in the coefficients of thermal
expansion of ZnO and sapphire and a sufficiently
large thickness of the ZnO film. According to the
SEM data, the lower (reverse) surface of the film
(Fig. 1b) adjacent to the surface of the substrate
during growth was cardinally different from
the upper surface, which was loose. The lower
surface was a honeycomb-like structure with
linear sizes of its pores of 3-10 um and a depth
of up to 5 um. The thickness of the pore walls
was several micrometers (1-2 um), which allows
characterizing them as microwalls. The pore
shape was predominantly trigonal. There were
fewer pores of hexagonal shape and they were
often compressed along one of the diameters of
the hexagon. In addition, the microwalls had a
multilayer structure.

The diffraction reflections in the XRD
images (Fig. 2a) corresponded to the hexagonal
(wurtzite) phase of ZnO (JCPDS card. No 36-1451).
The ZnO film on both front and back sides was
textured along direction [0001]. The XRD curve
recorded on the back of the film had reflections
associated with parasitic [103] crystallites. The
parameters of the ZnO lattice calculated from the
XRD data differed significantly for the two sides of
the film. Parameters d,, =2.61Aand d ,=1.48A
for the porous part of the film were close to the
standard (d,,, = 2.60 A and d,,= 1.477 A). Taking
into consideration the low-intensity asymmetric
reflexes on the diffraction pattern of the smooth
front side of the film, parameters d,, =2.56 A and
d =1.610 A were calculated, which appeared to

blel Osmaller than the standard (d_, = 2.60 A and
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Fig. 1 Electron microscopic images of ZnO type I film: upper (a) and lower (b) surfaces
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Fig. 2. a — X-ray diffraction patterns recorded from the upper (curve 1) and lower (curve 2) sides of the type I
ZnO. b - scheme of the initial ZnO layers growth on the R-plane of the sapphire

d, ,=1.6245 A). The unit cell volume V'=45.97 A3
was also smaller than the unit cell volume of the
standard V=47.58 A3, however, the decrease was
mainly due to compression along axis <0001>.
During the epitaxial deposition of ZnO on the
R-plane of the sapphire, due to the structural and
geometric similarity of the lattices, the following
epitaxial ratio is usually realized: A(110)ZnO ||
R -sapphire, with ZnO axis [001] located in the
plane of the sapphire surface [14]. In our case,
[110]-oriented ZnO crystallites were absent due
to the specific features of hot target sputtering
(emission of microparticles) and the peculiarities
of nucleation at low diffusion mobility of clusters.
The ZnO film was growing along energetically

favorable direction [001]. It is known [15] that
[001]-textured ZnO films grow quite easily even
on non-orienting substrates. Parasitic [103]
crystallites of ZnO are usually observed in films
growing at high rate [16]. The ZnO hexagonal
structure of the wurtzite type had a six-fold
symmetry. This was due to the formation of
hexagonal and trigonal pores. ZnO clusters
deposited on the R-plane of the sapphire self-
organized along the directions with the highest
linear density of atoms and in accordance with
the symmetry of the wurtzite structure (Fig.
2b). What is more, the lattice points formed a
rectangle (almost a square) with sides of 4.76
and 5.12 A, which explains the distortions of the
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shape of the growing hexagonal and trigonal
ZnO structures. Thus the first layer was formed
and the subsequent ones were deposited on the
previous one, forming a multilayer structure
of the pore walls. It should be noted that the
lattice parameters complied with the standard.
The resulting honeycomb-like microstructure
of the film confirmed a predominant emission
of clusters from the surface of the overheated
ZnO target. Adsorbed atoms and clusters, due
to their diffusion activity, formed a continuous
precipitate. The self-organization of ZnO
microparticles on the sapphire surface must
be mostly due to their Coulomb interaction,
however, this needs to be studied in more detail.

The situation was different for the front side
of the film. A significant compression of the
Zn lattice and high stresses combined with the
visually orange-brownish coloring of the film
indicated a high concentration of structural
defects, in particular oxygen vacancies. There
was a high likelihood of oxygen deficiency in the
clusters emitted by the target. Since a significant
compression of the lattice was observed along
axis «0001>, it can be assumed that the ultra-high
growth rate of ZnO films was due to the layering
of oxygen-deficient clusters and the lag in the
ordering process. Whereas a small deviation in
azimuthal parameter a was associated with the
high lateral activity of adatoms and clusters,
supported by the high temperature of the
substrate, which contributed to the partial filling
of oxygen vacancies, interatomic interaction, and
ordering.
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With an increase in the deposition
temperature to 830 °C, the growth rate decreased
to 0.85 um/min. According to the SEM data, the
thickness of the sample was 102 pm. The film
had good adhesion to the substrate and did not
peel off. The study of the morphology of the film
section confirmed the columnar microstructure
characteristic of ZnO synthesized at a high
rate. The axis of the columnar microstructure
deviated from the normal to the substrate
plane, which was obviously associated with the
direction of the shortest distance to the source
(target). On the surface (Fig. 3) and in the film’s
bulk, there were penetrating micropores with a
diameter of up to 10 pm. The elements of the
columnar structure were formed by flat ZnO
c-crystallites layered on top of each other. The
high intensity of the incoming clusters created
conditions in which, as a whole, the normal
[17] growth of the ZnO precipitate prevailed.
What is more, the formation of faceted flat
microcrystals indicated a sufficient temperature
for epitaxial deposition. However, there were
no direct indicators of cluster melting at the
adsorption stage.

According to X-ray diffraction data, a highly
textured c-oriented ZnO film was formed
during the deposition process. The parameters
d,,, = 2.61A of the ZnO type II film were close to
the standard (d,, = 2.60 A). After the chemical-
mechanical polishing, the surface of the ZnO film
was smoothed to roughness values below 5 nm
(Fig. 4). During the treatment, about 20 pm was
stripped. The porosity remained at the level of

the ZnO type II film after chemical-mechanical po-
lishing
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10°cm™!, which confirms the penetration of pores
into the film bulk.

For comparison, the average growth rate of the
type III film [10] was about 0.9 ym/min. It can be
concluded that after the deposition temperature
was increased to above 800 °C, the growth rate
practically did not change. At these temperatures,
the quality of the ZnO film was significantly
improved, and the mechanisms of epitaxial
deposition, azimuthal orientation of clusters were
triggered. However, at higher temperatures, there
were signs of cluster melting. Apparently, the
deposited clusters came into thermal equilibrium
with the substrate. The formation of hexagonal
microparticles indicated that the crystallization
mechanism proceeded under equilibrium
conditions through the liquid phase of the initial
microparticles melting. A decrease in the porosity
of films at high deposition temperatures may also
be associated with melting processes.

4. Conclusions

The paper investigated the influence of the
deposition temperature during the magnetron
sputtering of hot ZnO targets on the morphology
and structural-phase composition of the ZnO
substrate material. The growth rate of the ZnO
single crystal precipitate at a precipitation
temperature of 830 °C was 0.85 pym/min. The ZnO
precipitate had a columnar microstructure and
a developed surface with isolated pores with a
density of less than 10°cm ! and linear dimensions
of up to 10 pym. After chemical-mechanical
polishing, the surface of the ZnO precipitate was
smoothed to roughness values below 5 nm and
the porosity still remained. With a decrease in the
deposition temperature to 750 °C, the growth rate
increased to 1.5 ym/min and the film easily peeled
off the sapphire substrate. The upper surface of
the film was heterogeneous: a smooth surface had
microcrystals of various shapes. The lower surface
of the film had a microporous structure with the
following parameters: Pores with a size of up to
10 ym and multilayer pore walls with a thickness
of 1-2 ym. All ZnO films were textured along [001].
With an increase in the deposition temperature,
the epitaxial quality of the films increased.

The paper demonstrated that the ZnO
deposition rates during the spluttering of
hot ceramic targets were ultra-high (up to
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1.5 ym/min). The obtained samples of ZnO films
with a thickness of more than 50 pym can be used
as a substrate material in microelectronics to
manufacture light-emitting devices. Microporous
films were obtained for the first time without
any special surface pretreatment and template
technologies. Microporous structures may be
used for photonic applications: pores may be
filled with various fluorescent fillers. In addition,
the ZnO luminescence spectrum has two main
bands: a narrow band-edge luminescence in the
region of 380-390 nm and a relatively wide band
of visible luminescence, often characterized by
a maximum of 490-530 nm in the green range.
Provided that pores are filled with a material with
luminescence in the blue region, microporous
ZnO can be a very promising source of white light.
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Abstract

To improve the processes of obtaining and isolating organic acids from solutions, it is necessary to understand the processes
occurring on heterogeneous and homogeneous anion-exchange membranes in contact with solutions of salts of organic
acids when electric current flows through the membrane system.

The purpose of this paper was to study the effect of sodium salts of acetic, malonic, and citric acids on the current-voltage
characteristics (CVC) and electrochemical impedance (ECI) spectra of heterogeneous and homogeneous anion-exchange
membranes.

Heterogeneous Ralex AMH (Mega, Czech Republic) and homogeneous Lancytom® AHT (LANRAN, China) membranes in
contact with 0.1 mol-eq/L solutions of neutral and acidic sodium salts of acetic, malonic and citric acids were studied. In
solutions of neutral salts, the current-voltage characteristics of both membranes have a traditional form typical for mineral
salt solutions, with the exception of the homogeneous Lancytom® AHT membrane in a sodium malonate solution. In the
latter case and in solutions of acidic salts of these acids CVC of both membranes are nonlinear at currents less than the
limiting. This is caused by proton transfer reactions between water molecules and carboxyl groups of acid anions or acid
molecules and, as a result, the rate constant of dissociation of water molecules in solutions of organic acidic salts increased
by many orders of magnitude. By the appearance of additional semicircles in the spectra, ECI frequency spectra allow
identifying the occurrence of new processes in the membrane system when an electric current flows through it.

In most cases, the results of impedance measurements of the studied systems are consistent with the results of voltammetry,
although the protonation-deprotonation processes in solution with the participation of organic acid anions are not reflected
in the frequency spectra of a heterogeneous membrane. This feature may have been caused by a greater intensity of
electroconvection near the surface of heterogeneous anion-exchange membranes as compared to homogeneous anion-
exchange membranes.
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reaction
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1. Introduction

In recent years, cation and anion-exchange
membranes have been widely used in membrane
technologies for the production of organic acids
[1, 2, 3,4, 5, 6]. In fermentation solutions, these
acids are mainly found in the form of neutral
salts. Before obtaining organic acids using
electrodialysis with bipolar membranes, their
neutral salts are concentrated by traditional
electrodialysis. In this case, acid anions are
transferred from the fermentation solution to the
concentration chamber through anion-exchange
membranes. Anion-exchange membranes are
used at the stage of obtaining organic acids
from their salts [7] without the preliminary
concentration of the salts in order to isolate
organic acid anions from mixtures with mineral
salts [8,9] and separate mixtures of organic acids
[10].

There are a lot of studies focusing on the
transfer of organic acids through anion-exchange
membranes, as well as their electrochemical
characteristics in solutions of these acids [11-21].
The transfer of individual acids through anion-
exchange membranes [11, 12] and the formation
of a limiting state in a system with an anion-
exchange membrane [13, 14] in contact with an
organic acid solution were studied. In addition,
the sorption and diffusion characteristics,
electrical conductivity of anion-exchange
membranes in organic acid solutions [15], and
the effect of solution pH on the selectivity [16]
of an anion-exchange membrane in relation to
organic acids were stadied.

Most organic acids are polybasic. When
converting their neutral salts into acids using
electrodialysis with bipolar membranes, as well
as in electrodialyzers for the separation and
purification of organic acids, a mixture of acidic
salts of these acids is formed in the electrodialyser
chambers during the intermediate stages of the
process. Chemical protonation-deprotonation
reactions with the participation of acidic salts
of organic acids that occur in diffusion layers
near anion-exchange membranes [17-21] also
affect the electrochemical characteristics of
membranes and require additional research.
Most of these studies are devoted to systems
with homogeneous anion-exchange membranes,
although heterogeneous anion-exchange
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membranes can also be used for processing
solutions that contain salts of organic acids. The
study of such membrane systems is required for
expanding the area of application of membrane
technologies for the production of organic acids
and their isolation from mixtures.

Voltammetry and electrochemical impedance
spectroscopy are the main methods used to study
the processes occurring in membrane systems that
contain salts of organic acids. These methods allow
obtaining information on the processes occurring
in systems with anion-exchange membranes
depending on the density of the electric current
flowing through the studied membrane.

Thus, the purpose of this work was to study
the influence of the nature of the organic acid
salts —acetic, malonic, and citric — on the current-
voltage characteristics and electrochemical
impedance spectra of heterogeneous and
homogeneous anion-exchange membranes.

2. Experimental

The heterogeneous Ralex AMH (Mega, Czech
Republic) [22] and homogeneous Lancytom® AHT
(LANRAN, China) [23] membranes were used as
the studied anion-exchange membranes. The
Ralex AMH membrane contain strongly basic
quaternary ammonium groups and are reinforced
with polyethersulphone. The thickness of the
membrane in the swollen state is about 700 um,
it was stable in acids and alkalis in the pH range
0-10. The Lancytom® AHT membrane is stable
in concentrated solutions of acids and alkalis in
the pH range 0-14 and it is also thermostable.
It retains its properties at temperatures below
60 °C. The thickness of the membrane in the
swollen state is 220 um.

To determine the value of the limiting
electrodiffusion current on Ralex AMH and
Lancytom® AHT anion-exchange membranes
in solutions of organic acid salts and to study
the mechanisms of processes occurring on the
studied membranes in various current modes,
we measured the galvanodynamic current-
voltage characteristics of the membranes and
the frequency spectra of the electrochemical
impedance. During the measurements, the
membranes were in contact with 0.1 mol-eq/1
solutions of neutral and acidic sodium salts of
acetic, malonic, and citric acids.
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The studywas conducted in an electrochemical
cell formed by the studied anion-exchange
membrane (Ralex AMH or Lancytom® AHT) and
Ralex CMH cation-exchange membranes placed
on both sides of it (Fig. 1).

The working area of the studied anion-
exchange membrane was 0.60 cm?. The linear
velocity of solutions in each chamber was
0.06 cm/s. Standard silver chloride electrodes
connected to capillaries on either side of the
studied membrane were used for measurements.

Measurements of the current-voltage
characteristics of the studied anion-exchange
membranes were conducted in galvanodynamic
mode at a scanrate of 2-10-° A/s and a temperature
of 25+ 1 °Cusingan AUTOLAB 100N potentiostat-
galvanostat.

The limiting current densities according to
CVC were found using the method of tangents
to the ohmic section of CVC and the subsequent
section at the inflection point of the curve [24].

The electrochemical impedance spectra of the
membranes were measured after establishing a
steady state at a temperature of 25+1 °C using an
AUTOLAB-100N potentiostat-galvanostat with an
FRA32M impedance measurement module. The
measurements were performed in the frequency
range from 0.1 Hz to 1 MHz, distributed evenly on a
logarithmic scale. The amplitude of the measuring
alternating current did not exceed 50 mV.

3. Results and discussion

The current-voltage characteristics of the
heterogeneous Ralex AMH anion-exchange
membrane in solutions of neutral salts of acetic,

2.5 1]

Nadc 5

1, Adm?
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2 A3

4

NaA NaA NaA  NaA

Fig. 1. Scheme of an electrochemical cell for measur-
ing current-voltage characteristics and frequency
spectra of the electrochemical impedance of the an-
ion-exchange membranes under study in solutions of
salts of acetic, malonic and citric acids. A is the anion
exchange membrane under study; C is the Ralex CMH
auxiliary cation exchange membranes; 1 and 4 are
electrodes polarizing the membrane under study with
direct and alternating current; 2 and 3 are standard
silver chloride electrodes for measuring the potential
difference on the membrane

malonic, and citric acids have a traditional form
with a well-defined limiting current section
(Fig. 2). The current-voltage characteristics of
the homogeneous anion-exchange membrane
Lancytom® AHT have a traditional form only in
solutions of neutral salts of acetic and citric acids
(Fig. 3a, 3c). In a solution of sodium malonate
(neutral salt), the section of the underlimiting
current is nonlinear (Fig. 3b). Similar nonlinear
sections at currents lower than the limiting ones
have the current-voltage characteristics of both

MayCin
Naki,Ci

MalMal

Ma,HCq

Fig. 2. Current-voltage characteristics of the Ralex AMH anion exchange membrane in 0.1 mol-eq/L solutions

of acetic (a), malonic (b) and citric acid (c) salts
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Fig. 3. Current-voltage characteristics of the Lancytom® AHT anion exchange membrane in 0.1 mol-eq/L
solutions of acetic (a), malonic (b) and citric acid (c) salts

membranes in solutions of acidic salts of malonic
and citric acids (Fig. 2b, 2c and 3b, 3c). These
features can be explained by the occurrence of
protonation-deprotonation reactions in solution
with the participation of anions of acidic salts [18,
19, 21]. These reactions have the same mechanism
as the one that was first proposed for the
“membrane - solution” system [25]. An increase
in the rate of dissociation of water molecules
by many orders of magnitude in such systems
is explained in [25] by the occurrence of proton

transfer reactions between water molecules and
ionogenic groups of compounds that are found
in solutions or ionogenic groups of membranes.
As for acetic, malonic, and citric acids, as well as
their salts in aqueous solutions, the mechanism
of dissociation of water molecules corresponds
to equations (1)-(12) (Tables 1-3).

Reaction equilibrium constants K, - K,, were
taken from [26], rate constants of reverse reactions
(k_ and k_,,) were taken from [27, 28]. Analysis of
these equations showed that the limiting stages

Table 1. Proton transfer reactions in acetic acid solution

Proton transfer reactions Reaction equilibrium Reactions rate constants
constants
k k =8.7-10°s!
HAc + H,0 k—<_l> Ac™ + H,0" K, =1.74-10"° mol/L k. =510°L/(mol s) (1
ke, k,=5.755s"
Ac +H,0 = HAc + OH- K, =5.75-10° mol/L K= 110" L/(mol 5) 2)
Table 2. Proton transfer reactions in malonic acid solution
Proton transfer reactions Reaction equilibrium Reactions rate constants
constants
The first stage of dissociation
I k,=7.39-10"s!
H,Mal + H,0 k:; HMal- + H,O" K, =1.479-10° mol/L k=510 L/(mol s) 3)
ky k,=0.0676 s
HMal-+H,0 k—<_: H,Mal + OH" K, =6.761-10""> mol/L k= 1-10° L/(mol s) “4)
The second stage of dissociation
ks k,=1.02-10°s!
HMal- + H,0 k—<_5> Mal** + H,0" K, =2.042-10"° mol/L k.= 510°L/(mol s) (5)
Mal* + H O <k—>i HMal- + OH- K =4.90-10"° mol/L k49057 (6)
27k, 6 k ,=1-10"L/(mol s)
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Table 3. Proton transfer reactions in citric acid solution

Proton transfer reactions Reaction equilibrium Reactions rate constants
constants
The first stage of dissociation
NGt HO k; HCit +HO k,=3.71-10" s
it + = it + " =741310*
X 0= H, X K, = 7.413-10-* mol/L K= 510" Lmol 5 (7)
H,Cit + H,0 =+ H.Cit + OH 015557
t+ = t+ OH- =1.349-10-1
,Cit +H,0 = HCi K, = 1.349-10"" mol/L K = 1109 Lmol 5 (8)
The second stage of dissociation
H it + 1O ks HCit- + 1LO k,=8.69-10°s™!
I+ =>HCit*" + * =1.738-10°5
, 0 = X K, =1.738-10-° mol/L K.=5107T/(mol ) ©)
HCit- + 1LO ko H Cit- + OH k,=5.75s"
1t + = it~ + - =5. .10-10
20 = K, =5.751-10""" mol/L k.- 1-10° L/(mol s) (10)
The third stage of dissociation
HC‘ ) HO kyy C 5 HO kll = 2.04"104 S_l
i+ = Cit"™ + " =4.074-10"7
02 5 K, =4.074-10"" mol/L k. =510 L/(mols) (11)
C' 5 H O kyy HC ) OH k12 = 245 571
it>- + = HCit> + OH- =92.45-108
0= K= 2.45-10" mol/L, K= 1107 Lmol s) (12)

of the reaction of dissociation of water molecules
with the participation of anions of acetic, malonic,
and citric acids were the reactions (2), (4), (6), (8),
(10), and (12) with corresponding rate constants
of 5.75 s71,0.0676 s71,49.0 s7!, 0.135 s7!, 5.75 s7,
and 245 s™!. These constants are many orders
of magnitude greater than the rate constant of
dissociation of water molecules in pure water that
isequal to 2.5-10~° s'. As aresult, the reaction rate
of dissociation of water molecules in the diffusion
layers of membrane systems significantly exceeded

-im¥, {%am dm’

I, Ohm dm? -
15 id
20
1.5
5 1080 Addm?
1.3
r % 1
1.0 % A
m® "
E .
5 . 1
08 i | WL | i
H % oAdm
o L L s |
45 00 05 10 15 20 25 ga i
ReZ, Ohm dm? 13 )

a

the rate of water dissociation in pure water.
Naturally, in an accurate calculation of the rate of
water dissociation in the studied systems not only
the rate constants, but also the concentrations
of anions and acid molecules must be taken into
account.

At currents exceeding the limiting current in
membrane systems, the dissociation reaction of
water molecules occurred on the surface of anion-
exchange membranes at a high rate. This leads to
an increase in the voltage on the membrane, and

-Im, Ohim dm?
1.50
125 |
166 A | _
f | 1662 wam®
1.0 I .
073 .
. -
. - "
. 050 | L b 0066 Aum
i 50 |
| ose i
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Fig. 4. Frequency spectra of electrochemical impedance Ralex AMH anion exchange membrane in 0.1 mol-eq/L

solutions of NaAc (a), Na,Mal (b) and NaHMal (c)
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Fig. 5. Frequency spectra of electrochemical impedance Ralex AMH anion exchange membrane in 0.1 mol-eq/L
solutions of Na,Cit (a), Na,HCit (b) u NaH,Cit (c)

the contributions from reactions involving acid
anions occurring in the solution adjacent to the
membrane become undetectable on the current-

voltage characteristic.

Despite the fact that at currents lower than
the limiting ones, protonation-deprotonation
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reactions with the participation of anions of
organic acids occurred in the “Ralex AMH - acidic
salt solution” system, this was not reflected in

the frequency spectra of the impedance of the
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frequency range 0.1 Hz — 1 MHz. The appearance
of additional semicircles in the system with the
homogeneous Lancytom® AHT membrane (Fig. 6,
7) in similar cases can be caused by more intense
electroconvection that occurs on the surface of
the heterogeneous anion-exchange membrane
when electric current flows through it [29, p. 240].
In the region of underlimiting current
densities on the surface of the Lancytom® AHT
membrane in Na,Mal solutions, the processes
of protonation-deprotonation of organic acid
anions occurred causing the appearance of an
additional semicircle in the low-frequency part
of the impedance spectrum (Fig. 6b). This process
was weakly expressed in Na,HCit and NaH,Cit
solutions in this current range (Fig. 7b, 7c).

4. Conclusions

Current-voltage characteristics of Ralex AMH
and Lancytom® AHT anion-exchange membranes
in solutions of neutral salts of acetic, malonic, and
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citric acids have a traditional appearance, with the
exception of the “Lancytom® AHT membrane -
sodium malonate” system. The reason for
the nonlinearity of the underlimiting current
section in the latter system was not clear, so this
system requires further research. The nonlinear
appearance of sections of current-voltage curves
at currents lower than the limiting was caused
by the occurrence of proton transfer reactions
between water molecules and carboxyl groups
of acid anions, or acid molecules. This resulted
in an increase by many orders of magnitude in
the rate constant for the dissociation of water
molecules in solutions of salts of organic acids.
By the appearance of additional semicircles
in the spectra, ECI frequency spectra allow
identifying the occurrence of new processes in
the membrane system when an electric current
flows through it. In most cases, the results of
impedance measurements of the studied systems
are consistent with the results of voltammetry,
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although the protonation-deprotonation
processes in solution with the participation
of organic acid anions are not reflected in the
frequency spectra of a heterogeneous membrane.
This feature may have been caused by a greater
intensity of electroconvection near the surface
of heterogeneous anion-exchange membranes
as compared to homogeneous anion-exchange
membranes. Measuring ion fluxes and effective
transport numbers of ion through anion-
exchange membranes may be able to provide
additional information about the processes of
ion transfer through these membranes in systems
containing salts of organic acids.
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Abstract

Nanoscale magnetic spinel ferrites are attracting an increased attention as functional materials for catalysis and sorption.
Such catalysts and sorbents are advantageous due to their chemical stability in aggressive media, their thermal stability,
alarge area of specific surface, and high saturation magnetization, which allows using them to create magnetically controlled
functional materials. This article presents the results of the synthesis of nickel (I) ferrite nanopowder, its characterization,
and a study of its catalytic and sorption activities towards methyl orange dye.

X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were used to
characterize nanocrystalline NiFe,O, synthesized by citrate combustion. The nickel spinel was tested as a catalyst of Fenton-
like reaction of oxidative degradation of methyl orange under UV irradiation of A = 270 nm. The study involved differentiation
of oxidation during dye sorption on a NiFe,0, nanoscale catalyst. The oxidative degradation of the pollutant under ultraviolet
irradiation in the presence of a catalyst was satisfactorily described by a pseudo-first-order model, the rate constant of the
reaction was 0.0191 min-!. The degree of methyl orange destruction reached 99% 150 minutes after the beginning of the
reaction. A parallel experiment without the addition of hydrogen peroxide to the dye solution allowed assessing the sorption
capacity of nanoscale nickel (II) ferrite. After 150 minutes, the concentration of the dye decreased by 7.5% due to its sorption,
the equilibrium sorption capacity of NiFe,O, was low (0.132 mg/g). This indicates that the methyl orange solution decolorizes
mainly due to its catalytic oxidative degradation according to the Fenton reaction.

This allows considering nanoscale nickel ferrite as a promising material for wastewater treatment by deep oxidation of
organic pollutants.
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Introduction

In recent years, there has been a growth
of interest in nanoscale spinel ferrites as
multifunctional materials. Using nanoscale
spinels (NiFe,O, where Me = Zn, Ni, Mg, Co, Mn)
as catalysts and sorbents is advantageous due to
their chemical stability in acid media, thermal
stability, a highly developed surface, and high
saturation magnetization [1, 2]. The magnetic
properties of ferrites allow using them to create
magnetically controlled functional materials,
primarily catalysts and sorbents.

Currently, spinel ferrite-based catalysts have
a wide range of applications, such as oxidative
dehydration of hydrocarbons, decomposition
of alcohols, and purification of exhaust gases
generated by cars [3-6].

Spinel ferrites [7,8] and ferrite-based
nanocomposites [9-11] are used in a number
of technologies for wastewater treatment from
pollutants: dyes, antibiotics, phenol derivatives,
etc.

Nanoscale catalysts and sorbents should not
only have high activity due to their developed
surface with a large number of active sites, but
also be products of energy-efficient and resource-
saving technologies in order to economically
justify their industrial implementation. For large-
scale practical use of ferrites, it is necessary to
distinguish simple, reproducible, and economical
methods of their synthesis among the many known
methods of synthesis [12-16]. These methods
should allow regulating the characteristics of
nanoscale spinel ferrites and obtaining samples
with alarge number of active sites for catalysis and
sorption and magnetic properties necessary and
sufficient to control the external magnetic field.

The purpose of this study was to synthesize
nanoscale nickel (II) ferrite, a soft magnetic
material with a reverse spinel structure, by
citrate combustion and to test it as a catalyst for
a Fenton-like reaction of oxidative degradation
of the methyl orange dye.

