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Preface

The field of optical and quantum electronics (OQE) is at the forefront of current scientific and

technological developments. The scope of OQE includes quantum mechanical modeling not only of

the photon-matter interactions, but also of the electronic performance in devices. Photonic energy

may be described, in general, by submillimeter wavelengths (i.e., terahertz, infrared, visible, and

ultraviolet). Quantum electronic devices apply various kinds of materials such as semiconductors,

metals, insulators, and semimetals at scale lengths, where quantum (or semiclassical) descriptions play

a vital role. The aim of this Reprint is to provide interested readers with the latest results presented

by various research groups working on OQE, who present their groundbreaking theoretical and

experimental developments. It is indisputable that technology will continue to evolve as the progress

in this field thrives, and this Reprint represents a contribution to the state of the art of the physics and

materials related to Optical and Quantum Electronics.

Sergio J. Jiménez Sandoval

Guest Editor
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Editorial

Optical and Quantum Electronics: Physics and Materials

Sergio Jiménez-Sandoval

Unidad Querétaro, Centro de Investigación y de Estudios Avanzados del IPN, Querétaro 76230, Mexico;
sergio.jimenez@cinvestav.mx

The field of optical and quantum electronics (OQE) is a pillar of current technology
and scientific development. The generation, control, and detection of electromagnetic
radiation in the submillimeter regime (terahertz, infrared, visible, and ultraviolet) have
become ubiquitous in devices used every day and in research laboratories. The interaction
of electromagnetic radiation with matter at semiclassical and quantum level is a founding
block on which our current understanding and development of OQE rely on [1–3]. To
a large extent, the technological evolution shall evolve depending on the progress on
this field, which comprises an ample portfolio not only about the physical phenomena
of 3D and lower dimensionality materials [4–6] but also about the applications involving
the generation and detection of electromagnetic radiation, in addition to the study of
light-probed physical properties, where quantum phenomena play a central role.

This Special Issue of Inorganics collects research articles and reviews on optical and
quantum electronics comprising advances in the properties and performance of a wide
range of materials. These include theoretical calculations of electronic and phonon proper-
ties, experimental results on low-dimension materials such as nanowires, atomic clusters,
Langmuir–Blodgett films, heat and charge transport including hot carriers, applications of
photonic upconversion, and results on devices such as transparent RRAMs and perovskite
solar cells.

Currently, perovskites are a class of materials highly relevant for a good number of
applications. Elucidating their properties has become a major task for device design. In
particular, surface and interface phenomena can determine their performance. In ABO3

perovskites, there are serious issues related to surfaces. R.I. Eglitis et al. [7] present a
comparison of density functional theory calculations for B3PW and B3LYP exchange-
correlation functionals for the neutral (001) and polar (111) surfaces of ABO3 surfaces
(A = Ba, Sr, Pb, Ca; B = Sn, Ti, Zr). They found different types of relaxations for the near-
surface atomic layers and specific terminations. It was found that the calculated band gaps
for the bulk were generally reduced near the neutral (001) and polar (111) surfaces.

Zincblende group-IV binary XC and ternary XxY1−xC alloys (X, Y ≡ Si, Ge, and
Sn) are of scientific and technological interest as promising alternatives to silicon for
high-temperature and high-power applications. Efforts have been made to calculate the
structural, electronic and vibrational properties of binary alloys, although no vibrational
and/or thermodynamic studies have been conducted on ternary alloys. D.N. Talwar [8]
employed a rigid-ion model to account for the lattice dynamics and thermodynamic
properties of both binary and ternary alloys. Positive values of the acoustic modes in the
entire Brillouin zone implied structural stability of the XC binaries. The case of ternary
alloys was addressed through Green’s function theory in the virtual crystal approximation
to calculate composition-dependent phonon frequencies ωj (q), including the one-phonon
density of states. It was concluded that devices based on GeC, SnC, and/or Ge1−xSnxC may

Inorganics 2025, 13, 340 https://doi.org/10.3390/inorganics13100340
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not be appropriate for radiation detection in nuclear reactors or high-temperature, high-
power settings. However, ultrathin XC binary and X1−xYxC ternary alloys can be suitable
for heterostructures in MQW and SL-based micro/nanodevices for different strategic and
civil applications.