Experimental

NiFe,O, synthesis was carried out by citrate
combustion according to [17]. Phase composition
was determined by X-ray diffractometry
(Empyrean BV diffractometer with Cu anode
(A = 1.54060 nm)). The scanning was performed
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within a range of angles 26 = 10-80° with a step
of 0.0200. The JCPDC database [18] was used to
identify the phases (card 54-0964) [18]. The size
and morphology of particles were determined
by transmission electron microscopy (TEM,
CarlZeiss Libra-120 transmission electron
microscope). SEM image of the sample and
quantitative elemental analysis was performed on
aJSM-6380LV JEOL scanning electron microscope
with an INCA 250 microanalysis system.

The catalytic activity of nanoscale nickel (IT)
ferrite was studied in a model reaction of methyl
orange (MO) oxidation by hydrogen peroxide.
To do this, we prepared a solution containing
0.0100 mg/ml of methyl orange and 10 wt. % of
hydrogen peroxide. pH of the solution, which
was 4.5, was maintained by an acetate buffer.
Then, 0.2500 g of catalyst was added to a series
of solution samples with a volume of 15.00 ml.
Control measurements of the concentrations of
MO solutions without a catalyst were performed
in the same manner.

The experiment was conducted under
ultraviolet irradiation with A = 270 nm (LightBest
UV lamp, 25 W). The MO concentration was
determined using photocolorimetry (KFK-3-01
photocolorimeter). The analytical wavelength for
MO was 364 nm. The degree of degradation was
calculated by formula (1):

c,-C

W= £.100 %, (1)

0
where W is the degree of degradation %, C is the
concentration of the dye at the initial moment of
time, and C, is the concentration of the dye at the
present moment of time.

To differentiate the catalytic oxidation and
sorption of the dye on a nanoscale NiFe,O,
catalyst, we performed an experiment using the
above-described method in the darkness without
adding H,0, oxidant to the solutions. In this case,
oxidative degradation of MO was not performed,
while decolorization of the solution was only
determined by the sorption of the pollutant on
ferrite. The duration of static sorption was 2
hours. The sorption capacity of nickel ferrite (II)
was determined using equation (2):

(¢, -C)-v
=

A 2)
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where C is the initial concentration of the solu-
tion of the organic dye, mol/1; C is the concentra-
tion of the organic dye after a certain time after
the beginning of the reaction, mol/l; V is the
volume of the adsorbate solution, 1; m is the
weight of ferrite, g.

Results and discussion

Reflexes in the diffraction patterns of the
nanopowder synthesized by citrate combustion
(Fig. 1) referred to the target phase of NiFe,O,
(JCPDC 54-0964). We also identified a single low-
intensity reflex of Fe,O, iron oxide, however, it did
not seem critical due to the potential catalytic
activity of the Fe* ion.

The average size of coherent scattering regions
(CSRs) of NiFe,0, particles calculated using the
Debye-Scherrer formula [19] was 31#2 nm.

TEM (Fig. 2.) showed that the shape of
NiFe, O, particles was close to spherical. There
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were individual coarse particles with a size of 90-
100 nm, however, the predominant particle size
fraction was in the range of 21-50 nm. According
to TEM data, the average size of NiFe,O, particles
was 38+3 nm. According to XRD, the calculated
CSR values generally correlated with the TEM
results.

The average values of the weight and atomic
percentages of the Ni, Fe, and O elements
according to the data of energy dispersion
analysis (Table 1) correlate with the expected
chemical composition of the synthesized
samples. The presence of residual carbon on the
energy dispersive spectrum (Fig. 3) indicated the
probable accumulation of solid x-ray amorphous
products of gel degradation in the pores of the
nanopowder without complete oxidation of the
combustion products.

The surface of nickel (II) ferrite was
characterized by a “coral-like” structure,
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Fig. 1. Diffraction pattern of NiFe,O, nanopowder
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Fig. 2. TEM image (a) and histogram of NiFe O, particle size distribution (b)

458

1-10 11-20 21-30 21-40 41-50 51-60 &60-70 71-80 81-90 91-100

Particle size, nm

b



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

A.A. Meshcheryakova et al.

cps/eV

2024;26(3): 456-463

Synthesis of nanoscale nickel (ll) ferrite and a study of its catalytic...

ke

Fig. 3. Energy dispersive spectrum of NiFe,0,

Table 1. Results of energy dispersion analysis of
ferrite

Element Weight % Atomic %
(0] 30.50 55.05
Fe 40.19 20.78
Ni 24.21 11.91
C 5.10 12.26

crystallites had a pronounced agglomeration
(Fig. 4). TEM data allows assuming that NiFe,O,
agglomerates up to 20 um in size were formed by
nanoparticles below 100 nm in size. In the SEM
image, equiaxial small particles with pronounced
crystallinity clearly differentiated.

The rather high porosity of spinel is explained
by the release of gaseous products of the polymer
gel combustion, primarily carbon oxides CO and
CO,, which is a distinctive feature of nanoscale
powders synthesized by citrate combustion [20].

It was experimentally established that
nickel spinel nanopowder synthesized by citrate
combustion is an effective heterogeneous catalyst
for the hydrogen peroxide decomposition by a
Fenton-like reaction. Oxidative degradation of
MO under the influence of UV irradiation in the
presence of the NiFe,O, catalyst proceeded more
intensely than in its absence (Fig. 5). Therefore,
the concentration of the dye during catalytic
oxidation 2.5 hours after the beginning of the
reaction decreased by 17 times. In the absence
of a catalyst, after 2.5 hours of the reaction, the
concentration of MO decreased only by 2 times.

The degree of degradation of the methylene
orange dye without catalyst in visible light

Fig. 4. SEM image of NiFe,O, nanopowder

2.5 hours after the beginning of the reaction was
50%. In the presence of nickel (II) ferrite under UV
irradiation of the reaction mixture, the degree of
degradation of MO increased to 99%.

The shape of kinetic curves of the oxidative
degradation of the dye corresponded to the
pseudo-first order of the reaction. The rate
constant was evaluated by linearization of the
kinetic dependences in logarithmic coordinates
(Fig.6). The rate constant of oxidative degradation
of MO under UV irradiation in the presence of
NiFe,0, was 0.0191 min™'. The rate constant in
the absence of a catalyst with natural lighting
was almost an order of magnitude lower
(0.0044 min™?).

The process without the H,O, oxidant revealed
a small sorption capacity of nickel spinel towards
MO, the concentration of the dye decreased by
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Fig. 5. Change in the concentration (a) and degree of degradation (b) of the MO dye without catalyst (1) and

in the presence of NiFe,O, under UV irradiation (2)

7.5% 2.5 hours after the beginning of the reaction
(Fig. 7).

The sorption capacity of NiFe,O, reached its
maximum value of 0.132 mg/g in 120 min (Fig. 7,
insert), which indicates a slight contribution of
sorption to the overall process of decolorization
of the MO solution in the presence of a nanoscale
NiFe,O, catalyst.

The structure of the mixed spinel,
characteristic of nickel (II) ferrite means that
Fe® ions distribute in octahedral and tetrahedral
voids. The catalytic activity of spinel ferrites
in Fenton processes is due to the formation of
active oxidants with their participation during the
decomposition of hydrogen peroxide. According
to [21], the formation of -OH hydroxyl radicals
is associated with the activity of Fe?" ions,
whereas Fe®" ions are mainly responsible for the
formation of -OOH radicals. The oxidation state

& 2- MiFerDq under UY irradiation W 1- Without extabyst in visible light

] 20 a0 &0 a0 100 130

Concentration, InC

t, min

Fig. 6. Kinetic curves of MO oxidation by hydrogen
peroxide in InC - t coordinates without catalyst (1) and
in the presence of NiFe,O, catalyst (2)
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for octahedral ions of Fe* changes to +2 due to
lattice oxygen [22]. Fe* ions in the tetrahedral
position exhibit electron-withdrawing properties
(reaction 1) and contribute to the formation of
active sites of the Fenton-like reaction of Fe?*, on
which the decomposition of hydrogen peroxide
is accompanied by the formation of hydroxyl
radicals (reaction 2):

Fe’* +H,0, — Fe* + -OOH + H’, (1)
Fe** + H,0, — Fe*" +-OH + OH". (2)

UV irradiation induces regeneration of Fe?
accompanied by the formation of hydroxyl
radicals and molecular oxygen (reactions 3, 4):

Fe’* + H,0 — Fe* +-OH + H', (3)
Fe*" +-00H — Fe* + O, + H". 4)

The oxidizing radicals oxidize the dye
molecule according to equation (5):

1000 B

0,900 i L

0,800
0,700
0,600
0,500
0,400

0,300

Dye concentration CfCo
w

0,200
0,100 . - - o
0,000
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120 160

Reaction time t, min

Fig. 7. MO sorption curves in the presence of NiFe,O,
(I) and sample sorption capacity (2)
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Dye + HO- — HOO- + O, + H,0. (5)

Previously, under similar conditions we
established a rate constant of 0.0354 min~! for
nanoscale CoFe,0, with a reverse spinel structure
as a catalyst of Fenton-like reaction of methyl
orange oxidation [23]. Probably, the Co%*/Co*
pair in the spinel lattice increases the catalytic
activity of cobalt ferrite as compared to NiFe,O,
due to accelerated electron transfer. Co*" cobalt
ions are located in the center of the oxygen
octahedra, and electrons of oxygen ions can easily
participate in the oxidation of H,0,accompanied
by the formation of hydroxyl radicals and the
change of the oxidation state of cobalt to +3.
The probability of participation of nickel ions
due to the predominant oxidation state of +2 in
such a process is much lower, however, in [24],
X-ray photoelectron spectroscopy was used to
confirm the presence of Ni** ions in nickel spinel
after ozone treatment of oxalic acid. However,
it should be emphasized that the value of the
rate constant of MO oxidation in the presence
of NiFe,0, exceeded the value for the oxidative
degradation of MO under similar conditions when
nanoscale normal spinel ZnFe O, was present as
a catalyst (0.010 min™!), where A cation also had
one oxidation state +2 despite a sufficiently high
specific surface area of the catalyst (453.1 m?/g)
[25]. This is consistent with the data in [24] about
poor capability of ZnFe, O, to transfer electrons
when A cation changes to the Zn3* state.

Conclusions

Citrate combustion was used to synthesize a
nanoscale nickel ferrite with a spinel structure
(XRD data) with an average particle size of
38+3 nm (TEM data). It was established that
nanodispersed NiFe,O, had high catalytic activity
in the Fenton-like reaction of methyl orange
dye oxidation. Under optimized conditions
and effective control of parameters, including
contact time, solution pH, and catalyst dose
and under additional UV irradiation, over 99%
of the pollutant was removed. The oxidative
degradation of the dye without catalyst was
50%. The rate constant of oxidative degradation
of MO under UV irradiation in the presence of
nickel (II) ferrite was 0.0191 min~!, while in the
absence of a catalyst and in natural lighting
it was 0.0044 min-!. The sorption capacity of
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NiFe,O, reached its maximum value of 0.132 mg/g
120 min after the beginning of the reaction, which
means that the contribution of sorption to the
decolorization of the MO solution is insignificant.
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Abstract

The purpose of the article is to study the effect of bicarbonate ions on the local activation of aluminum at a temperature
of 25 °C.

The features of local activation of aluminum in the presence of bicarbonate ions (2-10-4-4-10-3 M) were studied using the
methods of voltammetry, chronoamperometry, optical and scanning electron microscopy, and X-ray spectral microanalysis.

As aresult, we established the range of sodium bicarbonate concentrations, in which there is local activation of aluminum;
obtained experimental data on the dependence of the main quantitative characteristics of the process (potential of pitting
formation, potential of local activation, and induction period) on the concentration of sodium bicarbonate. Formal kinetic
approach was used to propose a mechanism for the local activation of aluminum in hydrocarbonate media.
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1. Introduction

Hydrogen carbonates mainly enter surface
waters as a result of natural processes of chemical
weathering and dissolution of carbonate rocks or
aluminosilicates, as well as with waste water from
chemical, silicate, and soda industry enterprises.
Bicarbonate ions are one of the main anions
present in natural water which is supplied to
water and heat supply systems. The equipment
of these systems can be made of various metals
and alloys, including aluminum, copper, steel,
etc. [1-5].

According to previous studies [6, 7], copper
and iron are prone to passivation and localized
damage depending on the salt content in the
hydrocarbonate solution. For example, in [8,
9], it was found that passive layers formed in
diluted electrolytes (C(CNaHCO,) < 0.08 M)
have low protective characteristics, and HCO;
ions act as pitting corrosion activators and
cause metal depassivation if local activation
potentials exceed the corrosion potential. With
an increase in the concentration of HCO,™ ions,
the protective properties of the oxide film in
relation to pitting formation (PF) increase, which
is due to the stabilization of the passive film on
copper and iron under the action of malachite
or basic iron carbonate formed under these
conditions, respectively. In contrast to the anodic
behavior of copper and iron in dilute solutions,
they have a wide region of passivity (up to the
potential of oxygen release) in more concentrated
solutions (C(NaHCO,) = 0.1 M). Scanning electron
microscopy (SEM) in this case does not record any
pitting (PT) on the above-mentioned metals after
their anodic oxidation [10].

Another approach was proposed in [11, 12].
According to it, PF on copper is not associated
with the special properties of HCO; ions, which
have a weak activating ability, but is determined
by the increasing value of pH of solutions in
concentrated media, which leads to a deeper
passive state of the metal. The effect of pH is
also manifested in the change in the ratio of
CO,, H,CO,, HCO;, and CO?". Under equilibrium
conditions, there is a balance between all four
forms [3, 4, 13]:

CO, + H,0 & H,CO, « H' + HCO; «
o 2H' + CO%. (1)
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At pH =4.3, water contains practically only CO,.
With anincrease in pH, the HCO; content increases,
at pH = 8.35 only HCO; ions are present in water,
and at pH ~ 12, there are only CO?" ions [13].

It is known [14-22] that aluminum and its
alloys can be in a passive state, however, they can
undergo local activation (LA) in the presence of
chloride, sulfate, nitrate, and other ions. Yet, there
is hardly any information about the behavior
of aluminum and its alloys in the presence of
bicarbonate ions. Papers [23—-24] describe studies
on the effect of temperature on aluminum LA
in NaHCO, solutions. It was also shown that at
concentrations of 10°-10*M and 5-:1073-10"' M
of NaHCO,, aluminum is in a passive state, while
at concentrations between 2:10~* and 4-10-° M,
there is LA in NaHCO,. Controversial behavior of
aluminum [23-24], as well as different views [6—
12] on the role of pH of bicarbonate solutions and
HCO; ions in the LA processes on metals with low
salt content in the solution means that there is
a need for a more detailed study in a wide range
of potentials, clarification of the concentration
boundaries of LA and its kinetic parameters, and
determination of the mechanism of the process
of aluminum LA in bicarbonate media. Therefore,
the purpose of the article is to study the effect
of bicarbonate ions on the local activation of
aluminum at a temperature of 25 °C.

2. Experimental

Experiments were carried out on a stationary
aluminum (Al 99.99%) electrode in aqueous
solutions of sodium bicarbonate within the
concentration range from 2-10~*to 4-10-3 M, which
were prepared from a chemically pure reagent and
distilled water and which were kept for a day. The
pH control of the studied solutions (PH-107 pH
meter with an accuracy of 0.1) showed a change
in the pH value from 6.5 to 7.7 with an increase
in the salt content of the electrolytes.

Prior to each experiment, the aluminum
surface was polished with sandpaper with a
decreasing grain radius, polished with filter
paper, degreased with ethanol, and washed with
distilled water.

The electrolytic cell was a glass three-
electrode cell with unseparated cathode and
anode spaces and free access of air. The working
(aluminum) and auxiliary platinum electrodes
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and a salt bridge tube were fixed in the cell lid. A
silver chloride electrode (E = 0.20 V) was used as
the reference electrode. It was located in the salt
bridge, which was filled with a working solution
at room temperature and had a Haber-Luggin
capillary at its end. All potentials were further
recalculated relative to the standard hydrogen
electrode [25-28].

The anodic behavior of aluminum in the
corresponding NaHCO, solutions was studied
at room temperature on an IPC-Compact
potentiostat using Equivalent Circuits Solver
software (Ver 1.2) (accuracy #0.002 V).

Linear sweep voltammetry was chosen
as the main electrochemical method of the
study. To use it, at the beginning of each
experiment, the electrode was placed in the
working solution and kept in it for 10 minutes.
Then, the anodic polarization curve (APC) of
the steady-state potential was taken (scanning
rate of v = 0.15 V/min). The electrode potential
was shifted sequentially to the region of positive
values up to E = +1.00 V. For quantitative
evaluation of the stage of the PT initiation, we
used the potential of pitting formation (E,),
i.e. the critical value of the potential, more
positive values of which are associated with the
activating effect of anions. The approximate E,
was determined by the potential corresponding
to the sharp increase in the anodic current on
the APC [29-31].

Additional studies were carried out by
chronoamperometry, within which the shape
of kinetic I — t curves at fixed potential values
were used to draw conclusions about the state
of the studied metal: whether it was being
actively dissolved, passivated, or exposed to LA.
Importantly, the quantitative characteristic of LA
was the LA potential (E ,), which corresponded
to the potential associated with the formation of
the first metastable PT, the further development
or repassivation of which was determined
by a number of factors: the conditions of the
experiment, the nature of the metal and the
activator, the temperature, and the rate of PT
formation. To obtain chronoamperograms, the
surface of the electrode was treated as described
above prior to each experiment. Then, the
electrode was kept in the working solution for
10 min. After that, the sample was anodically
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polarized at different potential values around E .
After that, the change in the current over time
was recorded for 10 minutes every 10 seconds.
The obtained chronoamperometric data were
compared with visual (microscopic) observations
[32-34].

The combination of voltammetric and
chronoamperometric methods was necessary in
this case, since,as arule, E , and E, did not agree
with each other, and usually E , < E,, ..

When studying the stage of PT initiation, the
concept of the induction period of PF or LA (t,_,)
is often used [33, 35], which, depending on the
accepted theory of metal passivity, is understood
as the time required for the penetration of the
activator ion through the oxide film (film theory),
or for successful competitive adsorption between
the passivator and the activator in favor of the
latter (adsorption theory) [28, 35]. The 1, , value
depends not only on the nature of the metal, the
composition of the solution, the type of activator,
its concentration, pH, the presence of foreign
substances, and temperature, but also on the
potential of the electrode. This indicates [32,
33, 35] that the 1. , value can be interpreted as a
characteristic proportional to the reaction rate
responsible for the appearance of PT. The 1,
value was determined according to the following
procedure. After mechanical treatment of the
electrode surface and immersing it for 10 minutes
in the solution, the sample was exposed to
anodic polarization in the solution at a potential
corresponding to the potential of stable LA. The
start time of the electrode activation, 1, , was
recorded, which corresponded to the start of
fluctuations of the anodic current or its sharp
increase [31, 36].

Electrochemical measurements were
supplemented with visual control of the state
of the working surface of the electrode before
and after each experiment (voltammetry,
chronoamperometry) using MBS-2 (at
magnification of x7) and MIM-7 (at magnification
of x500) microscopes. The intensity of aluminum
LA in the working solutions was determined by
the shape, diameter, and depth of the PT and
its concentration on the surface. The depth
of the PT was established by the method of
double focusing using the micrometric screw of
the MIM-7 microscope. The method involved



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

T.A. Minakova et al.

alternate focusing of the optical system on
the inner surface of the PT and on the smooth
surface of the metal [37]. The diameter was
determined using the eyepiece reticle of the
MIM-7 microscope. The destruction of the metal
surface was photographed with a digital camera.
The surface morphology of the working electrode
was determined by the SEM method. For this, the
analyzed sample was placed in a cuvette in the
working chamber of the JSM-6510 LV scanning
electron microscope and then the corresponding
micrographs were taken.

The elemental composition of the products
formed during the electrochemical studies was
determined using X-ray spectral microanalysis on
the BRUKER 129 eV energy dispersive attachment
to the JSM-6510 LV scanning electron microscope.

3. Results and discussion

Electrochemical studies of the aluminum
behavior in bicarbonate solutions allowed
establishing the region of metal LA corresponding
to the concentration range of 2-104-4-10-% M.
Beyond this range, aluminum remained in a
passive state [23-24]. The results of the study
showed that the LA region is characterized by both
a change in the shape of the anodic polarization
curves (Fig. 1) and nonmonotonic dependencies
of the main quantitative characteristics of the LA
process (E,, E ,,and 1, ;) on the concentration of

PF?
bicarbonate ions.

0.8 A
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In the range from 2-10* M to 410 M, E,
on the APC varied from 0.165 V (in a solution
of 2-10~*M NaHCO,) to 0.766 V (in a solution of
4-10°M NaHCO,) (Table 1). Moreover, after APC
was taken, localized damage was observed on the
surface of aluminum, i.e. PT, the diameter (d) and
height (h) of which decreased with an increase in
the concentration of HCO, ions (Table 1).

Breakdown of metal passivity in the
studied systems was also confirmed by
characteristic fluctuations on the corresponding
chronoamperograms taken at E , (Fig. 2).

According to the chronoamperograms, pitting
damage on the surface of aluminum at E , did
not occur immediately, but only after some 1, ,
(Fig. 2), the value of which increased considerably
with an increase in the concentration of NaHCO,
from 2-10-% to 4-10-3 M. The opposite effect was
observed in solutions of 2-10-*~2-10-* M NaHCO,,
where the value of 1, , decreased with an increase
in salt content.

What is more, E , was first gradually shifted
to the negative region from 0.180 V (at 2-10*M
NaHCO,) to -0.020 V (at 2-10* M NaHCO,), and
then it began to increase sharply to 0.600 V (at
4-10°* M NaHCO,) (Table 1).

For a more detailed study of the morphology
of the aluminum surface, an additional study was
carried out using the SEM and PCM methods. The
latter was used to determine the quantitative

! I R | T T T T |

0 02 04 06 08 1 12 14

e LB ¥ CEE 24 26 X8 3 32

lg i [i, pA/em® )

Fig. 1 APC for aluminum in NaHCO, solution with concentrations of 5-10* (1), 1-107 (2), 2-107*(3), 3-107 (4),

410 (5) M (v, = 0.15 V/min, T = 25+2° C)
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Table 1. Quantitative characteristics of the process of aluminum LA in NaHCO, solutions

The concentration | pH before/pH after Diameter d,
of NaHCO,, M the experiment Epe V EonV Tinas S Depth h, ym um
2-10* 6.5/6.5 0.165 0.180 155 6 10
5-10 6.8/6.8 0.340 0.080 40 6 10
1-1073 7.2/7.2 0.260 0.060 53 6 10
2-1073 7.4/7.4 0.0830 | -0.020 32 <3 5
3-10°3 7.4/7.4 0.150 | -0.020 202 <3 5
4-1073 7.7/1.7 0.766 0.600 228 <3 5
a) - b
i, pA/cm? i, pA/cm? )
50 - 230
210
1 190
40 170
15 4 150
30 - 130 {| Tind
i 110
25 90 -
20 4 70
IS T T T T T y S'U T T
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i.c t.c
c) d)
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Fig. 2 Chronoamperograms for aluminum in NaHCO, solution at: a) C=2-10* M and E = 0.18 V; b) C = 5-10™*
Mand E=0.08V;c)C=1-10*Mand E=0.06V;d) C=2-10>Mand E=-0.02V; e) C=3-10"M and E = -0.02

V;f) C=4-10"
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content of chemical elements present in the film
on the metal surface before (Table 2) and after
(Tables 3 and 4) the electrochemical experiments.
After that, comparative studies of the PT region
(Tables 3a and 4a) and the metal surface without
localized damage (Tables 3b and 4b) were carried
out.

Table 2. Elemental composition of the film

(in the selected region) on the surface of
aluminum before voltammetric studies at 25 °C
and their quantitative ratio

X-ray structural Surf . N
microanalysis ur ace(?];ﬁ;’grap y
Element Weight %
Al 70.38
0] 7.20
Si 14.17
C 8.25

2024;26(3): 464-473

Features of the local activation of aluminum in the presence of bicarbonate ions

According to the data obtained before the
electrochemical experiments, the following
elements were present on the aluminum surface:
Al O, Si, and C (Table 2). After the APC was
taken, the following elements were found on the
aluminum surface in the solutions of 1-10 M
and 4-10~° M NaHCO;: Al, O, C, Na, Si, and Mg
(the weight percentage of the corresponding
element given in Tables 3-4 corresponded to
the location of the selected band on the metal).
The ratio of the weight percentage of Al and O
elements related to the thickness of the film
formed on the metal surface was of particular
interest [6, 18, 26]. For example, the total film
thickness after voltammetric studies (Tables 3b
and 4b) was almost 2 times greater as compared
to the original surface (Table 2).

Following the formal kinetic approach [21,
22], to assess the control stage of the PF process,
the LA region was divided into two regions (n,
= 0.60 (C, = 2-10-2-10"° M) and n, = -2.94

aHCO3

Table 3. Elemental composition of the film (in the selected region) on the surface of aluminum after
voltammetric studies in a solution of 1-10° M of NaHCO, (in PT (a) and in the film on the surface (b))

at 25 °C, and their quantitative ratio

X—r.ay structu?al Surf . h X—r.ay structu.ral Surf . h
microanalysis urface micrography microanalysis urface micrography
Element | Weight % (SEM) Element | Weight % (SEM)
| a) In the PT b) In the surface film |
Na 0.53 Na 0.30 i
Al 82.43 Al 75.52
C 7.06 C 7.62
0 8.92 0 15.33
Si 0.67 Si 0.94
Mg 0.39 Mg 0.29

Table 4. Elemental composition of the film (in the selected region) on the surface of aluminum after
voltammetric studies in a solution of 4-10* M of NaHCO, (in PT (a) and in the film on the surface (b))

at 25 °C, and their quantitative ratio

X—r_a Y structural Surface micrography X—rg Y structu.ral Surface micrography
microanalysis microanalysis
Element | Weight % (SEM) Element | Weight % (SEM)
a) In the PT b) In the surface film
Na 0.29 - Na 0.09 B
Al 39.32 Al 79.88
C 47.81 C 4.81
0 11.45 0 14.23
Si 0.68
Mg 0.45 Si 0.99
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Fig. 3 Influence of NaHCO, concentration and pH on the rate of the process of aluminum LA (C_,, = 2-10"*~
4-1073 M, T = 25%2 °C)
(Cyancos = 2:1073-4-10% M)), at the boundary of Al + 30H- — [AI(OH),] , + 3e’, (3)
whwh the EF mechanism prob.ably changed [AI(OH),]., +3HCO; —
(Fig. 3). In this case, the value of n is the apparent o s
Lo . S — [AI(HCO,),]. . + 30H, “4)
kinetic order of the reaction for the aggressive ion, ads ads
and 1/t__, is the rate of PT initiation [13,33,35]:  [AI(HCO,), ] — A’ + 3HCO;. 5)

Mygco; =A18 (1/7;,)/d1g Ciyey-, (2)

The fractional reaction orders obtained during
the studied process (Fig. 3) were associated with
the accuracy of determining the induction period.
The type of adsorption isotherm of ions involved
in the PF and PT repassivation processes or the
proportion of the actual surface of the localized
damage on aluminum were mainly not taken into
consideration.

It was shown that with an increase in the
concentration of NaHCO,, the rate of PT initiation
(1/z, ) firstincreased (n,) and then decreased (n,)
(Fig. 3).

In accordance with previous studies, in
particular conducted within the adsorption
theory and the model of nucleophilic substitution
model [22, 35, 38-41], we proposed the following
mechanism for the observed phenomenon.

In the range of NaHCO, concentrations
from 2:10~* to 2:10* M (pH = 6.5-7.4) and
n, = 0.60, the passivating film has low protective
characteristics, and HCO; ions act as activators
of pitting corrosion and cause aluminum
depassivation as follows:
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Since the apparent kinetic order of the
process for HCO; ion is n=0.60 (i.e. close to an
integer value of 1) (Fig. 3), the limiting stage of
the process is most likely the association of the
[AI(OH),],. complex with bicarbonate ions (4).

The formed compounds [AI(HCO,), , ] are
unstable, since they are formed by a weak base
and a weak acid and probably further decompose
and pass into the bulk electrolyte (5). This
mechanism is confirmed by the formation of open
PT on aluminum in this LA region, which is clearly
visible in the SEM photographs (Table 3a). PCM
method, which was also used, allowed to establish
that the ratio of the weight percentage of Al and
O elements in the PT corresponded to the original
surface (Tables 2 and 3a).

With an increase in the concentration of
HCO; ions from 2-107 to 4-10~° M (pH = 7.4-7.7)
and n, = -2.94, the protective properties of the
oxide film in relation to the PF increased, the LA
process was inhibited, and the PT diameter and
depth decreased (Table 1), which was explained by
the stabilization of the passive film on aluminum
as follows:

Al+30H- — [AI(OH),] , + 3e- (6)

ads
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[AI(OH),],. + 3HCO;

3ads

— [Al(CO,) (OH) k5. (7)

ads”

SEM photographs were used to prove the
proposed mechanism (Table 4a). They clearly
showed that in the second LA region PT formed
under a “cap” of an insoluble compound. Moreover,
according to the PCM data, PT (Table 4a) had a
high (in comparison with the initial surface
(Table 2)) content of O and C elements and low
content of Al. In accordance with previous studies
[42], for example, dawsonite NaAlCO,(OH), can
be classified as such insoluble salt (8). However,
more research is needed to establish the exact
formula of the chemical compound formed on
the surface of aluminum.

4. Conclusions

A set ofindependent physicochemical methods
were used to determine the concentration
boundaries of the area of localized destruction of
aluminum in bicarbonate media (2-10~*-4-10"M
NaHCO,), to obtain systematic experimental
data on the dependence of the main quantitative
characteristics of the LA process (E,; E,, and
7., On the concentration of sodium bicarbonate.
It was shown that HCO; ions can exhibit a dual
nature, causing both activation and inhibition of
the LA process depending on the concentration of
bicarbonate ions. During the study, in accordance
with the formal kinetic approach, to assess the
control stage of the pitting formation process,
the LA region was divided into two regions:
2:10*-2-10° M and 2-10-4-10° M of NaHCO,
concentrations with the reaction order n, = 0.60
(Crancos = 2°1074-2-103 M) and n, = -2.94
(Cyancos = 2:107°-4-107% M), respectively. The
adsorption theory and the model of nucleophilic
substitution were used to propose the mechanisms
of aluminum LA in hydrocarbonate media. The
limiting stage of the process in the first LA region
is the stage of association of the [AI(OH),] ..
complex with bicarbonate-ions. In the second
LA region, an insoluble compound of complex
composition is formed (the general formula of
which is probably [Al(CO,) (OH) [ ) in a shape
of a “cap” over the pitting. It was shown that
the mechanism of the process of aluminum LA
changes at a concentration of 2-10* M of NaHCO,,
which is associated with a change in the solubility
and nature of the compounds forming the
protective film. Further research should be aimed

2024;26(3): 464-473
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at studying the adsorption of bicarbonate ions on
passive metal and should take into consideration
the type of its isotherms.
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Abstract

The purpose of the article is to identify the effect of the alloying element in palladium alloys on their parameters of hydrogen
permeability.

Cyclic voltammetry and anodic-cathodic chronoamperometry were used to study the electrochemical behavior of cold-
rolled alloys of Pd-5Pb, Pd-6Ru, and Pd-7Y systems (wt. %) in the processes of atomic hydrogen injection and extraction
in a deaerated aqueous solution of 0.1 M H,SO,.

The study identified the role of lead, ruthenium, and yttrium in the processes of atomic hydrogen injection and ionization.
Voltammetry and chronoamperometry data indicate a higher ionization rate for the Pd-6Ru alloy. The parameters of
hydrogen permeability calculated from the cathodic current drops show that the hydrogen permeability of alloys varies in
the series: Pd-6Ru > Pd-7Y > Pd-5Pb. The effective constant of the injection rate coincides for all alloys within the
measurement error, whereas the effective constant of the extraction rate of atomic hydrogen is higher for Pd—-5Pb. The
marginal solubility of ruthenium in the Pd-6Ru alloy contributes to the passivation of grain boundaries in the alloy with
excess ruthenium. As a result, there is preferential movement of hydrogen solely along the grain body. This results in higher
hydrogen permeability.

Keywords: palladium, Pd-7Y, Pd-5Pb, Pd-6Ru alloys, hydrogen permeability, atomic hydrogen, phase-boundary transition,
membrane separation
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1. Introduction

Hydrogen is now seen as a key component
of clean energy production, i.e. a 21st century
energy solution and a post-oil era fuel. It
is expected to mitigate the threat of global
warming, while ensuring the sustainable and
environmentally friendly energy production.
Hydrogen can be produced by various methods,
such as water-gas transition, fossil fuel reforming,
and water electrolysis [1-3]. However, hydrogen
produced by these methods normally contains
gaseous impurities that need to be further
separated. Membrane separation is viewed as
a promising technology for the production
of high-purity hydrogen due to its efficiency,
energy conservation, ease of operation, and
environmental friendliness [4-6].

Palladium has high selectivity to hydrogen
and permeability, plasticity, and high chemical
compatibility [7, 8]. Its alloys are widely used
as membrane materials in hydrogen separation
technologies, which reduces its production
expenses [9]. The composition of the alloy
has a significant impact on its permeability
to hydrogen. Metal membranes can contain
metals and alloys with a number of elemental
components that limit the diffusion of the H
atom through the alloy membrane [10, 11].
What is more, the high cost of palladium is a
major limitation for its application in industry.
Therefore, alternative alloy membranes with
higher hydrogen permeability, lower cost, and
richer resources than Pd alloy membranes are
needed.

Doping palladium with such chemical
elements as Pb, Ru, Cu, Y, and Ag can increase
the service life of the membrane [12-14]. In
addition, even small amounts of some metals lead
to increased hardness, durability, and corrosion
resistance and facilitate the H sorption and
desorption processes.

Fusion of Pd and Ru is a promising method
for producing Pd-metal alloy membranes with
satisfactory characteristics and durability [15].
The mechanical, physical, electrical, kinetic, and
thermodynamic properties of the PdRu system
have been studied for a long time [16].

The Pd-Ru system exhibits limited solubility
over the entire range of compositions and
temperatures. The solubility of Ruin Pd increases
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with an increase in temperature and reaches its
maximum value at the peritectic temperature
for a sample containing 21% of Ru. In [17], it
was reported that the hardness of the Pd—Ru
alloy membrane is 80% higher than that of pure
palladium, while its permeability to hydrogen is
very close to pure palladium in the range of 4.5-
10 wt. % Ru. Consequently, Pd-Ru alloys with a
homogeneous structure and an arbitrary metal
ratio are of high interest for fundamental research
projects and commercial design of materials [18].

Pd-Y alloy membranes can be used for
the purification of H from impurities. Many
papers [19-21] have shown that these alloys
have a higher diffusion permeability than pure
palladium. Adding just 1.68 at. % of Y increases
hydrogen permeability at 300 °C by about 80%
as compared to pure Pd, while the addition of
~ 8 at. % of Y increases permeability by more
than 5 times [22]. The Pd-8Y membrane exhibits
the maximum permeability observed over the
measured temperature range of 25 to 460 °C.
However, according to [21], when palladium is
doped with yttrium, the Pd.Y phase is formed,
which reduces the solubility and diffusion of
hydrogen. Therefore, it is most advisable to use
alloys with a low atomic fraction X, < 0.06.

The Pd-Pb alloy is promising due to its
high hydrogen permeability. Additions of lead
considerably harden palladium with a slight
reduction in plasticity and increase hydrogen
permeability. The maximum solubility of lead in
palladium is achieved at a eutectic temperature
(1,470 K) and is 20 wt. % [23]. The maximum
hydrogen permeability is characteristic of the
alloy with 8 at. % of Pb [24].

This study was conducted on palladium alloys
with yttrium, lead, and ruthenium. The purpose
of the work was to identify the role of the alloying
element in palladium alloys on the parameters of
hydrogen permeability.

2. Experimental

This study was conducted on Pd-5Pb (95 wt. %
of Pd and 5 wt. % of Pb), Pd-6Ru (94 wt. % of Pd
and 6 wt. % of Ru), and Pd-7Y (93 wt. % of Pd
and 7 wt. % of Y) alloys. All studied alloys were
substitutional solid solutions with an FCC lattice.
To obtain foil, the given alloys were subjected to
cold rolling followed by annealing at 950 °C for
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3 hours and then rolling on a four-high rolling
mill in 10 passes with intermediate vacuum
annealing at 900 °C for 30-90 min. The thickness
of the studied samples was: L(Pd-5Pb) = 46 um,
L(Pd-6Ru) = 30 ym, and L (Pd-7Y) = 50 um. The
thickness was measured with an MCC 25 electron
micrometer.

The geometric characteristics of the studied
alloy surfaces were determined by atomic force
microscopy (AFM) with a Solver P47PRO atomic
force microscope in a semi-contact (intermittent-
contact) scanning mode".

The working solution in which the studies
were conducted was a deaerated solution of 0.1
MH,SO, (extra pure) prepared in bidistilled water.
To deaerate the working solution, chemically pure
argon was passed through the cell for 30 minutes.

When preparing the electrode for the
experiment, the foil surface was cleaned, i.e.
degreased with chemically pure ethanol and
washed with distilled water. Then, a conductive
graphite glue was used to deposit the foil on
the graphite electrode. The area of the foil had
been measured and did not exceed 0.5 cm?. Each
sample was used for one cycle of the experiment,
which involved quadruple potential cycling and
obtaining a series of chronoamperograms for
different hydrogenation time from 1 to 10 s. After
one cycle, the sample was replaced.

Electrochemical measurements were
conducted in a glass three-electrode cell at a
temperature of 25 °C using a copper sulfate
reference electrode (0.311 V). Platinated platinum
Pt(Pt) was used as an auxiliary electrode.
Spectrally pure graphite electrode was used as
a working electrode onto which thin samples
of metal foil were deposited with a conductive
graphite glue.

The measurements were taken using a
computer-aided IPC-Compact potentiostat. All
potentials were recalculated relative to a standard
hydrogen electrode and the current values were
given per single unit of the visible surface.

The studied electrode was placed in an
electrochemical cell filled with a working
solution, kept for 500 seconds at a pretreatment
potential E__(for surface cleaning), the value of
which was 0.3 V.

* The research was carried out using the equipment of the

Center for Collective Use of Scientific Equipment of Voronezh
State University.
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The cyclic voltammograms were obtained
at a potential scan rate of 5 mV/s, starting from
E to the cathodic region until the appearance
of a noticeable cathodic current of hydrogen
reduction (E = -0.14 V). Then, the potential
sweep was switched to the anodic region until
oxygen was released (up to E = 1.5 V). Cycling was
carried out 4 times in the same potential range for
electrochemical cleaning of the electrode surface
and its standardization.

Chronamperograms were recorded
immediately after the voltamperograms were
obtained. During the first step, the electrode
surface was standardized for 500 s at the potential
E,. Step 2 involved injecting atomic hydrogen
at a hydrogenation potential of -0.14 V. During
each cycle of obtaining chronamperograms, the
hydrogenation time was changed from 1 to 10
s. During the third step, atomic hydrogen was
extracted from the alloy at the peak ionization
potential. The ionization potential was determined
from the data of the previous voltammograms, i.e.
the fourth cycle, and could change when the foil
sample was replaced.

3. Results and discussion
3.1. Examination of the foil surface relief

Characteristics of Pd and its alloys and
roughness according to the results of AFM studies
are given in Table 1.

The analysis of the data in Table 1 showed
that the surface roughness of all studied alloys
was almost the same (Fig. 1) and there was little
difference between the parameters of their crystal
lattices. The main difference in the nature of the
second component was connected with their
electronic structure. Ruthenium and yttrium are
d-metals that exhibit good solubility in relation
to hydrogen. However, Pb is a p-metal, for which
this property is not characteristic. Therefore, it
can be assumed that the Pd-Pb alloy may exhibit
lower hydrogen permeability as compared to Pd-
Ru and Pd-Y.

The limited solubility of ruthenium in
palladium [25] caused a release of excess Ru
along the boundaries of the crystal lattice of
the studied alloy. This led to the passivation
of the intercrystalline space, which prevented
the movement of atomic hydrogen along the
boundaries in the alloy [26]. As established in
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Table 1. Characteristics of palladium and its alloys
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PdX
o,

o), wt. % bd 5Pb 6Ru Y

. . [Kr] [Xe] [Kr] [Kr]
Electronic configuration 441550 Af15d165%6p? 44551 4d15s?

Atomic radius r, pm 137 175 134 178
Lattice parameter [23], nm 0.3890 0.3908 0.3879 0.3875

Roughness, nm (30x30 um?) - 34+5 3345 32+5

{ar) 100 1m (5 400nm

300 nm

— 0

W0 um

Fig. 1. AFM micrographs of the surface of the Pd5Pb (a), Pd6Ru (b), and Pd7Y (c) alloys

[27], the flow of atomic hydrogen through the
crystallite body is dominant and it induces the
appearance of various structural defects.

3.2. Electrochemical research

Cyclic voltammograms obtained for all
studied alloys were similar. For Pd-6Ru and Pd-
5Pb alloys, at a potential of about 0.5 V from the
first cycle of voltammograms, there was a clearly
expressed anodic peak related to the ionization
of atomic hydrogen (Fig. 2a, 3a). At a potential of
about 0.7 V, there was a small peak corresponding
to the reduction of palladium oxide. The PdO was

i.t} r {a}
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'z Potential £, V
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2 cycle 1

=] =

o = cycle 2
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= cycle 4

formed on the anodic branch of the curve in the
range of potentials from 1.2 to 1.3V and could be
observed in the form of a subtle current peak. This
fact is confirmed by previous studies [28], as well
as the constant position and height of the PdO
reduction peak for all studied alloys.

Together with Pd oxidation at a potential
of about 1.2 V, there was a pronounced anodic
peak for the Pd-7Y alloy, which decreased during
the transition from cycle 1 to cycle 4 (Fig. 4a).
We explained this peak by the electrooxidation
of annealing artifacts of organic substances
used during rolling of the alloy to produce foil.
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Fig. 2. Cyclic voltamperograms (a) and chronoamperograms (b) of the Pd-5Pb foil in 0.1 M H,SO,
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Fig. 3. Cyclic voltamperograms (a) and chronoamperograms (b) of Pd-6Ru foil in 0.1 M H,SO, of the studied

sample

Interestingly, during the first cycle of the Pd-7Y
voltammogram, there was no peak of hydrogen
ionization, however, it developed gradually during
further cycling of the potential. This occurred
simultaneously with the disappearance of the
electrooxidation peak. Most likely, this was due
to blocking of active adsorption centers that
prevented the interaction of atomic hydrogen
with the alloy surface.

The height of the peak of hydrogen ionization
on Pd-5Pb and Pd-7Y alloys reached 0.5 V, while
on Pd-6Ru alloy it was almost twice as high.
Quadruple potential cycling contributed to the
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cleaning of the alloy surface, which resulted in the
growth of peak of atomic hydrogen ionization [29].

Cathodic i,t-curves for all alloys were
characterized by a sharp decline (Fig. 2b-4b).
With an increase in the hydrogenation time
from 1 to 10 s, there was a decrease in cathodic
chronoamperograms. The maximums of the
cathodic curves corresponding to the zero degree
of surface covering decreased by 1.5 times with
an increase in t, and this applied to all alloys.
The injection rate of atomic hydrogen, which is
characterized by the cathodic current, was lower
for the Pd-5Pb alloy than for other alloys.
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Fig. 4. Cyclic voltamperograms (a) and chronoamperograms (b) of Pd-7Y foil in 0.1 M H,SO, of the studied

sample
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The anodic chronoamperograms
corresponding to H extraction was increasing
with an increase in hydrogenation time during
the first few seconds and then the value remained
almost constant. For the Pd-6Ru alloy, the value
of the injection rate was higher (Fig. 3b). The
nature of the decline of the anodic i,t-curves was
similar for all alloys. This fact can be used as a
proof that the kinetics of the injection-extraction
processes of atomic hydrogen are invariable.

3.3. Calculating the parameters of hydrogen
permeability

The nature of the second component in the
processes of atomic hydrogen injection and
extraction can be conveniently identified when
comparing the parameters of their hydrogen
permeability. A mathematical model describing
the injection and extraction of atomic hydrogen
in alloys of semi-infinite thickness (L > 10 um)
was used to calculate these parameters [30].

According to the theoretical modeling of the
process of injecting atomic hydrogen for compact
electrodes, the total cathodic current drop at the
initial stage (t < 3 s) can be described by equation

(y:

AP 2kt

©=1.0)~Fk[ci ()~ |7z =
. 0

2k
=i (0)=[i(0)=i" | t"?,
[ ] n1/2DH1/2

where i (0) and i are the initial and stationary
cathodic current of the chronamperograms, re-
spectively; k is the effective constant of the
extraction rate of atomic hydrogen; and D, is the
diffusion coefficient of H in the metallic phase.

At the time of the cathodic chronamperogram
t >4 s,the limiting stage from the phase boundary
transition is passed to the stage of solid-phase
diffusion of hydrogen in the alloy and can be
described by the equation:
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i(t)y=i’ +F§’2)t V22

Based on (2), it is possible to find the hydrogen
permeability coefficient, K, which includes
the solid-phase diffusion coefficient of H and
the change in the concentration of hydrogen
in the foil relative to its equilibrium value

e

Acy =c;(n,) -
K, =Ac, D). 3)

The analysis of the cathodic current drops
corresponding to the hydrogenation time of
10 s allowed obtaining hydrogen permeability
coefficient K the effective constants of the
injection and extractlon rates of atomic hydrogen
I< and k ,respectively, and the effective constant
of phase boundary equilibrium K = k/k. Also, the
concentration of atomic hydrogen in the Ac,, alloy
was estimated from (3) under the assumption that
the alloys are enriched with palladium and there
is little difference between diffusion coefficients
of atomic hydrogen in them and pure Pd.

The obtained values of the hydrogenation
parameters obtained from the cathodic current
drops are given in Table 2.

The hydrogen permeability K, and, as a
consequence, the concentration of atomic
hydrogen in the Ac, alloy increased in the
Pb—Y—Ru series. The large values of the
confidence intervals for all obtained parameters
can be explained by the fact that different foil
sections of the same alloy were studied, which
could differ slightly in their structure and
roughness.

The values of the effective constants of
injection k and extraction rates k differ slightly
and coincide within the limits of experimental
error. However, the atomic hydrogen transition
through the solution/alloy interphase was
facilitated for Pd-6Ru alloy and inhibited for
Pd-7Y alloy. What is more, the transition of

Table 2. Parameters of hydrogen permeability of the studied alloys, calculated from the cathodic current

decays of chronoamperograms

Alloy i0, i, K, -10°, K10, s i Ac, 107,

mA/cm? mA/cm? mol/(cm*s'?2) cm! ) S > CM/S | mol/cm3
Pd-5Pb 1.79+0.20 0.65+0.38 1.51+0.61 1.92+0.77 8.33+1.16 4.52+1.23 2.75+1.11
Pd-7Y 2.31+0.44 1.23+0.15 1.74%0.65 2.22+0.83 7.85+3.07 3.55+0.25 3.17+1.18
Pd-6Ru | 2.43+0.23 1.12%£0.31 2.08%+0.46 3.32%1.73 9.60£2.78 3.63+0.89 3.80+0.83
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atomic hydrogen from the alloy to the surface
phase was easier for Pd-5Pb. The nature of the
change in the phase boundary exchange constant
was similar to that of the hydrogen permeability
coefficient.

In previous research [31], it was established
that the parameters of hydrogen permeability
obtained from cathodic current drops are
more informative and exclude the possibility
of dilatation of the crystal lattice or hydrogen
capture in octahedral and tetrahedral voids of
the alloy [27, 32].

To sum up the obtained results, it can be
concluded that the best hydrogen permeability is
characteristic of the Pd-6Ru alloy as evidenced by
the maximum values of the diffusion parameters
K and Ac,,. This is probably due to similar values
of the Pd and Ru atomic radii and the electronic
structure that contributes to the dissolution of
atomic hydrogen. There is little dependency of the
kinetic parameters of injection and extraction on
the chemical nature of the second component. For
the Pd-7Y alloy, the formation of the intermetallic
compound of PdY contributes to a decrease in
hydrogen permeability [21]. In the case of Pd-5Pb
alloy, the lowest hydrogen permeability values are
most likely due to the electronic structure of lead,
which is a p -element and has a filled 5d-sublevel.
Also, fusion of Pd and Pb can be accompanied by
the transition of d-electrons from the electronic
sublevel of palladium to the p-sublevel of lead.
The values of hydrogen permeability for the
studied alloys obtained by other methods [33—-35]
are consistent in order and sequence of changes
in values. However, an accurate comparison is
impossible due to the different conditions of the
experiments.

4. Conclusions

1. Palladium-based alloys with ruthenium,
yttrium, and lead with nearly the same quantitative
compositions have similar electrochemical
behavior. The highest ionization rate of atomic
hydrogen is characteristic of the Pd-6Ru alloy.
Whereas surface contamination by annealing
artefacts of organic substances used during
rolling is most evident in the Pd-7Y alloy where
a strong adhesion of organic substances to the
surface of the alloy might take place. The data
of cathodic and anodic chronoamperograms
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generally confirm the voltammetric behavior of
the studied alloys.

2. The hydrogen permeability parameters
calculated from the cathodic current drops show
that the hydrogen permeability (mol/(cm?-s'/2))
of alloys varies in the series: Pd-6Ru (2.08-108) >
Pd-7Y (1.74-10-%) > Pd-5Pb (1.51-107%).

3. The effective constants of the injection rate
for all alloys coincide within the measurement
error, and the effective constants of the extraction
rate (cm/s) vary in the series: Pd-5Pb (4.52-:107%) >
Pd-6Ru (3.63-10*) =~ Pd-7Y (3.55-:10%). Therefore,
the extraction rate of atomic hydrogen is
determined by the nature of the alloying element.
The mechanism of atomic hydrogen penetration
through the interface into the metal phase is the
same for all alloys.

4. The marginal solubility of ruthenium in
the Pd-6Ru alloy contributes to the passivation
of grain boundaries in the alloy with excess
ruthenium. As a result, there is preferential
movement of hydrogen solely along the grain
body. This results in higher hydrogen permeability.
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Abstract

The purpose of the study was to evaluate the effect of mechanical treatment and ion sputtering on hydrogen sorption and
the mechanical properties of the surface of the membrane foil of the Pd-Cu solid solution system obtained by rolling.

The efficiency of mechanical and ion beam treatment in cleaning of the surface of membrane foil of the Pd-Cu solid solution
system obtained by rolling was assessed using cyclic voltammetry, Auger electron spectroscopy and atomic force microscopy.

It was established that ion beam treatment (Ar*) and mechanical treatment reproduce the elemental composition of the
surface, corresponding to the original composition of the solid solution, and forms a developed relief. The change in the
asymmetry of the relief roughness after ion-beam treatment indicates the formation of microcracks on the foil surface,
which reduce hardness and plasticity. lon-beam surface treatment also contributes to the cleaning of the surface from
rolling artefacts, which leads to a twofold increase in the ionization rate of atomic hydrogen, compared to a sample subjected
to mechanical treatment.
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1. Introduction

Solid solutions of the Pd-Cu system in a wide
range of concentrations may form an ordering
with the formation of a CsCl-type structure
(B-phase) [1]. Interest in these solid solutions
has been ongoing for several decades due to
the limited information on the mechanism of
ordering processes (o(FCC) — B) and disordering
(B — o), on the substructure of the B-phase,
including possible manifestations of deviations
from the equiatomic composition, including in its
properties. In terms of practical application the
interest is due to the peculiarity of the properties:
multiple changes in electrical conductivity during
o < B transformations [2]; the high mechanical
characteristics of foil with the B-phase structure
[3, 4], its advantage in hydrogen permeability
in comparison with the a-phase, with pure
and doped palladium (the activation energy of
hydrogen diffusion in the B-phase is significantly
lower) [5]. Therefore, the ordered solid solution
foil is promising in the production of effective
membranes for deep hydrogen purification, since
it provides possibility of a multiple increase
in productivity without the reduction with
hydrogen, typical for samples made of pure and
doped palladium. The low activation energy of
hydrogen diffusion in an ordered structure allows
the operation of the membrane at a temperature
before the start of disordering.

Due to the stage-by-stage nature of the overall
mass transfer process, along with the elemental
composition, structure and substructure of the
foil, it is necessary to take into account the state of
the surface (elemental composition, morphology),
which may be due to the manufacturing process
(rolling, variants of ion sputtering of a target of
the corresponding composition [6], galvanizing
[7]). Thus, the cleaning of these membrane foil
surfaces is an urgent task.

The aim of the study was to evaluate the
influence of mechanical treatment and ion
sputtering on hydrogen sorption and the
mechanical properties of the surface of the
membrane foil of the Pd-Cu solid solution system
obtained by rolling.

2. Experimental

The rolling process was carried out according
to the scheme described in [8], rolling from
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2 mm was carried out sequentially up to a
thickness of 100 um. An ingot of Cu-36Pd (at. %),
corresponding to the maximum temperature of
the existence of the B-phase (about 550 °C), which
ensured the formation of a single-phase structure
was produced for rolling.

The original foil had a two-phase
nanocrystalline structure (o- and B-phases [9]).
For the ordering of the atomic structure (b-phase)
the original foil was heated to 800 °C in a vacuum
followed by rapid cooling to room temperature.
The diffraction pattern in Fig.1 shows the
structure of the foil, heat-treated to 800 °C and
cooled to room temperature. As can be seen, the
B-phase with an average size of the coherent
scattering region of more than 1 ym was restored.

112

12 001 011 002
10
-1
&
! 022
3 111 012
o
15 a5 55 26 65 75 95

Fig. 1. X-ray diffraction pattern of the foil sample after
heating at 800 °C and cooling to room temperature

The phase composition was controlled using
X-ray diffractometry’. (RD, ARL X'TRA). The
elemental composition of the sample surface
was assessed using Auger electron spectroscopy
(DESA-100 analyser), and quantitative analysis
was performed using yield coefficients [10]. The
surface morphology of the original foil and after
its surface treatment was studied using atomic
force microscopy (AFM, Solver Pro EC). The
results of the following cleaning options were
compared: 1 — mechanical treatment (MT) of the
surface by successive use of sandpaper (grain size
2500), aqueous suspension of MgO and ethanol;
2 — ion beam treatment (IBT) for 180 min in an
Ar environment (10! Pa) with an energy of about
50 eV, the initial vacuum is 1073 Pa, to ensure
uniform etching, the substrate with the foil was
rotated at a speed of 1 rad/s.

*VSU Centre for the Collective Use of Scientific Equipment.
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The mechanical properties of the foil surface
were studied using the nanoindentation method
on a Nano Hardness Tester (maximum load
20 mN, loading and unloading rate 20 mN/min).

The efficiency of foil treatment was assessed
using cyclic voltammetry [11, 12] based on the
degree of sensitivity to potential cycling, manifested
as a local increase in current in the range of 0.1-

2024;26(3): 483-489
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0.5 V (at a potential scanning rate of 5 mV/s),
corresponding to hydrogen ionization [13],and the
complex sorption parameter (K, mol/cm?*s'?) [14].
Since the samples had the thickness higher than
10 pm, atomic hydrogen did not pass through the
foil during the experiment. It was not possible to
determine the diffusion coefficient (D) of atomic
hydrogen for the used model.