The search for efficient transparent conducting oxides is one of the main research
areas in materials science. The applications of these materials depend on the high demand
for present and future applications. These include high-resolution screens for portable
computers, flat-screen high-definition televisions, low-emissivity and electrochromic win-
dows, the manufacture of thin-film photovoltaics, and an increasing demand of smart
displays for hand-held devices [9–14]. Silver nanowires (AgNWs) are considered a po-
tential alternative to conventional transparent conductive materials for a wide range of
applications. H. Ha et al. [15] review the incorporation of polymeric materials to AgNW
electrodes with an emphasis on their protective performance as well as on their applications.
This review includes an evaluation of relevant factors that may affect compatibility with
AgNWs and a perspective of challenges and opportunities to overcome current drawbacks
with emerging technology.

Finally, all contributing authors are kindly acknowledged, as well as the Inorganics
editorial team for their indispensable, diligent, and efficient support.
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Implementation of a Particle Swarm Optimization Algorithm
with a Hooke’s Potential, to Obtain Cluster Structures of Carbon
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Abstract: Particle Swarm Optimization (PSO) is a metaheuristic optimization technique
based on population behavior, inspired by the movement of a flock of birds or a school
of fish. In this method, particles move in a search space to find the global minimum
of an objective function. In this work, a modified PSO algorithm written in Fortran
90 is proposed. The optimized structures obtained with this algorithm are compared
with those obtained using the basin-hopping (BH) method written in Python (3.10), and
complemented with density functional theory (DFT) calculations using the Gaussian 09
software. Additionally, the results are compared with the structural parameters reported
from single crystal X-ray diffraction data for carbon clusters Cn(n = 3–5), and tungsten–
oxygen clusters, WOm−

n (n = 4–6, m = 2, 4, 6). The PSO algorithm performs the search for
the minimum energy of a harmonic potential function in a hyperdimensional space ∈ R

3N

(where N is the number of atoms in the system), updating the global best position ( gbest)
and local best position ( pbest), as well as the velocity and position vectors for each swarm
cluster. A good approximation of the optimized structures and energies of these clusters
was obtained, compared to the geometric optimization and single-point electronic energies
calculated with the BH and DFT methods in the Gaussian 09 software. These results suggest
that the PSO method, due to its low computational cost, could be useful for approximating
a molecular structure associated with the global minimum of potential energy, accelerating
the prediction of the most stable configuration or conformation, prior to ab initio electronic
structure calculation.

Inorganics 2025, 13, 293 https://doi.org/10.3390/inorganics13090293
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1. Introduction

In science, understanding the physical and chemical properties of materials is of great
significance, as these properties depend primarily on their molecular structure. Predicting
the atomic structure of a molecule using computational methods, starting from an arbitrary
initial position of its atoms, is a complex task, since the system may include a large
number of local minima on the potential energy surface (PES) [1,2]. In recent decades,
several methods have been developed to optimize molecular structures, such as minimum
jumping [3,4], simulated annealing [5,6], the random sampling method [7,8], basin-hopping
(BH) [9,10], and metadynamics [10,11].

As the system to be studied increases in size with the number of atoms, the problem
becomes more complex, increasing the computational cost. An important aspect of the
research on structural configurations of clusters is the determination of their lowest poten-
tial energy. This step is essential for the study of the properties of the clusters since the
structure with the lowest potential energy corresponds to the most stable configuration [12].
This problem is known as global optimization (GO) since it involves the determination of
the lowest minimum value of the energy based on the atomic coordinates of the clusters in
the PES. Due to the inherent complexity of the problem, it is impossible to solve it using
analytical calculation methods. In practice, the problem can only be addressed through
numerical techniques. Furthermore, any algorithm that searches for a global minimum
must broadly explore the energy landscape, going deep into its most relevant regions, and
thus perform a more efficient exploration [13].

GO is an arduous task due to the enormous number of local equilibrium configurations
(local energy minima) of the cluster structures in the PES, which increase exponentially
with the number of atoms N in the system [2,14–19]. These local minima correspond to
different geometric structures, which may present different properties. Thus, the further
the optimized structural parameters are separated from those reported experimentally by
X-ray diffraction, the less accurate the properties of the modeled structure will be.

Advances in energy landscape theory have helped narrow the search space for the
diversity of more stable cluster structures in the PES [20–22]. Some studies reported in the
literature implement approximations with harmonic or Hookeian potentials to estimate the
structure of some clusters [23,24]. A simple harmonic oscillator is a model used to study
a wide range of phenomena, such as pendulum oscillations [25], sound waves [26], and
bonds between atoms [27]. The latter considers the mass of the atom as a particle oscillating
around an equilibrium point under the action of a restoring force, which is proportional to
the distance from the equilibrium point, like the mass-spring system in Hooke’s Law, from
which the oscillations or vibrations of the bonds are obtained, showing the existence of a
vibrational spectrum in the infrared region [18].