Fig. 2. AFM image of the surface areas of annealed foil (a), after ILD (b) and after mechanical treatment (c)
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3. Results and discussion 707 (1
AFM images of the surface of an annealed 601
sample (a), after ion beam treatment (b) and -Pd
after mechanical treatment are shown in Fig. 2. 50 Cu
The results of image processing are presented 401 .S

in Table 1. After IBT, the height of the surface ' c
relief increased by 1.5 times. The type of surface 301 //’/_’. <+ N
roughness changes with hills (Ssk > 0) on the 20+ 40
depressions (Ssk < 0) [15], which may indicate |
selective etching of the foil surface and the
formation of pores and microcracks.

The surface relief (Fig. 2¢) reflects traces

composition, at.%

200 300 400 500

of deformation as a result of the process of deepness, nm
mechanical treatment of the surface with abrasive Ly (2)
materials: the relief height and roughness 60

increased by 2 times, the type of surface roughness

- Pd

th
=

composition, at.%o
Tad
(=]
)

did not change.

Figure 3 shows the distribution profile of
elements along the depth of the surface layer,
constructed using Auger electron spectroscopy
data. Elemental composition of the unclean
surface: sulphur - 17 at. %, carbon - 44 at. %,

i
=

-3

+ N
+

nitrogen - 8 at. %, oxygen — 11 at. %, palladium |0\\

- 20 at. %. Transitions corresponding to copper {' O S !

atoms were not detected, which can be explained 0.'] 100 200 300 400 500

by the presence of rolling artefacts on the foil deepness, nm

surface and a low electron yield coefficient Ly (3)

of copper in comparison with the detected 704

elements. At a depth of 300-500 nm, rolling . 60 ] 1 S

artefacts almost completely disappeared, and $ Cu

the elemental composition corresponded to the = 509 .s

original composition of the alloy. ;g 40/ L
The elemental composition of the foil surface g i ,//"’_" b

after IBT and mechanical treatment is shown in S «0

Fig. 3(2) and 3(3), respectively. At the initial stage 20y

of etching, the concentration atoms was ~ 45 at. %, 104

which was comparable to the concentration for an h\ .

unclean surface. At a depth of more than 50 nm, the 0{; > S0 200 150 200

impurity concentration was ~ 5 at. %. This finding deepness, nm

indicates that impurity el.ements were sorbed in  Fig. 3. Profiles of element distribution by depth of the
the surface layer of the foil from the atmosphere, near-surface layer (1) of annealed foil, (2) after ILD
and not as a result of the rolling process. and (3) after mechanical treatment

Table 1. Surface roughness parameters

[TapamMeTpsl IIEPOXOBATOCTY IOBEPXHOCTU
Sample Maximum height, | Average height, Roughness
Sy (nm) Sz (nm) Roughness, Sa (nm) asymmetry, Ssk
Without treatment 294 161 26 0.17
After treatment <1> 458 227 10 -0.67
After treatment <2> 583 290 41 0.27
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An assessment of the hardness and plasticity
of the surface of the uncleaned foil (1), after
IBT (2) and MT (3) was performed based on P-h
diagrams (Fig.4): Hv=325*10 MPaand h =54*1%,
Hv = 240+10 and h = 44*1%, Hv = 268+10 MPa,
h =44%1% respectively. The presence of bends
on the loading and unloading branches of curve
(2) indicated a high concentration of microcracks
caused by the selective etching of the foil surface
with argon ions, which is confirmed by AFM data
(see Table 1).

The decrease in hardness and plasticity is
explained by the increase in the number of defects
on the surface of the cleaned foil compared to the
annealed one.

The voltammograms of an annealed sample
(1) and the sample after mechanical treatment
(2) are shown in Fig. 5. The untreated surface
was virtually insensitive to potential cycling,
as evidenced by the height (about 0.2 mA/cm?)
of the local maximum in the potential range of
0.3-0.5V, characterizing the ionization process
of atomic hydrogen. Hydrogen sorption constant
(K,) was equal to 2.44-10° mol cm=*s~"2,

The effect of mechanical surface treatment
was expressed through an increase in the
ionization peak, the height of which exceeded
0.7 mA/cm? (Fig. 2). This indicates an increase
in the hydrogen ionization rate by 3.5 times
compared to the untreated sample and an
increase in K to 5.48-10° mol cm2-s7"2,

Ion beam surface treatment also helped to
clean the surface from rolling artefacts (Fig. 6),

1.0

0.5 ( == 10 1.5 20

Potential £, V

—_—

Current density /, mA/em’

-1k
Fig. 5. Cyclic voltammograms obtained on an annealed
sample (1) and a sample after mechanical treatment
(2). (4 cycles of voltammograms are shown)
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Fig. 4. Load diagram (P) - nanoindenter penetration
depth (h) for 100 pm thick foil samples after rolling
and annealing (1), after IBT (2), after MT (3)

which led to an increase in the ionization peak
to 1.4 mA/cm?,i.e. to a twofold increase in speed,
compared to a sample subjected to mechanical
treatment (K to 7.14-10"° mol cm™2-s7"2) This
was not only due to the unblocking of sorption
centres during the IBT process, but also due to an
increase in surface area caused by the formation
of microcracks.

A quantitative assessment of hydrogen
permeability was carried out using a mathematical
model of images of semi-infinite thickness,
describing injection (k) and extraction (k) of
atomic hydrogen.

The extraction rate constant increased by
2 times when using ion beam treatment and
was ~ 8.0-10~* cm/s, which can be explained by

20

1.0

0 $ L0 1.5 2.0

Potential £, V

1
2

Current density i, mA/cm

=50

Fig. 6. Cyclic voltammograms obtained on a sample
after mechanical treatment (1) and after ILD (2). (4
cycles of voltammograms are shown)

487



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

N. B. Morozova et al.

significant changes in the surface structure of
the foil after the treatment.

Thus, as a result of IBT, the surface was
completely freed from rolling artefacts, relief
was developed, microcracks were formed and,
accordingly, the effective surface area was
increased.

Out of the two studied options for cleaning the
surface of foil obtained by rolling, both options
were effective. However, such treatment leads to
the formation of microcracks on the surface of
the foil, which significantly reduced its hardness
and plasticity.

4. Conclusions

1. Ion beam treatment (Ar*) and mechanical
treatment reproduce the elemental composition
of the surface corresponding to the original
composition of the solid solution and form a
developed relief.

2. The change in the asymmetry of the relief
roughness after IBT indicates the formation of
microcracks on the foil surface, which reduce
hardness and plasticity.

3. Ion-beam surface treatment also helps to
clean the surface from rolling artefacts, leading
to a twofold increase in the ionization rate of
atomic hydrogen compared to a sample subjected
to mechanical treatment.
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Abstract

The addition of a few percent of nitrogen to GaP or GaPAs allows obtaining GaPNAs solid solutions that are lattice-matched
to the silicon substrate over a wide range of band gaps, which makes it possible to obtain optoelectronic silicon integrated
circuits. However, materials with a small fraction of nitrogen are understudied due to the difficulty in epitaxial growth of
quaternary solid solutions with three materials of group V. The purpose of the study was the investigation of the influence
of the substrate temperature during the epitaxial growth of dilute nitride materials (GaPN solid solution and GaPNAs/
GaP(N) superlattices) on their optical properties, as well as the influence of the growth temperature and superlattice design
on the bandgap of the resulting material.

It was shown that there is an optimal growth temperature for samples: at temperatures below the optimal, non-radiative
recombination at defects predominates, and at a temperature higher than the optimal one, the solid solution of the GaPN
layer material decomposes into components with a larger and smaller fraction of nitrogen. Studies were also carried out
on the decay of photoluminescence intensity over time in the studied structures at room temperature, which allowed us
to evaluate the influence of growth parameters and structure design on the lifetime of nonequilibrium charge carriers. The
best lifetime for structures with superlattices was obtained for the GaPNAs/GaPN superlattice and amounted to ~0.2 ns.

As aresult, the optimal growth temperatures were determined for bulk GaPN layers and for GaPNAs/GaP(N) superlattices,
which leads to an increase in the PL intensity and lifetime of the carrier.

Keywords: GaPN(As), Superlattices, Photoluminescence
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1. Introduction

Now, silicon is the main material of
electronics, integrated circuit technology, and
solar energy. On the other hand, multi-junction
solar converters based on AIIIBV materials are
the most efficiently used in solar energy, their
efficiency for concentrated solar radiation
exceeds 47% [1]. The use of a silicon substrate for
a multi-junction solar converter based on AIIIBV
materials as upper stages impairs significant
mismatch between silicon lattice and the main
AIIIBV materials. Among all binary AIIIBV
materials, GaP has the lowest lattice mismatch
with Si[1] (~0.37% at room temperature [2]). Under
normal conditions, GaP is an indirect-bandgap
material, which to a certain extent limits its use in
optoelectronics, photonics, and photovoltaics [3].
In recent decades, much attention has been paid
to the study of chemical compounds of gallium
phosphide with nitrogen and arsenic [4, 5], which
is associated with the unusual properties of
these materials, as well as their great potential
for various applications in optoelectronics and
photonics. It was found [6] that when a small
amount of nitrogen (~0.5%) is added to GaP, the
band structure of the material becomes a direct
bandgap, and the band gap energy decreases.
The advantages of GaPN over GaP also include
an improved ability to integrate with Si, since the
lattice constant of this material with the addition
of nitrogen decreases and can be closer to the
lattice constant of silicon [7], which allows the
growth of high-quality layers. It was shown in [8]
that the additional introduction of arsenic allows
one to obtain GaPNAs solid solutions, which are
consistent in lattice parameter with Si in a wide
range of band gap values (from 1.5 to 2.0 eV).
Theoretically, it was shown [9] that the potentially
achievable efficiency values of triple-junction
solar cells based on lattice-matched GaPNAs
(2 eV)/GaPNAs (1.5 eV)/Si heterostructures are
44.5% at AM 1.5D.

However, despite the advantages of dilute
nitrides, the addition of nitrogen to the layers leads
to the emergence of deep centers of non-radiative
recombination, which leads to the need for further
improvement of technology and the search for
new approaches to the creation of materials
based on GaPNAs solid solutions, lattice-matched
with silicon, suitable for device applications. One

possible solution is to use a superlattice instead
of a bulk material. It was shown in [10] that the
use of a short-period GaAsSb/GaAsN superlattice
led to an improvement in the crystalline and
optical qualities of the material compared to the
GaAsSbN solid solution.

In this study we investigated the effect of
the substrate temperature during the epitaxial
growth of structures with a bulk GaPN layer on
the intensity of photoluminescence (PL) spectra,
and also studied structures with GaPNAs/GaP and
GaPNAs/GaPN superlattices grown by molecular
beam epitaxy with a nitrogen plasma source at
GaP substrates. We also carried out studies of the
decay of photoluminescence intensity over time
in the studied structures at room temperature,
which allowed us to evaluate the influence of
growth parameters and structure design on the
lifetime of nonequilibrium charge carriers.

2. Experimental

The epitaxial structures studied were produced
by molecular beam epitaxy with a nitrogen plasma
source on GaP(100) substrates.

To study the effect of substrate temperature
during epitaxial growth on the optical properties
of the GaPN material, samples N1, N2, and N3
were prepared. In these samples, a GaP buffer
layer with a thickness of 100 nm was grown
on a GaP(100) substrate, then a GaPN layer
with a thickness of 200 nm was grown with a
nitrogen mole fraction of about 0.01 at substrate
temperatures of 490,470, and 505 °C, respectively,
after which the structure was completed with a
GaP layer with the thickness of 20 nm.

We also produced samples containing 12
periods of a superlattice consisting of GaPNAs/GaP
layers in a GaP matrix (samples N4 and N5) and
GaPNAs/GaPN in a GaPN matrix (samples N6 and
N7)with thicknesses of 7 nm with a nitrogen mole
fraction of about 0.01. The mole fraction of arsenic
in the superlattice of samples N4 and N5 was 0.1
and 0.17, respectively, and the growth temperature
was 510°C. The mole fraction of arsenic in the
superlattice of samples N6 and N7 was 0.2, and
the growth temperature of the superlattice was
520 and 490 °C, respectively (the parameters of
the studied samples are shown in Table 1).

These structures were studied by
photoluminescence (PL) in the spectral range
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Table 1. Growth parameters and obtained characteristics of samples

Material of light emitting Layer Superlattice Superlattice

area GaPN GaPNAs/GaP GaPNAs/GaPN

Sample N1 N 2 N3 N 4 N5 N 6 N7

As mole fraction - - - 0.1 0.17 0.2 0.2

Epitaxial growth 490 470 505 510 510 520 490
temperature, °C

o 1.8-1 1.8-1 1 1.15 1.1 1.2 1.6

T, PS 81 65 99 69 65 200 82

from 500 to 800 nm at room temperature.
The structures were pumped by a He-Cd laser
(wavelength 325 nm, continuous mode). When
studying the evolution of the PL spectra of
samples from the pump optical power, the latter
was varied in the range of 0.05 - 3 mW using
a neutral gradient filter installed in the path
of the laser beam. The laser beam was focused
using a lens at a normal angle of incidence,
and the PL signal was collected using the same
lens. To detect the PL signal passed through
the AndorSolis monochromator (the grating
contained 1200 lines/mm, the blaze angle was
500 nm), a silicon CCD matrix (Andor) was used.

The PL study with the time resolution was
carried by the up-conversion method using a FOG-
100-DX-IR device for differential fluorescence
kinetics measurements in the visible range. Laser
pulses with a duration of 120 fs, a frequency of 80
MHz, and a wavelength of 780 nm, generated by
a tunable titanium-sapphire laser CoherentMira
900D with a maximum average power of 1.5 W
were used for gating and pumping samples. The
gating of the optical PL signal occurred due to
its up-conversion with the laser pulse (i.e., the
addition of photon energies) on a nonlinear
BBO crystal (B-BaB,0, or B-barium borate),
which allowed us to obtain a time resolution of
~0.2 ps. To excite the PL of the samples, the pulse
energy of a titanium-sapphire laser was doubled
using a nonlinear BBO crystal. The optical up-
conversion signal was detected in a continuous
mode by a synchronous detection method using
a monochromator and a photomultiplier.

3. Results and discussion

The PL spectra of heterostructures with a
GaPN layer (N1,N2,and N3) at room temperature
are shown in Fig. 1a. The composition of the
ternary and quaternary solid solutions was
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determined by X-ray diffraction analysis. The
rocking curves for the symmetric reflection (004)
of gallium phosphide for samples N1, N2, and N3
showed that the composition of the GaPN layer
for the samples was the same and corresponded
to a nitrogen mole fraction of about 0.01. The
PL intensity increases sharply with increasing
temperature of epitaxial growth of the GaPN
layer and differed by more than 10 times from the
sample with a growth temperature of 470 °C to
sample N3 with a growth temperature of 505 °C.
A further increase in the substrate temperature
during epitaxial growth of the bulk GaPN layer
led to the decomposition of the solid solution of
the GaPN layer material into components with
a larger and smaller fraction of nitrogen and a
sharp decrease in the PL intensity.

The dependence of the PL intensity of
structures with a bulk GaPN layer on the pump
optical power density for three samples is shown
in Fig.1b. For sample N3 this dependence is well
described by the dependence IPL = nlo, where
IPL - integrated PL intensity, I - the power density
of the exciting laser, n — the coefficient. In sample
N3, the o.index was almost equal to unity over the
entire range of studied powers, which indicated
that the main recombination mechanism was
radiative recombination. The dependence for
samples N1 and N2 had two pronounced sections.
In the region of low powers, the dependence had
an exponent close to 2, which was associated
with a significant contribution of nonradiative
transitions. An increase in the power led to
the linear behavior of the dependence, which
was associated with saturation of nonradiative
recombination in GaPN layers.

A mole fraction of nitrogen of 0.01 in the
GaPN solid solution was not sufficient to obtain a
lattice-matched material with silicon. An increase
in the mole fraction of nitrogen in a GaPN
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Fig. 1. PL spectra of structures with a bulk GaPN layer on a GaP substrate, obtained at room temperature at a
pump optical power density of 800 W/cm?(a); dependence of the integrated PL intensity on the pump optical

power density (b)

layer led to a sharp decrease in the PL intensity
[11], which indicated an increasing density of
nonradiative recombination centers and the
impossibility of using this material as an active
part of photoelectric converters.

One possible solution to this problem is the
use of nanoscale superlattices. The photolumi-
nescence spectra of samples with GaPNAs/GaP
(samples N4 and N5) and GaPNAs/GaPN (samples
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L L]
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» 5:':"] L
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g
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0=
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N6 and N7) superlattices at room temperature
are shown in Fig. 2. The PL spectra of samples
with superlattices showed a shift of the PL wave
to longer wavelengths compared to samples with
a bulk GaPN layer and an increase in the peak
PL intensity. As we mentioned above, samples
N4 and N5 with GaPNAs/GaP superlattices
were grown under the same growth conditions
with arsenic mole fractions of 0.1 and 0.17,
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Fig. 2. PL spectra of structures with GaPNAs/GaP (samples N4 and N5) and GaPNAs/GaPN (samples N6 and
N7) superlattices on a GaP substrate at room temperature with a pump optical power density of 600 W/cm?(A);
dependence of the integrated PL intensity on the pump optical power density at room temperature (b)
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respectively. With an increase in the mole fraction
of arsenic in the superlattice, the PL intensity
remained almost unchanged, and the wavelength
of the maximum intensity of the PL band shifted
from 615 to 630 nm. A further shift of the PL
wave to longer wavelengths is possible when
using GaPNAs/GaPN superlattices. Samples N6
and N7 with GaPNAs/GaPN superlattices were
grown at the same arsenic and nitrogen flows
(arsenic mole fraction 0.2, nitrogen mole fraction
0.01), but had different growth temperatures of
the active region — 520 and 490 °C, respectively.
The wavelength corresponding to the peak of
the PL band of sample N6 coincided with the
wavelength for sample N5 and is 630 nm, which
indicated the re-evaporation of arsenic from the
surface at elevated temperatures during epitaxial
growth. A decrease in the growth temperature led
to a significant increase in the wavelength of the
PL peak intensity up to 650 nm, which indicated
a greater incorporation of arsenic and nitrogen
into the epitaxial layers, while the PL intensity
decreased by approximately 3 times compared to
a similar superlattice grown at 520 °C.

The dependence of the PL intensity of
structures with GaPNAs/GaP and GaPNAs/GaPN
superlattices at room temperature on the pump
optical power density are shown in Fig. 2b. The
comparison of the slopes of the dependences
allowed us to estimate the contribution of
nonradiative recombination and the defectiveness
of the structures. It can be seen that for samples
N4,N5, and N6 the dependence was well described
by the relation IPL = nlo. with the o index was
almost equal to unity (1.1-1.2), which indicated
that the main recombination mechanism is
radiative recombination. In sample N7 with a
GaPNAs/GaPN superlattice, recombination at
defects predominated (o = 1.6).

It was shown in [9] that the operating efficiency
of multi-junction GaPNAs/Si solar cells is also
strongly influenced by such an important material
parameter as the lifetime of minority charge
carriers. Therefore, we carried out studies of the
photoluminescence kinetics of structures with a
bulk GaPN layer and GaPNAs/GaP superlattices
and GaPNAs/GaPN at room temperature. The
dependence of the PL intensity decay on time
for the light wavelength corresponding to the PL
intensity peak is shown in Fig. 3.
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Thus, the structures demonstrated a time
evolution of the PL intensity that slightly
deviated from a monoexponential decay. We
estimated the characteristic times of decline in
PL intensity based on 1/e level. The structures
showed a similar PL decay time of about 100 ps,
except sample N6. Sample N3 showed the
longest lifetime among all the studied samples
with a GaPN layer ~0.1 ns. The best lifetime for
structures with superlattices was obtained for
the GaPNAs/GaPN superlattice for sample N6
and amounted to ~0.2 ns.

The main parameters of the studied samples
and the main obtained characteristics are shown
in Table 1.

4. Conclusions

In this study the effect of epitaxial growth
temperature on the optical properties of the
GaPN material was investigated. It was shown
that increasing the temperature up to 505 °C for
bulk GaPN layers and 520 °C for GaPNAs/GaP(N)
superlattices leads to a significant decrease
in nonradiative recombination at defects,
which leads to an increase in PL intensity and
carrier lifetime. The use of GaPNAs/GaP and
GaPNAs/GaPN superlattices allows changing the
emission wavelength up to 650 nm.
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Fig. 3. Dependence of the decay of normalized PL
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Abstract

Computer modeling is currently a promising technique used in pharmaceutical technologies to develop drug compositions.
Molecular dynamics has provided space and time resolutions unavailable during experiments and thus has greatly extended
the capabilities of chemistry and some other areas. Molecular dynamics stimulations are very important for the development
of solid drug dispersions. The purpose of this study is to simulate the molecular dynamics of the release of desloratadine
from alloys containing polyvinylpyrrolidone-10000 into the dissolution medium.

The release of desloratadine from alloys containing polyvinylpyrrolidone-10000 was simulated by the method of molecular
dynamics (Gromacs 2023 program, Amber 99 force field). The study involved calculating van der Waals energies of interaction
between desloratadine and PVP and desloratadine and water and the proportion of desloratadine molecules that lost their
bonds with PVP. The desloratadine molecule was considered released into water provided that it did not bind either to the
polymer or water.

It was found that the degree of desloratadine release from PVP into the aqueous medium was the highest at a ratio of 1:1
(24.56%2.08%), and the lowest at ratios of 1:2 and 1:5 (8.27+1.79 and 8.65+0.98%, respectively). At a ratio of 1:1, the average
energy of interaction between desloratadine with PVP per one molecule of desloratadine was the highest (-36.13+0.62 k]/mol)
when the energy of interaction between desloratadine and water was low (-52.03+0.82 kJ/mol), which indicates that
desloratadine involvement in the solvation and desorption processes was the highest at this ratio. The average energy of
interaction between desloratadine and the polymer was the lowest at a ratio of 1:5 (-=52.03%0.82 kJ/mol) when the energy
of interaction between desloratadine and water was —44.45%1.60 kJ/mol. This fact indicates a low intensity of the desorption
and solvation processes at this ratio.
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1. Introduction

Currently, a large percentage of medicines on
the pharmaceutical market (~ 40%) and medicines
under development (~ 90%) are poorly soluble in
water [1,2]. Substances poorly soluble in water
include desloratadine, which has proven safe and
effective non-sedative antihistamine activity that
is useful for allergic rhinitis, allergic asthma, and
urticaria [3, 4]. Several studies have attempted to
improve desloratadine solubility by the formation
of a complex inclusion of desloratadine with
B-cyclodextrin in a solution [5].

The solubility and dissolution rate of medicines
poorly soluble in water can be increased with
solid dispersions [6, 7]. Solid dispersions with
amorphous carriers usually exhibit higher
solubility and dissolution rates due to the high
energy of the amorphous phase of the medicine
[8-10]. Among amorphous polymer carriers
widely used in solid dispersion technologies are
polyvinylpyrrolidone (PVP), polyvinylpyrrolidone
vinyl acetate, and hydroxypropylmethylcellulose
[11 13]. An analysis of scientific literature did not
reveal information on the use of PVP as carrier
polymers to prepare solid dispersions with
desloratadine in order to increase its solubility
in water during the development of semi-solid
formulations.

The preparation and study of solid dispersions
with PVP, including by the method of molecular
dynamics, is a promising area of pharmaceutical
technology. Molecular dynamics has significantly
extended the capabilities of chemistry and
some other areas by providing space and time
resolutions unavailable during experiments
[14]. Molecular modeling allows calculating the
physical properties of the medicine/excipient
without conducting costly experiments. Molecular
modeling, which is important for optimizing
formulations and predicting drug release profiles,
can provide information about interactions
between medicines and excipients, including
their complexation. The understanding of these
interactions allows researchers to develop
optimal filler compositions to increase drug
stability and bioavailability [15-17].

The purpose of the study is to simulate
the molecular dynamics of the release of
desloratadine from alloys containing
polyvinylpyrrolidone-10000 (desloratadine

2024;26(3): 496-503
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ratio: PEG-6000 1:1, 1:2, 1:5 by weight) into the
dissolution medium.

2. Experimental

The release of desloratadine from alloys
containing PVP-10000 was simulated by the
method of molecular dynamics (Gromacs 2023
program [16,18], Amber 99 force field [19]).
Desloratadine molecules and spatial structures
of monomers were built in the HyperChem
program [20]. The assembly of polymer chains
and parametrization of the force field for the
molecules of the components in the simulated
systems was completed using the ParmEd
program [21].

The simulated system included PVP molecules
(Fig. 1) with a length of 90 monomers with a
molar mass of 10.005 kDa (PVP), desloratadine
molecules in the form of a cation, and Cl ions

(Fig. 2).
{, Ao
A

Fig. 1. Structure of the PVP molecule

Fig. 2. Chemical structure and spatial structure of the
desloratadine molecule

Models of desloratadine alloys containing PVP
were built to study the release of desloratadine.
Alloy models were prepared by a molecular
dynamics simulation of desloratadine and PVP
mixtures using periodic boundary conditions
along all coordinate axes [16, 22-25]. The
geometries of the systems were preliminarily
optimized by the gradient method. Further, the
molecular dynamics of desloratadine and PVP
mixtures was simulated using thermostatting
(Berendsen thermostat) and barostatting
(Berendsen barostat, 1 atm.) [13, 23] with a step
of 2 fs for 25 ns.
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The study involved calculating van der Waals
energies of interaction between desloratadine
and PVP and desloratadine and water and the
proportion of desloratadine molecules that lost
their bonds with PVP. The desloratadine molecule
was considered released into water provided that
it did not bind either to the polymer or water.

3. Results and discussion

The molecular compositions of the simulated
systems are given in Table 1.

The desloratadine alloy with PEG-6000 was
prepared with the ratios of 1:1, 1:2, and 1:5 by
weight, since these ratios are the most widely
used in the solid dispersion technology [11,12].

During the simulation, there was partial
diffusion of desloratadine and PVP into water
(Table 2). At a ratio of desloratadine and PVP of
1:1, some of the desloratadine molecules lost
their bonds with the polymer and clustered,
and some of the PVP molecules passed into the
dissolution medium.

The graph (Fig. 3) shows that the van der Waals
energies of interaction between desloratadine,
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the polymer, and the solvent stabilized 20 ns after
the beginning of the simulation.

Fig. 4 shows a graph of the dependence of
the proportion of desloratadine molecules not
bound to the polymer over time. During the first
5 ns of the simulation, over 30% of desloratadine
molecules released into the aqueous medium.

The simulation of the release of desloratadine
from PVP into water at a ratio of desloratadine
to the carrier of 1:2 was accompanied by the
formation of clusters and a partial transition of
polymer molecules into the solvent (Table 3).
During the molecular dynamics simulation, some
of the desloratadine molecules released into
the aqueous medium, and others retained their
bonds with PVP and interacted with water which
penetrated into the alloy.

The average energy of the van der Waals
interaction between desloratadine and PVP was
close to the average energy of the van der Waals
interaction between desloratadine and water
(Fig. 5).

Fig. 6 provides information on the number
of desloratadine molecules not bound to PVP in

Table 1. Amounts of molecules of components of simulated systems

Substance Desloratadine-PVP 1:1 Desloratadine-PVP 1:2 Desloratadine-PVP 1:5
Desloratadine cation 321 160 64
Cl-ion 321 160 64
PVP 10 10 10
Water 20264 20064 20960
0
0 5 10 15 20 25 30

-10

-20

-40

-60

Van der Waals interaction enengy, kl/mol

50 {‘h‘m_,u'\---'.;"-"';v,,.___..t-!d'_h.‘uwﬂw Nl oAl

- %

T T h"n;"" T

Time, ns

——Van der Waals interaction energy "PVP-dezloratading”, ki/maol

——Van der Waals interaction energy "dezloratadine -water", kJ/mol

Fig. 3. Energy of van der Waals interaction of desloratadine with PVP and with water (desloratadine: PVP 1:1)
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Table 2. Molecular dynamics simulation of the Table 3. Molecular dynamics simulation of the
release of desloratadine from a 1:1 PVP alloy by release of desloratadine from a 1:2 PVP alloy by
mass into water mass into water

Time, ns Structure Time, ns Structure
0 0 :
9
19
29

35

30

L8 W

Release rate, %

—
=]

0 5 10 15 20 25 30 35
Time. ns

Fig. 4. Release rate of desloratadine (desloratadine: PVP 1:1)
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water at a ratio of desloratadine to PVP of 1:2 by
weight. It was found that during the first 25 ns
of simulation, more than 12% of desloratadine
molecules were released into the aqueous
medium.

During the simulation of the release of deslo-
ratadine from PVP into water at a ratio of deslo-
ratadine to carrier of 1:5, a small number of indi-
vidual desloratadine molecules were released from
the polymer into the aqueous medium (Table 4).

The energy of the van der Waals interaction
between desloratadine and PVP at a ratio of
1:5 stabilized 20 ns after the beginning of the
simulation (Fig. 7).

Fig. 8 shows a graph of the dependence of the
proportion of desloratadine molecules not bound

1]

sy 10
-20

-30

40 |

-50
-60
-70
-B0
-00

Van der Waals interaction energy, ld/mol
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to the polymer over time. During the first 25 ns
of the simulation, over 10 % of desloratadine
molecules were released into the aqueous
medium.

The average values for the parameters of the
release of desloratadine from the studied PVP
complexes are shown in Table 5. According to the
results of the molecular dynamics simulation, it
was found that the highest degree of desloratadine
release from PVP into aqueous medium was
achieved at a ratio of 1:1 (24.56%£2.08%), and
the lowest at ratios of 1:2 and 1:5 (8.27+1.79%
and 8.65%¥0.98%, respectively). The average
energy of interaction between desloratadine
and the polymer was the lowest at a ratio of
1:5 (-52.03%£0.82 kJ/mol), and the energy of

15 20 30

s

N ok s g T

Time, ns

—— Van der Waals interaction energy "PVP - dezloratadine”, kJ/mol

——Van der Waals interaction energy "dezloradadine- water", kimaol

Fig. 5. Energy of van der Waals interaction of desloratadine with PVP and with water (desloratadine: PVP 1:2)
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—
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—
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Time. ns

Fig. 6. Release rate of desloratadine (desloratadine: PVP 1:2)
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Table 4. Molecular dynamics simulation of the release of desloratadine from a 1:5 PVP alloy by mass
into water

Time, ns Structure Time, ns Structure

0 @ 19 . E Y
hﬁh fr::"? ﬁ
F b -

9 : 29 %

& ®

¥ g
?;é:" .

(i} 5 10 15 20 25 30
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Van der Waals interaction energy,

Time, ns
——Van der Waals interaction energy "PVP - dezloratadine", kJ/maol

——Wan der Waals interaction energy "dezloratadine water", kimol

Fig. 7. Energy of van der Waals interaction of desloratadine with PVP and with water (desloratadine: PVP 1:5)
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Fig. 8. Release rate of desloratadine (desloratadine: PVP 1:5)
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Table 5. Average values of parameters for the release of desloratadine from the studied complexes with

PVP

Average energy of van
der Waals interaction of der Waals interaction of Average release rate,

Average energy of van

System desloratadine with a desloratadine with %
polymer, k]/mol solvent, kJ/mol
Desloratadine-PVP 1:1 -36.13%0.62 -52.03%0.82 24.56%2.08
Desloratadine-PVP 1:2 -57.26%1.59 -52.63%1.14 8.27%1.79
Desloratadine-PVP 1:5 -87.07£1.86 —44.45%1.60 8.65%0.98

interaction between desloratadine and water
was —-44.45+1.60 k]J/mol, which indicates a
low intensity of the desorption and solvation
processes at this ratio.

4. Conclusions

The conducted study of the release of
desloratadine from PVP alloys by the method
of molecular dynamics showed that the highest
degree of desloratadine release from PVP
into the aqueous medium was achieved at a
ratio of 1:1, and the lowest at ratios of 1:2 and
1:5. At a ratio of 1:1, the average energy of
interaction between desloratadine and PVP per
one molecule of desloratadine was the highest
(-36.13+0.62 kJ/mol) when the energy of
interaction between desloratadine and water was
low (-52.03+0.82 kJ/mol), which indicates that
desloratadine involvement in the solvation and
desorption processes was the highest at this ratio.
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Abstract

The purpose of our study was to synthesize and analyze the structure, qualitative and quantitative composition, and
protective properties of phosphate-containing conversion coatings on WE43, ZRE1, and QE22 magnesium alloys doped
with rare earth elements in the Hank’s Balanced Salt Solution.

Scanning electron microscopy, energy dispersive X-ray analysis, and X-ray phase analysis methods were used to study the
morphology, microstructure, the elemental and phase compositions of QE22, ZRE1, and WE43 magnesium alloys doped
with rare earth elements, as well as conversion coatings formed on their surface during phosphating. Linear voltammetry
and electrochemical impedance spectroscopy were used to study the kinetic properties of corrosion of the analyzed samples
in the Hank’s Balanced Salt Solution (pH = 7.4) imitating the human body environment before and after phosphating.

The study showed that the phosphating of magnesium alloys doped with rare earth elements results in the formation of
low-soluble fine-grained coatings with a pronounced crystal structure and a thickness from 16 to 21 um. The obtained
conversion coatings are characterized by the following elemental composition: Ca = 40 wt.%; P = 15 wt.%; and O ~ 35 wt.%.
The crystal structure of phosphate-containing coatings is presented by the brushite phase (CaHPO,-2H,0).

The electrochemical studies of the corrosion behavior of magnesium alloys in the model Hank’s Balanced Salt Solution
(pH = 7.4) demonstrated that the corrosion current density decreases in the sequence QE22,ZRE1, WE43 and is i _, A/cm*:
5.2-10°%; 2.5-107%; 2.0-10~°. The obtained conversion coatings based on brushite reduce the corrosion rate of QE22, ZRE1,
and WE43 magnesium alloys by 15.2, 7.8, and 6.3 times, respectively.
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1. Introduction

Lately, a lot of attention has been paid to
biodegradable magnesium alloys in medical
applications [1,2]. Construction materials based
on magnesium and its alloys have low density,
which is close to the density of human bones,
and are compatible with the human body [3].
Magnesium is an active metal, so its corrosion
in aqueous environments as accompanied
by the release of large amounts of hydrogen.
Due to abrupt and inhomogeneous corrosion
in living organisms, magnesium has limited
applications in the production of orthopedic
implants. To enhance the mechanical properties
and corrosion resistance, magnesium is alloyed
with other metals (Zn, Al, Mn, Nd, Ce, Y, Ca,
etc.) [4,5]. However, at higher concentrations
of alloying additives, especially Al, Zn, and rare
earth elements (REE), the corrosion resistance
and biocompatibility of magnesium alloys can
decrease, and the corrosion products can become
more toxic [6-8].

Various physical (laser treatment, magnetron
sputtering, intensive plastic deformation) [12—
14], chemical (conversion coatings) [15-20], and
electrochemical (plasma electrolytic oxidation,
electrophoretic deposition) [21-25] methods of
surface treatment, as well as biopolymer based
coatings [9-11] are used to increase the corrosion
resistance and biocompatibility of magnesium
alloys. These methods include chemical deposition
of conversion coatings, which is the easiest and
the most available method that can be used for
the treatment of items with complex geometry.
Chemical treatment allows obtaining conversion
coatings based on magnesium fluorides [16, 17,
26], zinc phosphates [27, 28], strontium [18],
magnesium [28, 29], and calcium [15, 28, 30-32].

Obtaining conversion coatings based on
magnesium fluorides is environmentally
hazardous, because it involves using 20-40%
solution of HF, whose vapors cause irritation of
the respiratory system, eyes, and skin. In terms of
the environment and economy, the most practical
method of obtaining conversion coatings is
based on phosphates of bioactive materials
(Ca, Mg, Zn). Materials based on dicalcium
phosphate-dihydrate corresponding to the crystal
structure of brushite, are not toxic, have a high
biocompatibility, demonstrate osteoconductive
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properties, and can be integrated into the bone
matrix during bone remodeling, which facilitates
the osseointegration of implants [33, 34]. The
protective properties of conversion coatings based
on CaHPO,-2H,0 depend on the microstructure
and porosity. Conversion coatings with the
highest density and anticorrosive properties are
formed, when the pH of the phosphating agent is
~2.8-3.5 and the temperature is 37-70 °C[15, 35—
38]. The synthesis and the protective properties
of this type of conversion coatings are well-
studied for pure magnesium [15,38] and alloys
based on Mg-Al-Zn (AZ series) [28, 30-32, 35-37].
These coatings can reduce the corrosion rate of
magnesium alloys doped with aluminum and zinc
in model biological environments by 62 times [28].
It is known, however, that aluminum has adverse
effect on neurons [39] and osteoblasts [40], and is
associated with dementia and Alzheimer’s disease
[39]. Magnesium alloys containing rare earth
elements (REE) are of a significant interest for
basic and applied research aimed at synthesizing
biodegradable materials. These alloys have good
strength and biocompatibility. Modification of
the surface of these alloys with brushite based
conversion coatings increases their corrosion
resistance in the human body and reduces
cytotoxicity of the surface of implants.

The purpose of our study was to synthesize and
analyze the structure, qualitative and quantitative
composition, and protective properties of
phosphate-containing conversion coatings on
WE43,ZRE1, and QE22 magnesium alloys doped
with rare earth elements in the Hank’s Balanced
Salt Solution.

2. Experimental

In our experiments we used samples of
QE22,ZRE1, and WE43 magnesium alloys whose
nominal compositions are presented in Table 1.

The samples were cut into 30x20x5 mm?
pieces, which were then polished with sandpaper
(P1000 and P2000) in 96% ethanol.

To obtain phosphate-containing conversion
coatings, we used a solution with the following
composition, mol/dm?®: Ca(NO,), - 0.2; H.PO, -
0.3. The pH of the solution was raised to 3.0%0.1
by adding 3 M of a NaOH solution. The coatings
were deposited for 60 minutes at a temperature
of 70 +2 °C.
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Table 1. Elemental composition of the studied magnesium alloys
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Content in alloy, wt.%

Alloy ZRE1
Zn P33 Zr Si Cu Mn Ni Mg
2.7 3.18 0.53 0.01 0.01 0.2 0.001 balance
Alloy QE22
Ag Nd Zr Cu Ni Mg
2.0-3.0 1.7-2.5 0.4-1.0 0.1 0.01 balance
Alloy WE43
Y Nd P33 Zr Mg
3.7 3.2 0.96 0.51 balance

The morphology and microstructure of
the surface of the obtained coatings were
studied using a JSM-5610 LV scanning electron
microscope (Jeol), with an EDX JED-2201
energy-dispersive X-ray spectrometer (Jeol
Ltd.). The phase composition of the analyzed
samples was determined using a D8 Advance
X-ray diffractometer (Bruker AXS). The cathode
material was Cu (Ko.-1.5406 A). The diffraction
patterns were recorded in the range of 26 from 5 to
80° with the scanning step of 0.05 °/s. The phases
were identified using Match software based on
the location and the relative intensity of the
registered peaks using the COD (Crystallography
Open Database) reference base.

The corrosion behavior of the samples of
magnesium alloys was studied in the Hank’s
Balanced Salt Solution of the following
composition, g/dm?: NaCl - 8; KCl - 0.2; CaCl, -
0.14; MgSO,-7H,0 - 0.1; MgC1-7H,0 - 0.10;
Na,HPO,-2H,0 - 0.06; KH,PO, - 0.06; NaHCO, -
0.35; pH - 7.4.

The electrochemical studies were carried out
using an Autolab PGSTAT 302N potentiostat/
galvanostat with an FRA 32N impedance
spectroscopy unit in a three-electrode cell with
the working electrode placed on the side. The
geometric area of the working electrode was
1 cm? The reference electrode was a saturated
silver chloride, the counter electrode was a
platinum electrode. The stationary potential was
established over 30 min. The potentiodynamic
polarization curves were registered in the
potential range from —200 mV to +200 mV with
regard to the stationary potential at a linear
potential sweep rate of 1 mV/s. The impedance
spectra were measured at a stationary potential

506

in the frequency range from 10° to 10~ Hz. The
stabilization of the stationary potential took 30
min. The analysis of the spectra, the selection of
the equivalent circuit, and the calculation of the
parameters and their elements were performed
using ZView. All electrochemical studies were
carried out at least three times.

3. Results and discussion

Fig. 1 presents SEM images of the surface of
magnesium alloys without (Fig. 1a—c) and with
(Fig. 1d—f) conversion coatings. The structures
of QE22 (Fig. 1a), ZRE1 (Fig. 1B), and WE43
(Fig. 1c) alloys include regions characteristic
for intermetallic particles. Table 2 presents
the results of the EDX point analysis of the
surface of the initial samples. They demonstrate
that the QE22 alloy consists of a magnesium
matrix and intermetallic particles enriched in
neodymium (27.3 wt.%), silver (8.5 wt.%), and
an insignificant amount of zirconium (0.4 wt.%).
The intermetallic particles of the ZRE1 alloy
contain mainly zinc (19.1 wt.%) and cerium (9.9
wt.%). The magnesium matrix of the WE43 alloy
contains up to 5.6 wt.% of neodymium, whose
presence can be accounted for by the thermal
treatment of the alloy during the preparation
process. As compared to other alloys, WE43 is
characterized by smaller intermetallic particles
whose width and length vary from 10 to 70 pm.
The intermetallic particles of this alloy contain
~ 20 wt.% of neodymium, = 4.5 wt.% of yttrium,
~ 1 wt.% of praseodymium, and = 0.5 wt.% of
cerium (Table 2).

The chemical treatment of the samples of
magnesium alloys results in the formation of
granular and rough coatings on their surface
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Fig. 1. SEM images of the surface of magnesium alloys without (Fig. 1a—c) and with (Fig. 1d—f) conversion

coatings. Alloy: a, d — QE22; b, e - ZRE1; ¢, f - WE43

Table 2. Results of the point elemental analysis of the initial magnesium alloy samples (the analyzed

regions are denoted in Fig. 1)

Number Content, wt.%

point Mg Zr Ag Nd Zn Pr Ce La Y
1 100.0 - - - - - - - -
2 63.8 0.4 8.5 27.3 - - - - -
3 100.0 - - - - - - - -
4 63.1 1.3 - 1.8 19.1 0.8 9.9 4.1 -
5 94.4 - - 5.6 - - - - -
6 71.4 - - 21.1 - 1.3 0.6 - 4.6

(Fig. le—f). The obtained data demonstrates that
conversion coatings on the QE22 alloy have the
most inhomogeneous structure (Fig. 1e). This can
be explained by the presence of silver, which has
a low reactivity.

The obtained conversion coatings consist
mainly of calcium, phosphorus, and oxygen,
which indicates the formation of phosphate-
containing films. Table 3 presents the results of
the EDX analysis of the surface of the samples
with conversion coatings.

Fig. 2 demonstrates the SEM images and
elemental mapping of sections of the studied
samples after phosphate conversion coating.
They show that the thickness of the conversion
coatings on the surface of the studied alloys varies

from 16 to 21 um. The coatings consist of calcium
and phosphorus.

The coating on the surface of the QE22 alloy
is more inhomogeneous and has microcracks
(Fig. 2a). The formation of an inhomogeneous
coating with a large number of defects
(microcracks) on the surface of QE22 can be
explained by the presence of intermetallic
particles with a high concentration of silver of up
to 8.5 wt.% (Table 2). The increased defectiveness
of the obtained coating can be explained by the
fact that silver, as compared to magnesium, has a
significantly higher standard electrode potential
and is chemically stable in acidic environments
without oxidizers (including in H,PO, solutions).
Therefore, during the formation of conversion

507



Condensed Matter and Interphases / KonaeHcupoBaHHbie cpeapbl U MexdasHble rpaHuLbl

A.V.Pospelov et al.

2024:26(3): 504-517

Preparation and properties of conversion phosphate-containing coatings...

Table 3. Elemental composition of the phosphated magnesium alloys

Alloy Content, wt.%

0] P Ca Y Zn Zr La Ce Nd
QE22 35.3 15.5 45.1 - - 4.1 - - -
ZRE1 38.3 15.1 40.8 - 1.3 2.4 0.9 1.2 -
WE43 36.4 13.8 40.9 1.5 - 4.0 1.4 0.9 1.1

Fig. 2. SEM images and elemental mapping of sections of the studied samples after phosphate conversion

coating. Alloy: a - QE22; b — ZRE1; c — WE43

coatings, regions with high concentrations of
silver act as cathodes. The reduction of the
depolarizer (hydrogen) takes place on their
surface. Magnesium ionization takes place
in the regions adjacent to silver-containing
intermetallic particles.

An increased rate of the local dissolution
of the magnesium matrix around the cathode
particles (phase Mg, ,Nd,Ag) and the resulting
intensification of hydrogen evolution on
intermetallic particles lead to the formation
of loose phosphate-containing coatings with a
significant number of structural defects (Fig. 2a).
The formed conversion coatings limit contacts
between the corrosive environment and the metal
substrate thus reducing the corrosion rate of the
QE22 alloy. However, the presence of defects
around the cathode intermetallic particles results
in underfilm corrosion and delamination of the
coating.

Using X-ray diffraction, we determined
the phase composition of the studied samples
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(Fig. 3). Rare earth elements are known to have
low solubility in magnesium. Therefore, their
crystallization is accompanied by the formation
of separate phases, which enhance the strength
characteristics of the alloy [41, 42]. According
to the obtained data (Fig. 3a, b), Mg ,Nd,Ag and
(Mg, Zn),, intermetallic particles are formed
in the compositions of QE22 and ZRE1 alloys
respectively, which agrees well with the literature
data [41,42]. The diffraction patterns of the WE43
alloy did not show any intense peaks characteristic
for Mg ,Nd and Mg ,Nd,Y. The diffraction peaks
of the a-Mg phase for WE43 (Fig. 3c) are shifted
towards smaller angles 26 as compared to the
diffraction peaks of a-Mg for QE22 and ZRE1.
This shift indicates an increase in the interplanar
distance due to the inclusion of Nd atoms in the
crystal lattice of magnesium and the formation of
a solid substitution solution, which is confirmed
by the results of the EDX analysis.

The diffraction patterns of all the studied
alloys with conversion coatings demonstrated
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Fig. 3. Diffraction patterns of the surface of magnesium alloys without (Fig. 1a-c) and with (Fig. 1d-f) con-
version coatings. Alloy: a, d — QE22; b, e - ZRE1; ¢, f - WE43

peaks corresponding to the CaHPO,-2H,0 phase
(Fig. 3d-f).

The formation of dicalcium phosphate
dihydrate during the preparation of conversion
coatings can be explained by the following.
When magnesium alloy samples are put into
the phosphating agent with a slightly acidic
pH, intensive dissolution of magnesium is
observed, which is accompanied by the release of
hydrogen and a local increase in the pH on the
electrodelelectrolyte interface:

Mg — Mg* + 2e~ (anodic reaction) (1)
2H" + 2e- — H, (cathodic reaction) (2)

Local alkalization of the electrolyte contacting
the surface of magnesium alloys facilitates the
formation of a surface layer consisting mainly
of CaHPO,-2H,0, according to the following
reaction:

Ca? + H,PO,” + 2H,0 — CaHPO,2H,0 + H*  (3)

Fig.4 shows the potentiodynamic polarization
curves of the magnesium alloy samples in Hank’s
Balanced Salt Solution, and Table 4 presents the
electrochemical parameters of corrosion of the

studied alloys calculated based on the results
of electrochemical polarization. The anodic
polarization curve (PC) of QE22 in the potential
range from —1.3 to —1.2 V demonstrates a linear
region which corresponds to active dissolution
of the alloy. The anodic polarization curves
of ZRE1 and WE43 in the potential ranges of
-1.35-(-1.30) Vand - 1.4 — (-1.35) Vrespectively
demonstrate an active-passive region whose
presence might indicate the formation of a dense
layer of corrosion products. The abrupt change
in the angular coefficient b, of the anodic PC
observed when the potential shifted further
towards positive values, can be explained by
the breakdown of the formed oxide-hydroxide
layer and the beginning of active dissolution
of the alloy. Regardless of the composition
of magnesium alloys, the cathodic PCs have
practically the same slope angle, and the cathodic
coefficient |b | varies in the range from 0.25 to
0.27 V. This indicates that cathodic processes
accompanying the corrosion of the studied alloys
are of the same type.

According to the obtained results, QE22
(corrosion current density 5.2-10-° A/cm?)
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Fig. 4. Polarization curves of magnesium alloys without (a) and with (b) conversion coatings.
Table 4. Electrochemical parameters of corrosion of the magnesium alloy samples
Sample Ibl, V lal, V b,V la,l,V I A/CM?
Initial alloy samples
QE22 0.27 2.46 0.09 0.95 5.2-.10-°
ZRE1 0.25 2.51 0.07 1.01 2.5-107
WEA43 0.27 2.70 0.10 0.97 2.0-10°°
Conversion coated alloys
QE22 0.33 3.14 0.07 0.99 3.4-10-°
ZRE1 0.36 3.29 0.17 0.41 3.3-10°
WEA43 0.35 3.38 0.17 0.52 3.2:10-°

demonstrated the lowest corrosion resistance
in Hank’s Balanced Salt Solution. The WE43
alloy has a 2.6 and 1.25 times lower corrosion
resistance than QE22 and ZRE1 respectively.

Conversion coatings reduce the corrosion
rate of QE22, ZRE1, and WE43 by 15.2, 7.8, and
6.3 times respectively. The anodic PCs of ZRE1
and WE43 demonstrate a significant growth
of the active-passive region and an increase in
the angular coefficient b, which indicated the
inhibition of anodic processes. Despite similar
corrosion current densities of the studied alloys
with conversion coatings, the kinetics of the
anodic process of QE22 in Hank’s Balanced Salt
Solution differs significantly from those of ZRE1
and WE43. The slope angle of the anodic PC
of QE22 after phosphating remains practically
unchanged, which can indicate a low protective
ability of the formed conversion coating.

he method of electrochemical impedance

510

spectroscopy was used for a more detailed study
of the corrosion processes in the studied samples
in Hank’s Balanced Salt Solution. The impedance
spectra of the magnesium samples presented
as Nyquist diagrams demonstrate three time
constants: capacitive semicircles in the region
of high and low frequencies and an inductive
loop in the region of low frequencies (Fig. 5).
The capacitive semicircle in the region of high
frequencies characterizes the charge transfer
through the layer of corrosion products, and
the capacitive semicircle in the region of low
frequencies reflects the relaxation mass transfer
processes in the solid phase as well as the charge
transfer resistance in the double electric layer.
The low-frequency inductive response indicates
active ionization of the electrode.

Conversion coatings based on CaHPO,-:2H,0
increase the values of the impedance modulus
of the studied alloys, which is demonstrated by
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Fig. 5. Impedance spectra of the magnesium alloys presented as Nyquist diagrams without (a) and with (b)

conversion coatings.

increase diameters of the capacitive semicircles.
The impedance spectra of the QE22 and ZRE1
samples demonstrate an inductive loop in
the region of low frequencies. The presence
of the loop in the electrochemical impedance
spectra of the alloys with conversion coatings
might indicate the defectiveness of the formed
coating and ionization of magnesium under the
formed layer of CaHPO,-2H,0. The impedance
hodographs of the WE43 alloy with a conversion
coating is characterized by the lack of inductive
loops in region of low frequencies, which can
be accounted for by the integrity of the formed
coating.

An equivalent circuit presented in Fig. 5b
was used for the quantitative description of the
obtained impedance spectra. In the suggested
circuit R_ is the resistance of the electrolyte; R
is the resistance of the corrosion products layer;
L is the inductance parameter; R, is the surface

Table 5. Selection of the equivalent circuit

resistance; CPE, is the capacitive response
of the corrosion products layer; and R, is the
charge transfer resistance; CPE, is the capacitive
response of the electrical double layer. Due to the
lack of induction processes, they were not used
for the quantitative description of the impedance
spectra of the WE43 alloy with a conversion
coating.

The obtained results demonstrate that
WE43 with a conversion coating has the highest
corrosion resistance in Hank’s Balanced Salt
Solution. The obtained results are in good
agreement with the data obtained by means of
linear polarization.

Corrosion of magnesium alloys as accompanied
by the release of hydrogen gas, which increases
the pH of solutions. Therefore, it is practical to
perform a comparative analysis of the protective
abilities of the obtained coatings based on the
dynamics of the pH of the corrosive environment

Grade R, CPE1, 10°° K R, R, CPE2, 10+ R,
alloy | Ohm-cm? | Ohm-cm2c” n L, kN kOhm-cm?| kOhm-cm? | Ohm-"-cm2c*| "2 | Om-cm?
Initial alloy samples

QE22 42.1 2.2 091 | 5.44 0.55 0.54 30.0 0.90 13

ZRE1 32.0 2.8 090 | 1.71 0.17 0.23 40.4 0.30 75

WE43 65.7 5.0 0.85 | 13.76 0.35 0.50 3.0 0.90 15
Conversion coated alloys

QE22 48.0 4.4 0.80 | 190.50 12.90 0.93 0.25 0.48 | 6902

ZRE1 90.0 9.1 0.20 | 50.00 11.00 0.60 0.14 0.60 | 47361

WEA43 496.7 1.1 0.65 - 6.90 4.38 1.86 0.73 -
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in contact with the studied samples.

Fig. 6 demonstrates dependences of the pH
of Hank’s Balanced Salt Solution on the time of
exposure of the initial magnesium alloys. The
initial pH of Hank’s Balanced Salt Solution is 7.4.
After keeping the QE22 sample in the solution for
24 hours, the pH fluctuated abruptly and was =11.
After keeping the QE22 sample in the solution for
7 days, the pH did not grow significantly, which
can be explained by the formation of a low-
soluble layer of corrosion products — magnesium
hydroxide and carbonate. Alloys ZRE1 and WE43
are characterized by a lower corrosion rate in
Hank’s Balanced Salt Solution. Thus, the pH of
the corrosive environments 24 hours after putting
ZRE1 and WE43 into them was 9.2 and 9.3, and
after 7 days it was 10.1 and 10.0 respectively.

The brushite based conversion coating
CaHPO,-2H, 0 significantly lowers the alkalization
rate of Hank’s Balanced Salt Solution with the
studied samples. After 24 hours of experimenting
with the coated QE22 alloy, the pH of the
electrolyte was 8.3, and after 3 days the pH grew
rapidly to 11.3, which indicated the beginning of
active dissolution of the alloy. When the ZRE1 and
WEA43 alloys with conversion coatings were used,
the pH of Hank’s Balanced Salt Solution remained
the same after 3 days: 7.5 and 7.6 respectively.
A comparative analysis of the dynamics of the
pH of corrosive environments with phosphated
ZRE1 and WE43 demonstrated that between 3
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and 5 days after the beginning of the experiment,
the alkalization process was more active in the
solution with the WE43 alloy. However, after
7 days, the pH of the corrosive environments
became practically identical and were ~8.4.

Fig. 7 and 8 demonstrate the SEM images of
the surface of magnesium alloy samples after their
exposure in Hank’s Balanced Salt Solution for 24
hours and for 7 days respectively. The surface of the
QE22 alloy after 24 hours of corrosion testing was
almost completely covered in an inhomogeneous
layer of corrosion products, whose structure had
macrodefects (Fig. 7a). ZRE1 and WE43 are the
least susceptible to corrosion in the first 24 hours
of testing, which is explained by the formation of
a dense layer of corrosion products preventing
further dissolution of the alloys. The QE22 sample
almost completely dissolves in Hank’s Balanced
Salt Solution in 7 days. Increasing the exposure
time of the ZRE1 alloy in Hank’s Balanced Salt
Solution up to 7 days results on the formation of
pitting corrosion centers.

The surface of the QE22 sample with a
conversion coating demonstrated the formation
of pores after 24 hours of exposure in Hank’s
Balanced Salt Solution. The diameter of the
pores varies from 10 to 40 um. After 7 days of
exposure, the surface is covered in a continuous
layer of corrosion products and the conversion
coating is broken down, which can indicate
low protective abilities of the coating resulting
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Fig. 6. The dynamics of the pH of Hank’s Balanced Salt Solution during corrosion testing of alloys before (a)

and after (b) chemical treatment.
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Fig. 7. SEM images of the initial magnesium alloy samples after 24 hours (a-c) and after 7 days (d-f) of corro-
sion testing in Hank’s Balanced Salt Solution. Alloy: a,d - QE22; b, e — ZRE1; c, f - WE43

a) _ b) _ _ c)

Fig. 8. SEM images of the phosphated magnesium alloy samples after 24 hours (a-c) and after 7 days (d-f) of
corrosion testing in Hank’s Balanced Salt Solution. Alloy: a, d — QE22; b, e — ZRE1; ¢, f - WE43

from its inhomogeneity and defectiveness. The increased up to 7 days, an insignificant number
microstructure of ZRE1 and WE43 with conversion  of local corrosion centers (pores) are formed on
coatings remains practically the same after 24 their surface.

hours of corrosion testing in Hank’s Balanced Fig. 9 demonstrates the SEM images of the
Salt Solution. When the time of exposure is surface of the studied samples with and without
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Fig. 9. Images of the surface of magnesium alloy samples after corrosion testing in Hank’s Balanced Salt Solu-

tion.

conversion coatings after 24 hours and after
7 days of exposure in Hank’s Balanced Salt
Solution.

After the first 24 hours of corrosion testing,
corrosion centers are formed on the surface of the
QE22 alloy; the sample completely dissolved in
7 days. Visual assessment of the surface of ZRE1
and WE43 demonstrated that they remained
intact after 7 days of testing. The surface of
QE22 with a conversion coating does not change
significantly after 24 hours of testing. After 7 days
of testing, the surface of the alloy was almost
completely covered in corrosion products. There
were no visible corrosion centers on the surface
of coated ZRE1 and WE43 samples after 7 days
of testing.

Therefore, conversion coatings based on
CaHPO,-2H,0 (brushite) demonstrated a decrease
in the corrosion rate of magnesium alloys QE22,
ZRE1, and WE43 by 15.2, 7.8, and 6.3 times
respectively. The obtained results are in good
agreement with those presented in [28,31,32],
where similar coatings on magnesium alloys doped
with aluminum (series AZ) were demonstrated
to reduce the corrosion current density by 19-
62 times, while the differences in the protective
properties of the conversion coating based
on brushite are explained by the impact of
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the substrate composition on the structure
and defectiveness of the formed coatings. Our
study confirmed this assumption and stress the
importance of the chemical composition and the
structure of magnesium alloys when choosing the
technique of deposition of conversion coatings.
We should note that despite the high effectiveness
of protective conversion coatings on magnesium
alloys of the AZ series, the use of these alloys as
implant materials is associated with risk due to
the presence of aluminum. Excessive amounts
of aluminum in the human body has an adverse
effect on neurons and osteoblasts and can cause
Alzheimer’s disease, which makes it even more
important to carefully choose magnesium alloys
for orthopedic implants.

4. Conclusions

Phosphating of magnesium alloys in solutions
containing calcium nitrate results in the
formation of low-soluble fine-grained coatings
with a pronounced crystal structure including
Ca~40wt.%; P~ 15wt.%; and O =~ 35 wt.% and
consisting mainly of brushite (CaHPO,-2H,0).
The coating formed on the surface of QE22 is
characterized by highest inhomogeneity and the
presence of microcracks, which can be explained
by the presence of silver in its composition.
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The corrosion resistance of magnesium alloys
in Hank’s Balanced Salt Solution (pH = 7.4),
imitating the environment of the human
body, decreases in the sequence QE22, ZRE1,
WE43, and the corrosion current density i is
5.2-10-%,2.5-10-° and 2.0-10-° A/cm?, respectively.
Conversion coatings reduce the corrosion rate of
QE22,ZRE1,and WE43 by 15.2,7.8,and 6.3 times
respectively. Thus, the study demonstrated that
conversion coatings formed on WE43 have the
best protective abilities. The corrosion testing
demonstrated that coated ZRE1 and WE43 alloys
can resist corrosion in Hank’s Balanced Salt
Solution for 7 days without visible damage.
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Abstract

In our study, we formed a multilayer heterostructure consisting of periodic GaN and AIN layers by means of chloride-hydride
epitaxial growth on a hybrid SiC/Si substrate synthesized using the method of the coordinated substitution of atoms.
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1. Introduction

Group III nitrides (GaN, AIN, AlGaN) have
unique physical and chemical properties as
compared to other semiconductors [1-3]. They
have high hardness, good thermal conductivity,
and high resistance to radiation and chemicals.
These properties make Group III nitrides good
candidates for the role of semiconductors in
modern high-frequency equipment [3-6].

Group III nitrides are usually grown on
substrates including sapphire and silicon carbide
(SiC). However, silicon substrates, including
porous ones [7-9], are becoming increasingly
popular, because they have large diameters
and, what is more important, have the required
thermal characteristics and electrical properties.
However, due to the considerable mismatch
of crystal lattice parameters between group
III nitride films and foreign substrates, as well
as the difference in the coefficient of thermal
expansion (CTE) of these materials, large elastic
strain occurs during the growth process [10].
Therefore, it is important to lower the elastic
strain in the epitaxial layers of the superlattice.
At the same time, the misfit deformation in
epitaxial systems with mismatched lattices can
be reduced by the high density of structural
defects and the growth of transition buffer layers
based on multiperiod superlattices. Therefore,
strain engineering in group III nitrides and its
analysis present an important problem [11]. X-ray
powder diffraction is often used to control strain,
because it is a powerful and reliable method
of nondestructive analysis of heterostructures
[12, 13]. However, lately, Raman spectroscopy
has been the most preferable method [14, 9]. Its
main advantage over X-ray powder diffraction is
that it allows for spatially resolved evaluation of
inhomogeneous deformations. Raman spectra
and motorized sample stages used to adjust the
position of the sample within the scanning plane
at submicron steps make it possible to register
residual strain and its fluctuations in the layers
of heterostructures with a high spatial resolution.
Considering the fact that strain engineering
is one of the most powerful tools for adjusting
the optical and electronic properties of AIIIN
semiconductor compounds, it is important to
investigate residual strain in epitaxial layers of
gallium nitride grown by means of transition

2024;26(3): 518-525

Residual strain evaluation in GaN/AIN multiperiod superlattices grown on SiC/Si

buffer layers based on multiperiod GaN/AIN
superlattices.

Earlier experiments demonstrated [15,16]
that group III nitrides of good structural quality
(AIN, GaN, and AlGaN) can be grown on a hybrid
substrate SiC/Si and then separated from it. Thus,
in [16] we grew single-crystal crack-free layers
of AIN (with a thickness up to 300 ym), AlGaN
(with a thickness up to 400 pm, and GaN (with a
thickness up to 200 ym), as well as GaN films of
the semipolar (1124) orientation and a thickness
up to 35 um.

Therefore, the purpose of this study was to
analyze residual elastic strain in the epitaxial
periodic heterostructure and the corresponding
GaN/AIN multiperiod superlattices after the
separation from the hybrid substrate.

2. Materials and methods

To grow a bulk GaN layer with a good crystal
structure which could then be separated from
the substrate, we used hybrid vapor phase
epitaxy (HVPE), which is well-known to be a
relatively inexpensive method of obtaining
bulk IlI-nitride layers on silicon or sapphire
substrates. In our experiment, we used a hybrid
SiC/Si(111) substrate synthesized using the
method of coordinated substitution of atoms
[17-19]. Taking into account the mismatch of
crystal lattice parameters and the difference in
the coefficients of thermal expansion, to avoid
cracking we used the method of deposition of
superlattices between the main layers of AIN and
GaN. First, we deposited a thin layer of AIN, after
which the second element was added (Ga). Then
we grew an AIN/GaN superlattice layer in a 50:50
ratio for 20 min. During the next stage, another
AIN layer was grown followed by the growth of
yet another AIN/GaN superlattice layer. The final
layer was a GaN layer with a thickness of about
3.5 ym. The structure was grown in a reactor at
high temperatures (T~ 1000 °C). Ammonia (NH,)
and argon (Ar) were used as a gas mixture, the
flow rate was 1000 and 4000 ml/min respectively.
The flow rate of Al and Ga was 100 ml/min. After
the growth of the structure, the substrate was
removed.

The diagnostics of the samples was carried
out using microstructural and spectroscopic
methods. Microscopic studies were performed
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using a JSM-7001F scanning electron microscope
(Jeol,Japan). Raman spectra were measured using
a RamMics 532 confocal Raman microscope
(EnSpectr, Moscow, Russia) with a radiation
wavelength of 532 nm. The scanning was
performed using a 60x lens. The power at the
focus was 30 mW. The spectra were registered
in the range of 100-2000 cm™! with a spectral
resolution of 1 cm™!. Analysis of the spatial
domains of the samples was carried out using a
dual-axis motorized stage with a step of 0.25 ym
along the whole structure of the samples. As a
result, we obtained the spectra in the z(xy)z and
x(xy)x geometry.

3. Results and discussion

Fig. 1 demonstrates a scheme of the GaN/AIN
multilayer heterostructure and microscopic
images of the cross-section of the sample on
different scales obtained using scanning electron
microscopy.

We have already mentioned that information
about the structural properties of free thin layers
based on GaN/AIN multiperiod superlattices was
obtained by means of Raman light scattering.
Raman spectroscopy is a very effective tool
for non-destructive testing of semiconductor
nanostructures.

Fig. 2 presents the Raman spectrum of the
sample in the z(xy)z geometry.

Due to the optical transparency of GaN and
AIN and a large depth of the Raman spectroscopy
profiling in the z(xy)z geometry the spectrum
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demonstrates Raman light scattering modes from
various layers of the heterostructure.

In accordance with the geometry of Raman
light scattering and the selection rules for the
wurtzite crystal structure (spatial group P3m1I)
observed in phases GaN and AIN, for each phase the
Raman spectra might demonstrate a characteristic
set of six longitudinal (LO) and transverse
(TO) phonon modes [20,21]. An analysis of the
experimental data (Fig. 2) demonstrated that there
are four vibrations in the spectrum. The first and
the most intense maximum at about 567 cm™ is
the phonon mode E!'s" of the wurtzite-like GaN
[22,23]. A less intense peak at about 735 cm!
is the A (LO) mode of GaN. The peak at about

i SICISI(111) (400 wm) :

Fig. 1. SEM image of the heterostructure and sche-
matic images of two types of superlattices

. Ebieh |
i GaN |
|
Eln |
3—. r z
= Eglgh i
=
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Fig. 2. Raman spectrum of the film in the geometry z(xy)z
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653 cm™ is the EM¢"mode of AIN, the strongest of
the modes allowed in the films of wurtzite AIN in
the z(xy)z’ backscattering geometry used in our
experiment [24].

To perform a layer-by-layer analysis of the
structure with a high spatial resolution we
performed the scanning in the x(xy)x geometry
with a step of 250 nm. As a result, we obtained
a set of phonon modes from the region of
multiperiod superlattices GaN/AIN (Fig. 3) as well
as from AIN buffer layers (Fig. 4)

Based on the obtained results, we can say that
in the selected x(xy)x geometry, the spectra of
the GaN/AIN superlattice (Fig. 3) demonstrate
an intense nonpolar phonon mode E&" of GaN
(Fig. 2) together with active polar vibrations
A1(TO) of GaN and E1(TO) of GaN at about 535
and 555 cm™! respectively. These vibrations are
characteristic for GaN crystals with a wurtzite
structure [25]. We can see that depending on the
distance between the substrate and the studied
region, a shift in the frequencies of phonon modes
A1(TO), E1(TO), and E}*" of GaN is observed as
well as a change in their relative intensities.

As for the Raman spectra of the AIN buffer
layers (Fig.4), there are three active modes: E's",
A1(TO), and E1(TO), whose intensity practically
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does not depend on the location of the AIN layer
in the film. We should also note that the spectra
of the AIN buffer layer demonstrate vibrations at
about 530-580 cm™! (Fig. 4) attributed to A1(TO)
and EMs" modes of GaN. This can be explained
by the fact that during the scanning, the region
of generation of the desired signal occupied the
neighboring layers of the superlattice, which
in turn means that the cleavage plane was not
perpendicular to the surface of the sample.

The observed shifts of the phonon modes
of various symmetry must be connected with
the deformations of the layers caused by the
difference in the crystal lattice parameters
and the thermal expansion coefficients of the
materials of the layers that occurred during the
growth of the heterostructure. We can see that the
shifts in phonon vibrations belonging to phonons
of AIN and GaN in various layers of superlattices
and buffer layers have different directions, which
indicates different types of deformations in these
layers.

By performing micro Raman spectroscopy
of the cleavage of the heterostructure using
coordinated spectral scanning, we can obtain a
scheme of the structure in the cross-section of
the layers based on the variations on the intensity

EYe
GaN
E,(TO)
GaN [,

A,(TO)
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Fig. 3. Raman spectra from regions of GaN/AIN superlattices, taken in geometry z(xy)z
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Fig. 4. Raman spectra from AIN buffer layers taken in geometry z(xy)z

of spectral lines reflecting the distribution of
nonpolar EM&" vibrational modes of GaN and
AIN near the interface. In order to do this, we
determined integral areas under the selected
spectral lines in each spectrum corresponding to
a particular point in the scanning region.

Fig. 5a, b demonstrate the results of the
hyperspectral mapping based on the distribution
of intensities of the selected vibrations and a
SEM image of the scanned region. The results
of the chemical mapping are color coded. The
warmer the color, the greater the intensity of
the corresponding phonon and therefore the
composition of the phase in the region.

An analysis of the results of the hyperspectral
mapping (Fig. 5a, b) visualizes the structure of the
layers in the sample: the maps demonstrate bands
of the greatest/smallest intensity of GaN/AIN, and
the distance between the bands correlates well
with the SEM image.

At the same time, we should note that in the
layers forming the GaN/AIN superlattices, the
quantitative composition and the intensity of
the localized modes depend on the localization
region as well as on the period of the superlattice.
We can see that the nonpolar E&" mode of GaN
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has a maximum intensity in upper layers of the
superlattices changing gradually from layer to
layer.

As we have already mentioned, the residual
strain in thin epitaxial films is an important issue
for the production of various devices. During
the growth of multilayer heterostructures based
on group III nitrides on foreign substrates, the
residual strain observed in the films is the result
of a balance between two competing deformation
components: misfit deformation caused by the
difference in the thermal expansion coefficients
and the deformation caused by the defects in
the structure [26]. Results of numerous studies
have demonstrated that the frequencies of the
E " modes of GaN and AIN depend on the
deformations in the crystal lattice. Therefore, the
evaluation of residual strain in various layers of
the heterostructure can be carried out based on
the frequency shifts in the Raman spectrum of
the main vibrational modes: E,"s" modes of GaN
and AIN.

The calculation of residual strain at the
cleavage of the epitaxial layer was performed
based on the frequency of the Es» mode of GaN
using the equation:
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Where Aw is the Raman shift with regard to the
strain-free layer, K is a constant value for GaN
GaN KGaN =4.3 cm~!-GPa
Fig. 5c demonstrates a map of dual-axis strain
near the cleavage of the film. We can see that
in the upper GaN layer the dual-axis strain ¢
is minimal (~ —0.12 GPa). At the same time, the
strain is minimal in the upper SL2 superlattices
(with a constant period).

(D

4. Conclusions

In our study, we formed a multilayer
heterostructure consisting of periodic GaN and
AIN layers by means of chloride-hydride epitaxial
growth on a hybrid SiC/Si substrate synthesized
using the method of coordinated substitution of
atoms.

The thickness of the obtained structure was
~ 78 um. Using nanoscale mapping in the upper
GaN layers we determined the dual-axis strainc_
to be minimum (~ 0.12 GPa). There is practically
no strain in the superlattices located in the upper
part of the structure.
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Abstract

The paper demonstrates that the technology of plasma-assisted molecular beam epitaxy (PA MBE) can be used to form
epitaxially overgrown GaN, n-GaN, and n*-GaN contact layers with a high structural quality on virtual GaN/c-Al,O, substrates
under Ga-enriched conditions at relatively low growth temperatures of ~700 °C.

It was shown that the initial stage of growth of the contact layers was accompanied by effective filtration of dislocations
threading from the buffer GaN layer of the virtual substrate formed by MOCVD.

The values of residual stresses calculated using the data of Raman microspectroscopy indicate a high structural quality of
GaN, n-GaN, and n*-GaN contact layers regardless of the level of silicon doping.

The contact resistance reduced to the pad width determined using the transmission line method for the structure with
n*-GaN contact layer was ~0.11 Ohm-mm and for the n-GaN contact layer it was ~0.5 Ohm-mm.
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1. Introduction

Many studies conducted in recent decades
have been dedicated to group III nitrides (AIIIN)
(third-generation semiconductors) and the
extension of the range of their applications [1].
However, the key problem in creating viable AIIIN-
based device technology solutions is the choice of
a substrate for epitaxial synthesis and the method
of integration with it [2—-4]. In most cases, lattice-
matched GaN substrates are not commercially
viable despite the fact that they allow synthesizing
GaN-based device heterostructures with better
material characteristics and crystalline quality.
An alternative solution to this problem is to
form the active regions of AIIIN heterostructures
by using virtual substrates (templates) of the
GaN/substrate type, in which the buffer layer
has already been synthesized on a commercially
available substrate (Si, SiC, sapphire) by epitaxial
technologies. Currently, two methods are
mainly used to form GaN/substrate templates:
metalorganic chemical vapor deposition (MOCVD)
and molecular beam epitaxy (MBE) [3].

The second important issue in the
development of AIIIN-based devices is the
formation of ohmic contacts, which not only
provide the connection between the device
structure and the signal processing circuitry,
but also are the basis for further improving
the performance of final devices. The ohmic
contact between metal and semiconductor must
not only be compatible, but also durable and
temperature stable, [5] taking into account the
type of conductivity of the contact layer and
technological postoperations.

The formation of high-quality ohmic contact
in devices based on wide-gap AIIIN compounds is
still an unresolved problem [6]. Defects in AIIIN
layers and the tendency to metal oxidation at
high temperatures can also affect the contact

properties. Therefore, studies aimed at reducing
the contact resistance during the formation of
ohmic contacts in AIIIN heterostructures are
becoming increasingly relevant today.

Currently, there are a number of technological
solutions to reduce the contact resistance,
including the use of Ti/Al/X/Au multilayers [7].
It was also shown that the formation of fully
buried Ti-based ohmic contacts results in good
values of contact resistivity [6]. However, along
with the traditional technology of annealing
ohmic contacts [5], a wide range of studies
are currently being conducted to create ohmic
contacts without using the procedure of high-
temperature annealing, or so-called non-
annealed ohmic contacts [8-13]. In particular,
papers [10-13] show that it is possible to form
such contacts with a relatively low contact
resistance by the epitaxial overgrowth of highly
silicon-doped n*-GaN contact layers with an
electron concentration of more than 1-10" cm
using the PA MBE technique.

This work presents comparative studies of
the structural, morphological, and electrical
properties of undoped GaN and silicon-doped
n-GaN and n*-GaN contact layers synthesized
by the PA MBE technique on GaN/c-Al,O,
virtual substrates grown using the method
of pre-epitaxial cleaning of GaN surfaces of
substrates previously developed by the authors
and described in detail in [14]. The review of
scientific literature has shown that there have
been no studies of this kind, which emphasizes
the relevance of this work.

2. Materials and methods

During the study, GaN, n-GaN, and n‘*-
GaN contact layers were formed using the PA
MBE technique on an industrial Veeco Gen
200 setup [14]. Synthesis was carried out on
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virtual substrates, i.e. undoped GaN layers with
a thickness of about 2.5 pm grown on sapphire
substrates with (0001) orientation by metal
organic chemical vapor deposition (MOCVD)
[18].

After MOCVD synthesis, GaN/c-Al,O, virtual
substrates were extracted to the atmosphere for
standard preparation procedures for PA MBE layer
synthesis, which are described in detail in [14].

Immediately before the start of the PA MBE
growth of the contact layers, the surfaces of
the virtual substrates were cleaned following
the procedure in [14]. First, the pre-epitaxial
cleaning of virtual substrates was carried out
in the growth chamber of the PA MBE system
in a flow of activated nitrogen particles with
a gradual increase in the temperature of the
substrate from T, = 400 °C to T;= 600 °C
followed by exposure of the substrate surface to
a flow of activated nitrogen at a fixed value of
T,= 600 °C for 1 hour. This was followed by the
final procedure of GaN surface cleaning based
on the deposition of several Ga monolayers on
the surface of the virtual substrate followed by
thermal desorption of the deposited Ga from the
surface. The study involved five periods of gallium
precipitation/desorption on the GaN surface of
the virtual substrate heated to T,=700 °C,i.e.toa
temperature at which there was still no intensive
decomposition of GaN, however, the flow of the
thermal desorption of Ga from the liquid phase
was F %~ 0.3 um/h [15]. During each cycle of
the stage, the precipitation of gallium atoms was
completed within a 10 second exposure of GaN on
the surface of the virtual substrate in a gallium
flow F,, ~ 0.4 um/h, which corresponded to the
precipitation of about one Ga monolayer. The Ga
flow was then shut off with a valve for 10 seconds
to enable thermal desorption of the precipitated
gallium from the GaN surface. Throughout the
procedure of gallium adsorption/desorption,
there was a “linear” pattern of reflected high
energy electron diffraction (RHEED) with bright
and thin reflexes characteristic of a relatively
smooth GaN surface.

Immediately after the pre-epitaxial cleaning
of the surfaces of the virtual substrates, undoped
(sample A) and silicon-doped (samples B and C)
GaN layers with thicknesses of about 250 nm
were grown on the virtual substrates by PA MBE

528

2024;26(3): 526-535

Structural and spectroscopic studies of epitaxially overgrown GaN, n-GaN , and n*-GaN...

at constant values of Ts = 700 °C, F_, ~ 0.25 ym/h,
F, .~ 0.05 pm/h and different temperatures of the
silicon effusion source T, = 1,020-1,110 °C. The
general scheme of samples with GaN, n-GaN, and
n'-GaN contact layers is shown in Fig. 1.

A: nE~2xI 0'% em?
B: n ~5+ 0% ¢m?
C: n~6x10" cm?

c=-AlO

Fig. 1. Schematic representation of heterostructures
with contact layers: sample A — GaN; sample B -
n-GaN; sample C — n+-GaN

The GaN/c-Al O, virtual substrate with a
precisely oriented ¢-Al,0,(0001) substrate were
used to synthesize samples A and C, while the
c-Al, O, substrate with a deviation of 0.5° from
[0001] direction was used to produce sample B.

The crystal structure of the samples was
studied using high-resolution X-ray diffraction
using a DRON-8T X-ray diffractometer with
CuKo radiation and an angular reproducibility
of £ 0.0001°.

A RamMics 532 Raman microscope (EnSpectr,
Moscow, Russia) with a radiation wavelength of
532 nm was used to obtain Raman spectra. The
scanning was carried out using a 20x lens, the
focal spot size of ~ 8 um, and power of 30 mW.
Raman spectra were recorded in the (xy)~
geometry in the range of 100-2,000 cm™ and
a spectral resolution of 1 cm™. The position
of the lines and the values of the full width at
half maximum (FWHM) for both the GaN and
Al O, layers was determined by approximating
the maxima using a set of Voigt functions [16].
OriginPro software was used for processing.
Spectral position of the maxima of the Raman
lines was determined by measuring the position
of the LO-mode of the Si calibration plate.
Calibration was performed both before and after
each sample measurement using a x20 lens.

The quality of surface and hetero-interfaces
was studied using scanning transmission electron
microscopy (STEM) and high angular annular
dark-field scanning transmission electron
microscopy (HAADF-STEM) on a Zeiss Libra 200
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FE transmission electron microscope with an
accelerating voltage of 200 keV.

Ohmic contacts were metalized on a Kurt
J. Lesker AXXIS unit for the electron-beam
sputtering of metals.

Electrophysical measurements were
performed at room temperature in a four-probe
van der Pauw configuration on an Ecopia HMS-
3000 measurement system.

Contact resistance was measured using the
transmission line method (TLM).

3. Results and discussion

The characteristics of the epitaxial
layers of GaN, such as surface structure and
morphology, crystalline perfection, and density
of the threading dislocations, play an important
role in determining the characteristics of the
heterostructure. Therefore, the surface and
hetero-interface were first studied.

Images of the surface and profile of the
GaN contact layers obtained at different levels
of silicon doping are shown in the STEM and
HAADF-STEM images (Fig. 2). For all samples,
regardless of the size of the introduced impurity,
there was a good smooth surface morphology
with pits or V-shaped defects evenly distributed
on the surface. These defects had a characteristic
shape of inverted hexagonal pyramids (see the
insert to Fig. 2a). These pits formed by low-
index crystallographic planes can be observed
during the deposition of nitride films on various
substrates [17,18].

Since GaN/sapphire templates were used to
form the GaN, n-GaN, and n*-GaN contact layers,
it is obvious that the heteropairs should have a
significant discrepancy in both the parameters

aN-MOCVD

Fig. 2. Image of sample C, in which the contact n+-GaN
layer was synthesized by the MII3 ITA method on a
virtual GaN/c-Al,O, substrate under Ga-enriched
growth conditions: STEM image of the surface (a);
HAADF-STEM image of the heterointerface (b)
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of the crystal lattices and the thermal expansion
coefficients (16 and 34%, respectively). Both
factors led to deformations and stress distribution
gradients in the thick GaN buffer layer [19]. They
were also the driving force for the formation
of V-shaped pits in the upper contact epitaxial
layers.

Previously, it was shown that the bottom of
each pit is always associated with a threading
dislocation (TD), and the density of the defects
is almost always equivalent to the density of TDs
[20]. Thus, the formation of V-shaped defects
in the upper GaN, n-GaN, and n*-GaN contact
layers can be explained both by the threading
dislocations from the virtual substrate and the
emergence of new dislocations on the interface
between the surface of the virtual substrate
and the GaN contact layer due to insufficiently
effective pre-epitaxial cleaning of the template
surface.

To study the evolution of threading
dislocations during the PA MBE synthesis of
GaN layers on GaN/c-AlO, templates, cross-
section of one of the samples with an upper
n'-GaN contact layer was studied by dark-field
scanning transmission electron microscopy.
Figure 2b shows a typical HAADF-STEM image
of the interface between the GAN layer of the
virtual substrate and the upper n*-GaN contact
layer obtained by PA MBE.

The analysis of the HAADF-STEM data allows
concluding that threading dislocations in the
GaN, n-GaN, and n*-GaN contact layers were
filtered. It was seen that the number of threading
dislocations in the upper PA MBE layer was
smaller than in the lower buffer GaN layer of the
GaN/c-Al O, virtual substrate grown by MOCVD.
Some of the TDs were filtered near the interface
with the upper GaN contact layer, though some
dislocations were still present.

The observed effect of filtration of threading
dislocations may be due to the evolution of the
surface morphology of the GaN contact layer at
the initial stage of PA MBE synthesis on the GaN
surface of the virtual substrate. In particular, the
relatively low substrate temperatures used in
the PA MBE synthesis of GaN could lead to the
formation of three-dimensional GaN nucleation
islands, which quickly grew and coalesced into
a continuous GaN layer with a smooth surface
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morphology, as shown in [21]. However, during
the initial stage of the island PA MBE growth of
GaN, it became energetically more advantageous
for the TDs to deviate from the initial vertical
direction of their propagation [22]. The energy
gain was due to a reduction in the TD energy
since the line of the threading dislocation became
shorter when it deviated to the edge of the
island as compared to the energy of dislocations
propagating in the direction of the GaN layer
growth.

In addition, TEM studies of the synthesized
samples also showed that there were no
additional defects in the GaN, n-GaN, and n*-GaN
contact layers, which could appear as a result of
insufficiently effective cleaning of the surface of
the GaN MOCVD layer of the virtual substrate from
foreign atoms or due to surface degradation that
could occur during the process of pre-epitaxial
cleaning. This indicates the effectiveness of the
used method of pre-epitaxial cleaning of the GaN
surface of the virtual substrate.

The crystalline structure and the quality of
epitaxial heterostructures were studied using
high-resolution X-ray diffraction (XRD), which
can provide direct information on the effect of
silicon impurity on the crystalline properties of
the AIIIBV and AIIIN semiconductors [23, 24].
Figure 3 shows the results of XRD measurements
over a wide range of Bragg angles.

GaN
(0002)
2
=
= GaN
- {0004)
8| C l
-
W
g
Elg |
ALO,
0006
1‘1 .‘[ ' l
15 3 35 40 45 50 55 60 65 70 75 80

20, deg

Fig. 3. XRD 26-scans for samples with GaN, n-GaN
and n+-GaN contact layers. Reflexes from the substrate
are indicated by the index*
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XRD 20-scans of all samples had maxima that
also belonged to 0002 and 0004 GaN reflections
with a wurtzite lattice. However, the scans also
showed low-intensity reflexes belonging to the
sapphire substrate. The presence of diffraction
maxima of the same basal series on XRD scans
suggests the monocrystalline state of the
epitaxial GaN layers.

Additional structural information on the
properties of the GaN, n-GaN, and n*-GaN contact
layers was obtained by Raman spectroscopy,
which allows studying the features of the crystal
structure of thin epitaxial films and their perfection
on the scale of crystal lattice parameters [25]. The
Raman spectra of the samples are shown in Fig. 4.
The Raman spectra shown in Figure 4 are typical
of the c -plane (0001) of the GaN single crystal.
They have maxima of about ~567 and 734 cm™!
(Fig. 4a,b), which, in accordance with the group
theory for GaN with a wurtzite crystal lattice, are
transverse A (TO) and E!"s" phonon modes [26,
27]. However, the peaks present in the spectra in
the region of 415 cm™ and 750 cm™! are typical
characteristic longitudinal optical (LO) modes
with A, and E, (LO) symmetry, which belong to
the sapphire substrate [28].

Attention should be paid to another spectral
feature observed in Raman scattering for the
n-GaN and n*-GaN contact layers (samples B and
C, see insert to Fig. 4d). In the region of 465-
500 cm’}, there was a low-intensity shoulder, the
appearance of which was associated with a high
level of silicon impurity in the n-GaN and n*-GaN
contact layers. It was previously shown that the
appearance of this phonon mode in the Raman
spectra is associated with the formation of Si
clusters in various materials [29, 30]. It should
also be noted that n*-GaN had low-intensity
Raman bands in the region of 505 and 517 cm™'.
According to [29, 30], the appearance of these
oscillations in the Raman spectra suggests the
formation of both silicon nanocrystals of various
sizes and amorphous silicon.

The frequency position of active oscillations
from GaN and c-Al, O, in Raman spectra recorded
using a x20 lens is shown in Table 1.

According to the results of our study, the value
of the full width at half maximum (FWHM) of
the Raman mode E!&" GaN in the spectra of the
GaN, n-GaN, and n*-GaN contact layers was ~5.0—
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Fig. 4. Raman spectra for epitaxial heterostructures with contact layers of GaN, n-GaN and n+-GaN (a) - in the
full range; (b) — GaN E!"¢" and (c) - A1(LO) modes; (d) - spectral region 465-525 cm™!, in which modes associa-
ted with the formation of silicon clusters of various sizes in the contact n+-GaN layer are recorded

5.2 cm!, which indicates their high structural
quality. However, this parameter was at a level
characteristic of the epitaxial layers of GaN grown
on a sapphire substrate [26].

The exact position of the Raman phonon
mode E!'s" GaN compared to the undeformed GaN
single crystal was used to estimate changes and
to control residual stresses in the epitaxial layers
due to the high sensitivity of E}" to crystal lattice
deformations [31]. The following typical formula
was used to estimate the value of residual biaxial
stresses in the epitaxial contact layers:

(1)

Ao =ko .

Here, Aw is the Raman shift of the mode frequen-
cy EMs" GaN, 6 is the value of the residual biax-
ial stress in the GaN epitaxial film, k is the con-
version ratio of biaxial stress to the Raman shift.
The value of the conversion ratio for EMs" GaN
mode was 4.3 (cm™!-GPa™) [32].

According to the results, the value of residual
stresses in the GaN contact layer (sample A) was
at the level of 6 ~ 0.1 GPa. A similar small value
of 6 ~ 0.11 GPa was observed for the n*-GaN
layer (sample C), which indicated a high degree
of stress relaxation. What is more, the obtained
results correlate with the known data on residual
deformation in Si-doped GaN layers when grown

Table 1. The frequencies and full width at half maximum (FWHM) of the main oscillations observed in
the Raman spectra of the GaN, n-GaN, and, n*-GaN contact layers

Modes of Raman spectra
AlL.O GaN GaN AlO Biaxial stress
Sample A9 Epieh A,(LO) E, (LO) c._,GPa
o, cm™! o/FWHM, cm™! o/FWHM, cm! o, cm™!
A (GaN) 415.6 567.0/5.1 732.6/7,9 747.5 0.11
B (n-GaN) 415.6 569.3/5.0 735.2/9,3 748 0.42
C (n*-GaN) 415.6 567.2/5.2 732.6/7,9 747.5 0.07
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on sapphire substrates [33]. However, the residual
biaxial stresses in the n-GaN layer (sample B)
were at a higher level of 6 ~ 0.4 GPa, which was
probably due to the use of a misoriented sapphire
substrate when creating a GaN/c-Al O, virtual
substrate (see Methods).

During the last stage of the studies,ohmic Ti/Al
contacts (20/100 nm) were formed on the surface
of the samples using magnetron sputtering. After
that, the mobility and concentration of carriers
and resistivity were determined according to Hall
measurements using the van der Pauw method.
The results are given in Table 2.

Table 2. Hall measurement data
by the van der Pauw method

- Carrier
MObﬂ.l ty concentra- | Resistivity
Sample | of carriers . h
cm*/Vs tion, cm Ohm-cm
cm™3
A (GaN) - 2-10% -
B (n-GaN) 265 -5-108 4.7-102
C (n*-GaN) 105 -6-10Y 1-1072

The contact pads of the test structure of ohmic
contacts had an annular geometry with a length
of the outer circumference of 400 uym. Using such
topology allowed measuring contact resistance
without isolating the active elements [34]. As a
result, using the transmission line method (TLM)
in accordance with [35] allowed determining the
contact resistance reduced to the pad width,
which for the structure with the n"-GaN contact
layer (sample C) was ~ 0.11 Ohm-mm, and for the
n-GaN contact layer (sample B) ~ 0.5 Ohm-mm.
Both values are in agreement with the results of
the van der Pauw method (see Table 2).

It should be noted that it appeared challenging
tomeasure the Hall characteristics for the structure
with the GaN contact layer (sample A) due to
the high values of resistivity (~ 1-10* Ohm-cm),
which may indicate a sufficiently low intrinsic
conductivity of this layer.

4. Conclusions

The study showed that plasma-assisted
molecular beam epitaxy can be used to create
overgrown GaN, n-GaN, and n*-GaN contact
layers on GaN/c-Al O, virtual substrates under
Ga-enriched conditions. This involves effective
filtration of dislocations threading from the
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buffer GaN layer of the virtual substrate formed
by MOCVD.

Residual stresses calculated using the data
of Raman microspectroscopy indicate a high
structural quality of GaN, n-GaN, and n*-GaN
contact layers regardless of the level of silicon
doping.

Contact resistance reduced to the pad width
determined by the transmission line method for
the structure with the n*-GaN contact layer was
~0.11 Ohm-mm, and for the n-GaN contact layer
it was ~ 0.5 Ohm-mm.
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Abstract

For the production of gas-sensitive sensors, easily obtained nanostructured substances are required. Therefore, one of the
most important scientific problems is the search for new compositions and an improvement in the used materials. The aim
of this study was the creation of thin-film materials based on yttrium and lanthanum chromite nanopowdersYCrO, and
LaCrO,, doped with strontium ions, and the identification of their gas-sensitive properties.

The synthesis of nanopowders was carried out by the sol-gel method for LaCrO, and the citrate method for YCrO,. Doped
powders were obtained using the same synthesis methods as the original samples. The phase and elemental composition
of the obtained samples was determined. The result of this study demonstrated that the actual composition of the
nanopowders is close to the nominal one. Gas-sensitive properties were determined by measuring the specific surface
resistance of the obtained samples to the content of carbon monoxide CO with a concentration of 50 ppm.

It was found that the obtained samples possess n-type of conductivity and a good response to the presence of traces of
carbon monoxide. Yttrium chromite-based nanofilms exhibit better gas-sensitive response compared to LaCrO,. The
maximum value was obtained for Y, Sr, ,CrO,, demonstrating a gas sensitive response of 2.83 at a temperature of 200 °C.
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1. Introduction

Production safety is one of the main problems
today. Emitted toxic gases require immediate
detection for subsequent timely elimination.
Therefore, gas-sensitive sensors are used; and
the search for modern material compositions that
allow detecting small concentrations of gases in
a short time is carried out.

Today, gas sensors based on n-type
semiconductors are widely used. The most
significant progress was achieved in the
development of gas-sensing transistors, Schottky
barrier devices, and semiconductor gas-sensing
resistors [1]. All semiconductors with the
electronic type of conductivity have a sensory
response, but wide-bandgap semiconductors are
widely used. Such semiconductors include: SnO,,
ZnO0, In,0,, WO,, characterized by the highest
gas sensitivity. Important physical and chemical
properties of these materials are the electronic
type of conductivity, transparency in a wide range
of the electromagnetic radiation spectrum and
high surface reactivity [2-6]. At the same time,
semiconductors with p-type conductivity can
also act as gas sensors [7], however, in this case,
oxidizing gases act as priority detected gases.

The need for detector selectivity leads to the
search for more complex structural compounds,
one of which is the perovskite — orthorhombic
structure of the Pbmn spatial group with the
general formula ABO3. There is a wide variety of
gas sensors with a perovskite structure capable of
detecting various gases and volatile compounds.

One of common material is a composite of
iron oxide and lanthanum oxide, of perovskite
type LaFeO,. It has both high ionic and electronic
conductivity at high temperatures and is suitable
for detecting gases such as butane, propane,
propylene, butylenes, ethylene, methane,
formaldehyde, and carbon dioxide [8-10].

In addition to lanthanum ferrite, its close
analogue, lanthanum cobaltite, is also actively
used, which exhibits satisfactory sensory
properties for reducing gases such as carbon
monoxide and ammonia vapors [11].

Alternative gas sensors with a perovskite
structure are transition metal chromites. Their
main advantage is the ability to detect inorganic
gases — carbon monoxide and dioxide, nitrogen
oxide (II) [12, 13]. Gas detection occurs at slightly

2024;26(3): 536-546
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higher concentrations of gases than when using a
lanthanum ferrite-based gas sensor. The response
time and recovery time is up to 3 minutes,
however, with a higher concentration of the test
gas. Chromites are also promising due to their low
cost, selectivity for specific gases and mechanical
strength, although the operating temperatures
of the sensors also remain high [14-16]. Due to
its simplicity and cost-effectiveness, the sol-gel
method remains the main method of synthesis of
such materials [17-19].

Further developments in chromite-based
gas sensors are aimed at reducing operating
temperatures and gas concentrations required
for detection. The aim of this study was to create
nanocrystalline films based on yttrium and
lanthanum chromite nanopowders doped with
strontium ions, as well as to identify their gas-
sensitive properties depending on the dopant
content.

2. Experimental

Doped nanopowders of lanthanum chromite
were obtained by the sol-gel method. The work
used a technique used in our laboratory for
the synthesis of ferrites [20], and adapted for
lanthanum chromite. A mixture of La(NO,),,
Cr(NO,),, and Sr(NO,), solutions was added to
boiling water with constant stirring using a
magnetic stirrer, based on their stoichiometric
ratios to obtain LaCrO,, La,,Sr .CrO,, and
La,,Sr, ,CrO,. The resulting solutions were
boiled for 5 min. Then, while stirring, ammonia
water was added dropwise through a separatory
funnel, taken in a quantity sufficient for the
complete precipitation of cations, based on the
stoichiometric ratio of the reagents. The solutions
were stirred for another 5 min. The resulting
precipitates were separated on a vacuum filter
and dried for several days to constant weight
at room temperature. The final nanopowders
were obtained by heat treatment of dehydrated
precipitates in a muffle furnace (SNOL 8.2/1100)
at a temperature of 950 °C for 1 h.

The citrate method was used to obtain
yttrium chromite (with and without dopant).
The technique was also similar to that of the
synthesis of yttrium ferrite [21] and adapted for
chromite. The Cr(NO,),-9H,0, Y(NO,).-6H,0, and
Sr(NO,),-4H,0 were dissolved in distilled water
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in stoichiometric proportion. The solutions were
heated for better dissolution of the salts and
then cooled. Then, while stirring, the calculated
amount of ammonia was added dropwise until
precipitate was formed. After the addition of citric
acid, it was heated again until the precipitate
dissolved. The solutions were then completely
evaporated and burned until ash was formed.
The resulting powders were annealed in a muffle
furnace (SNOL 8.2/1100) at a temperature of
950 °C for 1 h.

For the study of the gas-sensitive
properties, the synthesized powders were
dispersed in ethyl alcohol with the addition of
cetyltrimethylammonium bromide (CTAB) as a
surfactant until a paste was formed. Then the
synthesized powders were applied to a conductive
element (silicon wafer) using the spin-coating
method (SpinNXG-P1H unit) and annealed for 1 h
at 100 °C. The mode of application created a fixed
thickness of 150+5% nm. Electrical contacts to the
thin films, located at the vertices of the square
silicon wafer, consisted of tungsten carbide with
a diameter of 0.5 mm. The distance between
contacts was 1 mm.

The phase composition of nanopowders
was determined using an X-ray diffractometer
Thermo ARL X’TRA (X-ray radiation, A = 0.154
nm), which included a computer equipped with
software for automatic shooting and processing
of diffractograms. The initial shooting angle is
20 = 10°, the final angle is 26 = 70°, step = 0.02.
The decoding of the obtained diffractograms
was carried out using the JCPDC PCPDFWIN
database [22]. In this work, the elemental
composition of the obtained powders was studied
by local X-ray spectral microanalysis [23] on a
JEOL-6510LV installation with a Bruke energy
dispersive microanalysis system. The specific
surface resistance of the obtained thin films was
studied by the Van der Pau method at the CIUS-
4 installation. The specific surface resistance of
the samples, necessary to establish gas-sensitive
properties, was measured in air, as well as in the
presence of the test gas (CO) with a concentration
of 50 ppm. The technique was similar to that
described in [24]. The required concentration of
carbon monoxide was achieved by diluting the
certified gas mixture with dry synthetic air. The
measurements were carried out in a stationary
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system (a closed chamber with a volume of 50
liters). The electrical contacts to the thin films,
located at the vertices of the square, consisted
of tungsten carbide with a diameter of 0.5 mm.
The distances between the contacts were 1 mm.
Heating was carried out at a rate of 1° C/min.
During the experiment, temperature control
was carried out continuously. A chromel-kopel
thermocouple was used for this purpose. The
value of the sensor signal was determined as the
ratio of the specific surface resistance in air to
the specific surface resistance of samples in the
presence of carbon monoxide: [25]

SG = RG/ RA’

where S, - sensory signal, R, - specific surface
resistance of films in air, R, - specific surface
resistance of films in the presence of a reducing
gas.

3. Results and discussion
3.1. X-ray phase analysis (XPA)

For the conformation of the expected
composition, the phase composition of the
nanopowders was determined using X-ray phase
analysis (XPA). The obtained diffraction patterns
are shown in Figs. 1 and 2. According to the
results of X-ray diffractometry, the sample LaCrO,
synthesized by the sol-gel method, consisted of
one phase, orthorhombic lanthanum chromite.
The sample YCrO, obtained by the citrate method,
had one phase of yttrium chromite. Impurity
phases were not detected.

According to X-ray diffraction data,
La ,Sr, .CrO,, La Sr, CrO,, Y ,.Sr,,.CrO,, and
Y, Sr, ,CrO, samples were characterized by the
presence of a single phase, YCrO, and LaCrO,
respectively. A shift of the peaks compared to the
initial phases and a decrease in the interplanar
distances of the unit cell were observed, which
indicates the successful incorporation of
strontium ions into the crystal lattices of yttrium
chromite and lanthanum chromite. The increase
in shifts and decrease in interplanar distances of
unit cells for doped yttrium chromite samples
correlated with the percentage content of
strontium ions.

The size of the obtained particles was
determined from the coherent scattering region
using the Debye—Scherrer formula and was 25—
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27 nm for yttrium-substituted chromites and
11-22 nm for lanthanum-substituted chromites.

3.2. Electron probe X-ray microanalysis
(EPXMA)

The elemental composition of nanopowders
was studied using the local X-ray spectral
microanalysis (EPXMA) method. The results
obtained are presented in Tables 1 and 2. The
EPXMA data confirm the inclusion of strontium
in LaCrO, and YCrO, lattice. The results showed
that the actual composition of nanoparticles is
close to their nominal composition. However,
the lack of oxygen in all samples compared to
the expected composition should be noted. This
was a consequence of the formation of oxygen
vacancies during the synthesis process and
should have a beneficial effect on gas-sensitive
properties, especially for yttrium ferrite.

3.3. Measurement of surface resistivity by the
Van der Pauw method

Based on the results of measuring the specific
surface resistance, it was found that yttrium
chromite reacts to the presence of CO gas at
a concentration of 50 ppm, which is shown in
Fig. 3. As can be seen in Fig. 4 a response was
also observed for lanthanum chromite samples,
however, compared to yttrium chromite, the
resistance curves had a smoother character.

The resistance of thin films of yttrium
chromites at temperatures from 20 to 200 °C and
samples of lanthanum chromite from 20 to 180 °C
in the presence of carbon monoxide dropped

2024;26(3): 536-546
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sharply, which was sue to the interaction of
adsorbed CO molecules with atmospheric oxygen
adsorbed on the surface of the film. The following
interactions occurred:

with the involvement of oxygen:

0]

OZ(gas) - 2(ads)

OZ(ads) te — OZ_(ads)
0

2-(ads) te — 2O;ads),

with the involvement of detectable gas (CO):
CcO CO 46,
co_. +0—CO

(ads)
CO CO

2(gas).

)
2(ads) e

2(ads) -
The released electrons are conduction
electrons, and an increase in their concentration
led to the observed decrease in surface resistance.
This, in turn, indicated the electronic type of
conductivity of the samples, probably caused by
vacancies in the anion sublattice, the presence of
which follows from the EPXMA data. At the same
time, there is evidence in the literature about
the possibility of lanthanum chromite and hole
conduction [26].

The graphs of the dependence of the gas-
sensitive response on temperature, which
indicate the susceptibility of sensors based on
YCrO, and LaCrO, to the studied gas are shown
in Fig. 5. A directly proportional dependence of
the sensory signal on the degree of doping was
observed. The sensory signal increased with the
increase in the strontium content.

Table 1. Results of elemental analysis of LaCrO,, La ,Sr, .CrO,, La  Sr, CrO, powder, synthesized by the

sol-gel method

Nominal composition of Elemental composition, at. % The actual composition of
nanoparticles La Sr Cr 0 the samples
LaCrO, 19.41 0 20.28 60.31 La ,CrO,,.
La,,Sr, .CrO, 19.11 1.01 20.31 59.57 La,,,Sr,.CrO, .
La,,Sr, CrO, 18.26 2.04 20.42 59.28 La,,,Sr, ,CrO,

Table 2. Results of elemental analysis of YCrO,, Y ,.Sr, .CrO,, Y, Sr, CrO, powder, obtained by the

citrate method

Nominal composition of Elemental composition, at. % The actual composition of the
nanoparticles Y Sr Cr 0] samples
YCrO, 20.03 0 20.78 59.19 Y, ,,CrO, .
Y, 4551, ,sCrO; 19.84 0.98 20.74 58.44 Y,6657,,04,C10, 4,
Y, ,Sr, Cro, 19.53 | 1.97 20.66 57.84 Y,055T0,095CTO, 4
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At room temperature, the sensitivity of
sensors in the presence of carbon monoxide was
virtually absent. As the temperature increased, CO
adsorption occurred on the surface of the samples.
Electrons passed from adsorbed molecules into
the surface layer, which reduced the specific
surface resistance of nanomaterials. The maximum
value of the sensor response of gas-sensitive thin
films was achieved at a temperature of 200 °C for
yttrium chromites. For lanthanum chromites,
clearly defined maximum was not identified,
and the similar value of the sensory signal was
maintained in the temperature range of 180-240
°C, which was especially distinct for the sample
with the maximum dopant content. The YCrO,,
Y, 4551, ,sCr0,, Y, ,Sr,  CrO,,LaCrO,, La ,Sr, . .CrO,,
andLa_,Sr, CrO,samples had a tendency toalinear
decrease in resistance, explained by the desorption

544

of carbon monoxide molecules with increasing
temperature, and consequently, the breaking of
bonds between gas molecules and surface atoms
of the samples. With an increase in the strontium
content, lower resistance values are detected, and
the difference between the resistance in the air and
in the gas under study increases.

The obtained values of the sensory signal
exceed similar results known from the literature
for both lanthanum chromite proper [17] and
lanthanum cobaltite analogous to it [11]. It should
be noted that, in comparison with the work [17],
such a result was achieved simultaneously with
a decrease in the concentration of the detected
gas at a comparable temperature. In the case of
yttrium cobaltite, the superior value of the sensor
signal was achieved at a significantly higher
temperature (200 °C instead of 100).
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4. Conclusions

Thin films based on synthesized YCrO, and
LaCrO, nanopowders were obtained using sol-
gel and citrate methods and doped with 5 and 10
at. % Sr. The synthesized samples were single-
phase and had a good agreement between the
actual and nominal compositions. Good gas
sensitivity was detected in the presence of carbon
monoxide at a concentration of 50 ppm using
the Van der Pauw method. The dependence of
the sensory signal on the dopant content was
established. The maximum sensor signal value
of 2.82 corresponded to Y ,Sr,,CrO, sample at a
temperature of 200 °C.
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Abstract

Composite materials with magnetic fillers play an important role in a number of industries, from functional coatings in electronics
to electromagnetic wave absorption and microwave-shielding materials. An important feature is the selection of a magnetic
nano-sized filler that does not cause increased degradation of the polymer binder, and the selection of a polymer that ensures
the weather resistance of the nanocomposite material. In this study, composite samples of micro- and nanofibers based on
fabricated particles of nanosized magnetite (Fe,0,) as a cheap electromagnetic wave absorption material were investigated.

Magnetic polymer-dielectric fibers polystyrene-Fe,O, were obtained by electrospinning. The X-ray diffraction analysis
showed that the synthesized Fe,O,nanoparticles have a cubic space group structure Fd3m with crystal lattice parameter
a=38.422+0.026 A. The analysis of the ferromagnetic resonance spectrum showed the ferromagnetic nature of the obtained
magnetite nanoparticles. It has been shown that during the production of composite fibers by electrospinning, a dispersion
of nano-sized magnetite powder can be included in the spinning solution, which, as a result of the electrospinning process,
allows obtaining magnetic composite micro- and nanofibers. The average size of the included magnetite particles was
153 nm.

The resulting non-woven magnetic material is predominantly composed of two types of fibers with an average diameter
of 680280 nm and larger associated fibers with a diameter of 1500+300 nm. Based on a certain frequency dependence of
losses upon reflection RL in the frequency range 15 MHz - 7.0 GHz, the synthesized fibrous material can be considered to
be an effective electromagnetic wave absorption material.
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absorption
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1. Introduction

The diverse applications of magnetic nano-
sized particles or materials are widely explored
by scientists and researchers around the world for
various industrial, engineering, structural, and
biomedical applications. This interest is due to
the exceptional physical and chemical properties
of nanoscale objects, such as large specific surface
area, small size, surface functionalization, and
magnetism. Magnetic nanoparticles usually
consist of pure metals (Fe, Co, Ni), metal alloys
(CoPt, FePt) and metal oxides or ferrites [1]. In the
last decade, magnetic nanoparticles have gained
enormous interest due to their use in specialized
areas such as medicine: as a carriers in targeted
drug delivery [2, 3], cancer theranostics [4, 5],
biosensors [6, 7], contrast agents for magnetic
resonance imaging [8-10]; electromagnetic
wave absorption and radio-shielding materials
of electromagnetic radiation [11-14], fillers of
composite materials for FDM printing [15, 16],
production of magnetorheological fluids for
systems of controlled hydraulic automation
devices, in which such particles are a component
of the complex dispersed phase [17], magnetic ink
[18 ], etc. Magnetic nanoparticles of magnetite
(Fe,0,) and maghemite (y-Fe,O,) are of particular
interest [19].

Nanoscale Fe O, is a cheap, effective magnetic,
electromagnetic wave absorption and radio-
shielding nanomaterial with a combination of
unique magnetic, optical and photocatalytic
properties [20-23]. Composite fibrous materials
based on Fe,O, are of particular interest due to the
development of new materials with magnetic and
conductive properties [24-26].In [27], the authors
obtained composite fibers by electrospinning
based on a polyacrylonitrile/DMSO fiber-
forming system with the inclusion of magnetite
nanoparticles,in[28] the authors studied the effect
of the concentration of magnetite nanoparticles in
a colloidal solution on the process of their loading
into calcium carbonate microparticles grown
on polycaprolactone fibers; in [29] the authors
obtained composite fibers by electrospinning
based on the polyvinylpyrrolidone/water
fiber-forming system containing magnetite
nanoparticles. Composite fibrous materials based
on nanosized magnetite can be used both for
effective electromagnetic microwave absorption
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and for ensuring electromagnetic compatibility
of radio-electronic equipment at ultrahigh
frequencies [28-35]. From practical experience
it is known that ultrafine Fe,O, nanoparticles,
which have strong catalytic properties, cause
increased degradation of polymer binders,
leading to poorly predictable changes in the
properties of electromagnetic wave absorption
and radio-shielding nanocomposite materials
based on Fe O, on time and temperature. In
addition, an important problem is the provision
of the protection of nano-sized magnetic filler
in a composite material from chemical leaching
by precipitation.

A solution to this problem may be the creation
of fibrous composite materials in which Fe,O,
nanoparticles are “encapsulated” in a weather-
resistant polymer binder (polystyrene or acrylate-
styrene copolymer) using fiber electrospinning
technology. This approach fundamentally allows
reducing the temporary degradation of the
operational properties of electromagnetic wave
absorption and radio-shielding nanocomposite
materials based on Fe,O, under atmospheric
conditions.

The purpose of this study was the creation
and investigation of the characteristics of a
fibrous composite material based on nano-
sized magnetite in a polystyrene matrix using
electrospinning.

2. Experimental

A sample of nanosized magnetite was obtained
using the ammonium hydroxide method. As iron
salts FeSO,-7H,0 (chemically pure) and Fe,(SO,),
(reagent grade) which were dissolved in double-
distilled water at a concentration of 0.05 M were
used. Next, the salt solution in the required
proportions was heated on a laboratory electric
stove with a power stirrer to a temperature of 65
°C and the calculated amount of a 25% ammonium
hydroxide solution (NH,-H,0 with density
p=0.9070 g/ml) with a 1% excess was poured drop
by drop with constant stirring at a slow rate upon
reaching pH = 8.5. The formation of magnetite
took place in accordance with the ionic equation:

Fe?* + 2Fe* +80H™ — Fe,O,| + 4H,0.

After pouring in the ammonia precipitant,
the solution was kept for 20 min at a temperature
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of 65 °C for the formation of the magnetite
nanoparticles. The resulting magnetite
nanoparticles were separated from the resulting
solution using magnetic decantation with a
permanent magnet. The powder was thoroughly
washed four times with bidistilled water. The
resulting black wet powder was dried in air for
3-4 days. The dried magnetite powder was then
ground in a ceramic mortar until homogeneity
was achieved.

The microstructure of the synthesized
magnetite powder was analyzed using a JEOL
JSM-7500F electron scanning microscope. The
microstructure was studied using the secondary
electron registration mode. The advantage of
using the secondary electron registration mode is
the ability to study the surface morphology, taking
into account the dependence of the contrast on
the relief [36]. Elemental analysis was performed
using an Inca X Sight EDX Spectrometer X-ray
energy dispersive microanalysis attachment.
The X-ray spectral analysis method allows both
qualitative and quantitative analysis of samples
without compromising their integrity [37]. Laser
granulometric analysis was performed using
laser particle size analyzer Analysette 22 of
JEOL JES-FA300X ESR/FMR X-ray spectrometer.
X-ray phase analysis of a sample of nanosized
magnetite powder was carried out using a
powder diffractometer D2 Phaser. The sample
was examined at room temperature in the 26
angle range from 10° to 70° with a scanning step
of 0.02°.

The synthesis of individual and composite
polystyrene nano- and microfibers was carried out

2024;26(3): 547-557
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using an independently developed installation
for needle-free electrospinning. Emulsion-type
polystyrene was dissolved in toluene (chemically
pure) until the mass fraction of polystyrene in the
solution reached 18%. To obtain nanocomposite
fibers based on nanomagnetite and polystyrene,
a concentrated aqueous dispersion of purified
magnetite nanoparticles was used. Magnetite
nanoparticles were removed from the aqueous
dispersion by magnetic decantation using
a permanent magnet. The solution for
electrospinning fibers was prepared in order to
obtain a composite fiber with a mass content of
nanosized magnetite of 25%. The electroforming
process was carried out at a electric potential
difference between the electrodes of 18 kV and
an interelectrode distance of 10 cm.

For the determination of the electromagnetic
wave absorption properties of the fabricated
fibrous composite based on polystyrene fiber
with nano-sized magnetite, the reflection loss
characteristics of its compressed layer with the
thickness of 2.54 mm were measured in a 10-cm
HP-11566A coaxial cell with toroid dimensions
of 7.0 x 3.05 mm. A KC901V Deepace vector
network analyzer was used in the operating
frequency range from 15 MHz to 7.0 GHz. Losses
upon reflection RL for the nanocomposite was
determined experimentally by measuring the
complex transmission coefficient S, in a short-
circuited line.

3. Results and discussion

Based on the data obtained by processing
photographs of the microstructure at high

b)

! ) ! L)

2 3 4 5 6 7 2
Energy, keV

Fig. 1. Photograph of nanoparticles (a) and EDA spectrum (b) of the resulting nano-sized magnetite powder
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resolution (Fig. 1), the size of magnetite
nanoparticles in the synthesized sample was
15 £ 3 nm. Our results are consistent with the
results of [38], in which a similar synthesis
method was used, but with iron chlorides and
low temperature, short exposure of the resulting
nanomagnetite in the mother solution, and
are in good agreement with the data of [39]. In
this case, the synthesis product, according to
energy-dispersive microanalysis, in terms of the
percentage of Fe and O atoms corresponded to the
expected composition of Fe,O, without impurities
in significant quantities.

Laser granulometric analysis of the synthesized
magnetite powder showed (Fig. 2a) significant
agglomeration of particles in it; therefore,
an aqueous dispersion of purified magnetite
nanoparticles was used to obtain nanocomposite
fibers based on magnetite and polystyrene.
Before adding the magnetite dispersion to the
polymer molding solution, the nanoparticles were

dispersed using an AG SONIC TC-50 ultrasonic
bath for 20 min at room temperature.

FMR spectrum of synthesized nanosized
Fe O,, magnetite powder is shown in Fig. 2b.
Based on the shape of the FMR spectrum, the
studied sample of Fe,O, nano-sized magnetite
powder is a typical ferromagnetic material with
a highly symmetrical nanoparticle shape.

The powder X-ray diffraction pattern of
the studied sample of synthesized nanosized
magnetite is shown in Fig. 3. Based on X-ray
diffraction analysis, it was found that Fe O,
nanopowder has a typical cubic space group
structure Fd3m with crystal lattice parameter
a = 8.422+0.026 A and an average Fe-O distance
of 2.55 A, which correlates well with known
literature data for Fe,O, (a = 8.407-8.414 A
[40], a = 8.40-8.42 A [41], a = 8.397 A [42] or
JCPDS19-0629 a = 8.396 A [43]). This confirms
that the sample was composed of Fe,O, without
possible traces of y-Fe O..
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Fig. 2. Laser granulometric analysis (a) and FMR spectrum (b) of the resulting nano-sized magnetite powder
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Fig. 3. Powder diffraction pattern of a sample of nano-sized magnetite

Average size of coherent scattering regions
(CSR) - D for a sample of nano-sized magnetite
was calculated based on X-ray diffraction data for
all peaks using the Scherrer formula:

_ kxA
BxcosO

where k = 0.9 - for spherical particles; A — wave-
length of the x-ray radiation used (A =0.15405 nm),
nm; 6 - Bragg angle, rad; 3 — half-width of integral
peaks at half-maximum, rad.

The calculated CSR value for magnetite
crystallites using the Scherrer method for the
main diffraction peak was D = 15.1 nm, which
was consistent with the results of electron
microscopy, and according to all observed
diffraction peaks D = 19.5%6 nm. Our results are
in good agreement with the data of [44], in which
the size of synthesized magnetite nanoparticles
based on electron microscopy data of 15 nm was
lower than the size calculated based on powder
X-ray diffractometry data of 19.4 nm.

Calculation of CSR sizes and microstresses
for a sample of the studied Fe,O, nanopowder
using the Williamson-Hall method, provided the
following results: CSR sizes D = 17.2 nm, which
agreed with the value obtained using Scherrer’s
formula, the microstresses value € = 4.6:10.

It should be noted that a electrospinning
spinneret in the form of a hollow needle is
usually used to produce non-woven materials
by electrospinning. However, the use of a
hollow needle has the following limitations
and disadvantages: clogging of the needle
channel with a dispersion of filler particles
of the spinning solution due to the narrow

internal diameter of the hole, which may
not allow encapsulation of particles that
can improve the properties of the resulting
fibers and/or functionalize the resulting non-
woven material; limited productivity (up to
0.1 grams per hour), nonlinear scaling [45]; a
needle-down spinneret placement can result
in droplets forming at the needle tip, which
can fall onto the collector, preventing the
formation of uniform fibers [46]. To overcome
these disadvantages, needleless electrospinning
units can be used to produce polymer nano- and
microfibers filled with nanoparticles. Needleless
electrospinning is the process of producing
nanofibers by electrospinning of a polymer
solution directly from the exposed surface of a
liquid/liquid dispersion of a spinning solution
with nanoparticles using various structural
elements as a spinning electrode [46], such as
a conical wire supported by gravity [47], metal
plate [48], rotating cone [49], gear [50], spinneret
with a mechanical shift [51], etc. Such structural
elements are partially immersed and rotated
in the polymer molding solution, resulting in
the formation of a thin polymer solution layer
on their surface and thus from the surface
of the thin polymer layer, multiple cones are
formed, which, after applying an electric field,
initiate electrospinning. In our unit the fibers
were formed from a polymer solution flowing
under the influence of gravitational force along
a vertically oriented spinning electrode. The
forming electrode consisted of a metal rod made
of surgical stainless steel with a diameter of 1
mm, on top of which a wire with a diameter of
0.2 mm was wound as a spiral.
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The microstructure of the resulting
polystyrene micro- and nanofibers according to
scanning electron microscopy data are shown
in Fig. 4. According to the studies, the average
thickness of the obtained polystyrene microfibers
was 910 = 160 nm (Fig. 4a). At the same time, the
resulting fibrous material also contained a small
fraction of thin nanofibers with a thickness of 89
* 7 nm (Fig. 4b).

The results of studying the microstructure
of the obtained composite polystyrene fibers
with included magnetite nanoparticles are
shown in Fig. 5. According to studies conducted
in the resulting fibrous material, polystyrene-
Fe O, the fraction of submicron fibers with a
thickness of 680 + 280 nm predominated. At
the same time, the discussed material also
contained a small fraction of large microfibers
with a thickness of 1500 £ 300 nm, probably
being pairs of submicron fibers. We concluded

a)

.
JEAL 1714
SEM WD 8.32m=m 4
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that the obtained composite fibers based on
nanosized magnetite had an average diameter
almost 2-3 times higher compared to the results
for composite nanofibers based on nanosized
magnetite from [8] with a diameter of 200-350
nm and [13] with a diameter of 200-320 nm. This
was due to the use of low potential difference of
18 kV in the electrospinning process, compared
to the electrospinning process carried out at 30
kVin [8] and at 65 kV in [13].

The frequency dependence of losses upon RL
reflection for a manufactured fiber composite with
nanosized magnetite particles in the frequency
range from 15 MHz to 7.0 GHz is shown in Fig.
6. According to the data in Fig. 6, the resulting
fibrous nanocomposite material in compressed
form had wide-range radio absorption and
electromagnetic wave absorption properties in
the microwave range acceptable for practical use,
taking into account its microporosity and the low

Fig. 5. Photographs of the structure of synthesized composite fibers, obtained at magnifications of 1000 (a),

10,000 (b) and 50,000x (c)
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Frequency, GHz
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Fig. 6. Frequency dependence of reflection loss RL for
a fabricated fiber composite based on polystyrene fiber
with nanosized magnetite

proportion of magneto-dielectric filler in the form
of nano-sized magnetite in it.

Previously published data on the
electromagnetic wave absorption properties
of composites with different thicknesses and
concentrations of magnetite particles are shown
in Table 1. The size of magnetite particles used in
various studies ranged from 15 nm to 1000 nm. As
can be seen from the data in Table 1, the material
made of Fe,O, nanoparticles had the highest
radio absorption of — 8.2 d, with a diameter of 30
nm in a silicone binder [57], however, it should
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be noted that the thickness of this sample was
4 mm, and the percentage of magnetite was
30% by weight. Our sample had a microwave
absorption of -2.97 dB with a thickness of
2.54 mm and a magnetite concentration of 25%
in polystyrene. Taking into account the thickness
of the studied materials, the proportion and
size of filler particles, and the used polymer
binder, we can suggest the using the material
of submicron polystyrene fibers with included
magnetite nanoparticles, as a cheap non-woven
electromagnetic wave absorption material.

4. Conclusions

Thus, we can conclude that the combination
of a simple solution method for the synthesis
of magnetite nanoparticles without the use of
expensive stabilizing polymers or surfactants in
combination with the encapsulation technique of
Fe,O, nanoparticles into polystyrene submicron
fibers during electrospinning allowed to develop
elements of the technology for creating fibrous
magnetic and electromagnetic wave absorption
nanocomposite materials based on magnetic Fe,O,
nanoparticles. According to their characteristics,
the resulting micro- and nanofibers with nanosized
magnetite particles we can suggest the promise
of the obtained material for use as a cheap non-
woven electromagnetic wave absorption material.

Table 1. Radio absorption properties of various composites based on magnetite particles of various

natures

Material Filler (Fe,0,), % thic?(?::sp;lemm Reflection loss, dB | Reference
Fe,0, nanoparticles 15 nm in 25 2.54 ~2.97 at 4.96 GHz | this article
submicron polystyrene fibers
Fe,O, nanoparticles 20-30 nm in B
submicron polyvinyl chloride fibers 40 2.4 6.6 at 9.7 GHz [52]
natural Fe,O, in paraffin 50 5 -5.47 at 7.44 GHz [53]
_cublc Fe,O, nanoparticles 15-20 nm 40 55 _76at 5.1 GHz [54]
in paraffin
Fe,O, microspheres 300 nm in =0 9 1.0 at 5.6 GHz [55]
paraffin ’ )
hedgehog-like microspheres Fe,O, B
500-1000 nm in paraffin 50 > 4.1at8.4 GHz [>6]
Fe,O, nanoparticles 30 nm in 30 4 8.2 at 6.7 GHz 57]
silicone polymer : )
Fe,O, microspheres 200-1000 nm in 20 4 75 at 7.6 GHz [58]
paraffin ’ )
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Abstract

Thin layers of the tin-oxygen system with nanometer thicknesses and structures based on them are relevant objects of
development for use in modern devices, for example in microelectronics. The general miniaturization of electronic devices,
the achievement of energy efficiency in the operation of such devices, and the optimal modes of their operation determine
the strategies for using the tin-oxygen system structures. First of all, the justification of the tin-oxygen system nanolayers
formation technique. The dependence of the formed nanolayers properties on the state of their surface is significant.

The article contains the results of direct experimental studies of the composition and physico-chemical state of the tin-
oxygen system thin nanolayers surface. To form the studied structures, the popular and in-demand methods of magnetron
sputtering and molecular beam epitaxy were used. The X-ray photoelectron spectroscopy was applied with the use of the
synchrotron radiation which has a high intensity and the possibility of spectrum excitation energy optimal selection, which
is important for a small amount of the studied material. After formation, the research objects were stored in laboratory
conditions for several weeks before synchrotron studies.

Differences in the surface composition and physico-chemical state of the thin tin layers formed by magnetron sputtering
or epitaxially, and then oxidized naturally, are shown. Five monolayers of tin formed by the molecular beam epitaxy make
it possible to diffuse atmospheric oxygen, which oxidizes the Si buffer layer located under the Sn nanolayer on a silicon
substrate. At the same time, the surface of the tin film obtained by magnetron sputtering is close to the natural oxide SnO, _
in its physico-chemical state.

The results of the work can be useful for determining the optimal approaches to the formation and subsequent modification
of thin and ultrathin layers of tin oxides for the tasks of creating active layers of modern electronic devices.

Keywords: Tin and its oxides, Physico-chemical state, Composition, Epitaxial nanolayers, Magnetron nanolayers, X-ray
photoelectron spectroscopy, Synchrotron studies
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1. Introduction

Nanostructures of the tin-oxygen system
attract wide interest of researchers and are used
to solve various modern problems of science,
engineering and technology [1-3]. Tin oxide SnO,
is actively used in microelectronics, for example,
to create structures of resistive gas sensors [4-6]
and a number of other devices. Planar layered tin
oxide structures including ones characterized by
nanometer thicknesses are an important class of
objects with high manufacturability realization
of them together with relative simplicity of their
creation [7-9]. By varying the formation and
processing techniques, it is possible to control
the morphology, composition, structure, physico-
chemical state as a whole and, as a result, the
properties of the structures being formed,
obtaining optimal sizes, energy consumption of
devices based on them, response speed and other
functional characteristics. The molecular beam
epitaxy makes it possible to obtain ordered layers
of tin of minimal thickness (up to few nanometers)
that may have a set of unique characteristics with
variations in their composition e.g. after certain
subsequent modification. The use of layered
epitaxial heterostructures of tin and silicon for
thermoelectrics may be promising [10]. At the
same time, the magnetron sputtering is a common
formation approach of the tin-oxygen system thin
layered structures [11]. This technique allows
significant variations of the composition and
structure of the formed and modified tin layers
in combination with simplicity and flexibility in
managing the formation regimes. It is obvious
that the properties of thin tin-oxygen layers will
be significantly influenced by the composition
of the surface and interface boundaries, largely
determining the properties of structures based on
them. Therefore, the use of direct experimental
techniques for studying the composition-
sensitive, surface physico-chemical state of thin
layers is extremely important. Such techniques
include X-ray photoelectron spectroscopy
(XPS). XPS allows us to obtain high-precision
experimental data on the charge state of atoms
that make up several nanometers of the object

under study surface without destruction, and to
study the phase composition. The use of high-
intensity synchrotron radiation makes it possible
to select the quantum energy for excitation of
the photoelectron spectrum. This makes the XPS
technique an accurate universal tool for studying
the physico-chemical state of the surface even
with a small amount of matter, which is typical for
layers of nanoscale thickness, including the tin-
oxygen system [12-15]. This paper presents the
results of XPS studies using synchrotron radiation
on the physico-chemical state of the surface of
thin epitaxial and magnetron layers of tin formed
on crystalline silicon substrates.

2. Experimental

The molecular beam epitaxy was used to
obtain tin nanolayers on a 50 nm thick Si buffer
layer grown on a Si (001) substrate [10]. We will
call these samples «Epitaxy Sn/Si». The substrates
prepared after cleaning and drying were moved to
an ultrahigh vacuum chamber. After desorption
of thermal oxide at a temperature of 840 °C,
5 monolayers of tin atoms (~ 1.6 nm) from
an effusion cell were grown (deposited) on
the formed 50 nm thick silicon buffer layer.
After formation, the samples were kept in the
laboratory for several weeks before synchrotron
studies. The control by atomic force microscopy
showed the continuity and uniformity of the
formed tin layer.

Magnetron sputtering was used to form 30
nm thickness tin layers on silicon substrate.
We will call these samples «Magnetron Sn/
Si». Sputtering of a tin target with a purity of
99.999% was carried out in a direct current
argon plasma. Prepared and cleaned Si (100)
substrates were used. The argon pressure
in the working chamber was 10-® Torr, the
discharge current was 60 mA, the voltage was
360 V. The film thickness was determined by
the deposition time. The morphology was
controlled by scanning electron microscopy.
Solid uniform granular nanolayers with granule
sizes comparable to the layer thickness have
been formed. The «Magnetron Sn/Si» samples
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were also stored in the laboratory for several
weeks before measuring the photoelectron
spectra.

Investigations of the samples surface physico-
chemical state were carried out using the non-
destructive XPS technique. The XPS is based
on the kinetic energies spectrum analysis for
photoelectrons emitted by atoms under the
irradiation of X-rays (synchrotron) radiation
and allows determining the binding energies
of electrons levels excited by radiation [e.g. 12,
16]. The high-intensity radiation of the ultra-
soft X-ray range of BESSY-II synchrotron,
the Russian-German beamline (Helmholtz
- Zentrum-Berlin, Berlin, Germany) [17] and
KISI-Kurchatov synchrotron, the NANOPES
beamline (National Research Center «Kurchatov
Institute», Moscow, Russia) [18] were used. The
photon flux was 10°-10!! photons/s, the storage
ring current was 50-300 mA. The depth of the
analyzed surface layer [12] and the instrumental
broadening were ~2 nm and 0.1 eV, respectively.
The photon energies of synchrotron radiation
of 800 eV were used, which corresponded to the

maximum intensity of synchrotron radiation of
both beamlines. The vacuum in the experimental
chambers was ~ 10-!° Torr. Calibration and
normalization of the spectra were carried out
using a pure gold film based on the position of
the core 4f gold level and the Fermi level under
the same registration conditions as for the
studied samples. Additionally, the position of
the core levels was also controlled by C1s level of
carbon-containing contaminants on the surface
of the samples, reduced to a value of 285.0 eV
according to [16]. To ensure charge drain during
spectra registration, standard sample mounting
on Omicron flag type holders was used.

3. Results and discussion

Fig. 1 shows the survey XPS spectra of the
studied samples with epitaxial (Epitaxy Sn/Si)
and magnetron (Magnetron Sn/Si) tin layers. The
spectrum of the sample obtained by magnetron
sputtering of tin (Magnetron Sn/Si) shows intense
lines of oxygen O 1s, tin Sn 3d, .50 O 4d, carbon
C 1s, and Auger M\N, N, . and M\N, N, . lines

4;5" " 4;5 47 "4;57 "4;5

[14, 16, 19]. The C 1s line is clearly defined,

I Sn 3d
- O 1s
Cis
B Epitaxy
%) Sn/Si
o
o B
£l
| Magnetron
Sn/Si
B L 1 L | A 1 L L 1 L | A 1 L 1
800 700 600 500 400 300 200 100 0

Binding energy, eV
Fig. 1. Survey XPS spectra of the studied samples of epitaxial (Epitaxy Sn/Si) and magnetron (Magnetron Sn/

Si) tin layers
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which indicates a sufficient carbon-containing
contaminants amount formed on the surface
as a result of samples storage in the laboratory
conditions. In the spectrum of the sample
obtained by molecular beam epitaxy (Epitaxy
Sn/Si), in addition to the above, silicon lines Si
2p, 5> Si 2s are observed. The observation of
the lines related to the silicon buffer layer is the
result of the small thickness of the formed layer of
epitaxial tin. This means that the tin-silicon layer
interface is available for study. At the same time,
the oxygen line O 1s in its intensity is noticeably
higher than that in the «<Magnetron Sn/Si»
sample. The intensity of this line, in our opinion,
consists of a signal from the naturally oxidized
upper epitaxial Sn layer, as well as from oxygen
atoms bound to the surface of the silicon buffer
layer. This observation, in our opinion, is the
result of atmospheric oxygen diffusion through
the epitaxial tin layer to its interface with the
more electronegative silicon of the buffer layer.
The Cl1s carbon line is also quite intense, which
may indicate the presence of a sufficiently large
amount of carbon on the surface of this sample
in the form of carbon-containing contaminants.

For a detailed analysis of the physico-
chemical state of the surfaces and interfaces
of the studied samples, the spectra of the main
core lines of tin and oxygen were taken with high
resolution. Fig. 2 shows the XPS spectra of tin Sn
3d, , of the reference sample of tin dioxide SnO,
[15], epitaxial «Epitaxy Sn/Si» and magnetron
«Magnetron Sn/Si» in the binding energy range
483 — 491 eV. It can be seen that the Sn 3d5/2
line of the sample obtained by magnetron
sputtering is single-component, with a binding
energy of 486.7 eV, which is slightly lower than
the binding energy of this line for the reference
tin dioxide SnO,, which is 487.2 eV [14-16]. This
value of the binding energy of tin atoms indicates
a relatively incomplete oxidation of the surface
of the «Magnetron Sn/Si» sample to SnO, and
corresponds to the binding energy value for the
intermediate oxide SnO, previously shownin|[15,
20, 21], e.g. for the surface of a metal foil. In the
spectrum of the «Epitaxy Sn/Si» sample obtained
by molecular beam epitaxy, two components are
observed at binding energies of 487.5 eV and
486.0 eV, respectively (Fig. 2). The high-energy
component shows a binding energy value close

to the SnO, reference sample. The low-energy
component of low intensity corresponds to the
binding energy of tin atoms in SnO monoxide,
specified in [20]. Thus, the surface of the studied
«Magnetron Sn/Si» tin layers with a thickness
of 30 nm is single-phase and is characterized by
an intermediate «surface» tin oxide SnO, . The
formation of such an oxide occurs with a sufficient
number of tin atoms in a layer available for natural
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Fig. 2. XPS spectra of Sn 3d,, of the reference SnO,

and the studied samples of epitaxial (Epitaxy Sn/Si)
and magnetron (Magnetron Sn/Si) tin layers
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oxidation during storage in the laboratory. The
thickness of the epitaxial layer of tin is extremely
small, moreover, there is a surface of more
electronegative buffer silicon under it. In the
process of interaction with atmospheric oxygen,
during storage in laboratory conditions, complete
oxidation of tin atoms of the entire epitaxial layer
occurs, with the formation of a thin transition
layer of SnO. In our opinion, this layer borders on
a buffer layer of silicon, which is also oxidized as
a result of atmospheric oxygen diffusion, as was
suggested above when considering the intensities
of the tin and oxygen core level lines of the survey
spectrum. The mutual oxidation of the tin and
silicon epitaxial layers interface occurs before the
equilibrium state is established, keeping the thin
transition layer of tin in the SnO state. A detailed
study of the fine structure of high-resolution
photoelectron spectra of 2p silicon states seems
to us to be a priority task in further studying the
epitaxial structures of tin-silicon.

Fig. 3 shows the XPS O 1s spectra of the
reference SnO, and the studied samples of
epitaxial «Epitaxy Sn/Si» and magnetron
«Magnetron Sn/Si» tin layers. The spectrum of the
«Magnetron Sn/Si» sample has two components
with a binding energy of 530.5 eV and a binding
energy of 532.1 eV, which correspond to oxygen
atoms in the surface oxide SnO,_ [15,20,21] and
various types of atmospheric oxygen compounds
adsorbed by the surface [see for example 14-16].
In a sample with an epitaxial tin nanolayer, 3
components are observed in the O 1s spectrum
at energies 531.5, 532.6 and 533.3 eV. The states
of oxygen atoms with the binding energy of 531.5
are close to SnO, dioxide (Fig. 3). A slight increase
in the binding energy of the states of oxygen
atoms (as well as tin atoms, see above) may be due
to the influence of an additional surface charge
forming by the layered structure of the sample
during its phase transformations as a result of
natural oxidation [12]. The components of the
O 1s spectrum with binding energies of 533.3
and 532.6 eV are connected, in our opinion to
various types of atmospheric oxygen compounds
adsorbed by the surface [see for example 14-16]
and are observed in the spectrum of the reference
SnO, (Fig. 3). However, the peak at 532.6 eV has
a significantly higher intensity compared to
the SnO, standard, which is associated with the
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binding energies of silicon oxide, having a close
value. This confirms the above assumption about
the oxidation of the silicon buffer layer located
under the epitaxial layer of tin. Finally, the fact
that we do not observe a state in the O1s spectrum
of the «Magnetron Sn/Si» sample with the binding
energy of ~ 533.3 eV indicates somewhat different
storage conditions for this sample.
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Fig. 3. XPS spectra of O 1s of the reference SnO, and
the studied samples of epitaxial (Epitaxy Sn/Si) and
magnetron (Magnetron Sn/Si) tin layers



4. Conclusions

The physico-chemical state of the thin tin
layers surface obtained by magnetron sputtering
and molecular beam epitaxy after storage in
laboratory conditions is studied. There is a
general agreement of data on the analysis of
synchrotron photoelectron spectra, including
high-resolution data for the Sn 3d;, and O 1s
lines. The differences in the composition of the
studied structures surface layers are shown. When
using the magnetron sputtering to form a 30 nm
Sn layer with subsequent storage in laboratory
conditions, a single-phase surface of natural tin
oxide SnO, _is formed. The tin layer formed by the
molecular beam epitaxy after storage of the same
duration in laboratory conditions is completely
oxidized to SnO,. The surface of the silicon buffer
layer is oxidized by atmospheric oxygen atoms as
a result of their diffusion through the epitaxial
layer of tin, while a thin transition layer of SnO is
formed. The results obtained can be used in the
controlled formation of functional nanolayers
of the tin-oxygen system and structures based
on them for various tasks, for example, in the
creation of modern microelectronic devices.
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