One of the methods that is receiving the most attention in the optimization of molecular
structures is the Particle Swarm Optimization (PSO) [28]. The algorithm is based on
circumstances similar to the movement of a school of fish, a swarm of bees, or a flock
of birds in motion by adjusting their positions and velocities. In general, a colony of
animals, apparently without a leader, will change their speeds randomly in search of food,
following the group member closest to the food source (possible solution). The group of
animals optimizes its positions by following the members that have already reached a
better orientation. This exploration process is repeated until the best position within the
group is obtained, which is considered to be the position vector in the search space, and
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the velocity vector regulates the subsequent distribution or movement of the particles. The
PSO method adjusts or updates the position and velocity of each particle at each step until
achieving the best position experienced by the collective or swarm [29,30].

Another alternative is the basin-hopping (BH) method, which is a metaheuristic global
optimization method combining local searches with stochastic jumps between different
regions of the [9] space. This method involves two-step loops, a perturbation with good
candidate solutions, and the application of the local search to the perturbed solution,
transforming the complex energy landscape into a collection of basins that are explored by
jumps. Monte Carlo random moves and the Metropolis criterion’s acceptance or rejection
of the solutions perform these jumps. Alternatively, this method is beneficial for solving
problems with multiple local minima, such as particle cluster optimization [9,31].

In the present work, we are interested in optimizing two types of clusters: carbon
and those formed by oxygen atoms and transition metals. The first group is important for
organic, inorganic, and physical chemistry [32]. Furthermore, these molecules are also of
great importance in astrophysics, especially regarding the chemistry of carbon stars [33],
comets [34], and interstellar molecular clouds [35]. On the other hand, carbon atom clusters
are vital elements in hydrocarbon flames [36], and play a crucial role in gas-phase carbon
chemistry, acting as precursors in the production of fullerenes, carbon nanotubes, diamond
films, and silicon carbides [37–39]. Studying and synthesizing these molecules in the
laboratory is challenging due to their high reactivity [40], underscoring the interest in
studying the structural information of carbon clusters in theoretical research [41–43]. On
the other hand, clusters consisting of oxygen atoms and transition metals with a high
oxidation state ( W6+, V5+, or Mo6+) have an electronic structure that allows them to act
as oxidizing agents, making them good candidates for obtaining new materials. These
clusters are precursors of polyoxometalate compounds (POM), which are formed from
condensation reactions through the self-assembly of some oxometalates, such as WO2−

4 ,
MoO2−

4 , VO−
3 , WO4−

5 , or WO6−
6 [44,45].

The optimization was carried out using a PSO algorithm written in Fortran 90 to locate
global minimum energy structures. We have used the algorithm on clusters consisting of
carbon atoms Cn (n = 3–5) and tungsten–oxygen atoms WOm−

n (n = 4–6, m = 2, 4, 6), where
n is the number of mol of atoms of the element in the cluster, and m is the charge of the
anion. In this model, the atoms have been considered rigid spheres joined by a spring
(link) with a harmonic potential, where the restoring force (Hooke’s Law) is proportional
to the displacement from the equilibrium length. The algorithm was based on the search
for the global minimum of the potential energy function of the aforementioned clusters
in a multidimensional hyperspace ∈ R

3N (where N is the number of atoms in the system).
The motions of the conformers of the clusters are guided by their own most favorable
known atomic positions as well as by the best-known position of the entire swarm in the
search space R

3N . We have implemented a basin-hopping (BH) method and performed the
DFT calculations through the Gaussian 09 software to validate our results. Furthermore,
for the case of carbon clusters, we have compared with the results obtained by Jana
and collaborators [46] who used a PSO algorithm written in Python, which combines an
evolutionary subroutine with a variational optimization technique through an interface of
the PSO algorithm with the Gaussian 09 software.

The article is divided into the following sections: Section 2, Discussion and Results,
presents the results and compares them with the literature; Section 3, Methodology, presents
the details of the algorithm; and Section 4, Conclusions, outlines the main results.
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2. Discussion and Results

Tables S1–S4 of the supplementary material present the initial structures of the con-
formers of 10 clusters (swarms) of three-, four-, and five-carbon atoms, from which Jana
et al. initiated their study of the PSO algorithm [46]. Using structures optimized with the
commercial software Gaussian 09 as a reference, we observed that our results with PSO and
BH showed good agreement with the conformations of the optimized structures reported
by Jana et al. [46], for carbon clusters of 3–5 atoms ( C3–C5; see Table 1).

Table 1. Representation of optimized geometric structures of C3–C5 carbon clusters using the BH
and PSO algorithms, and Gaussian 09 software.

Cluster BH
PSO

Gaussian 09
Jana et al. [46] In This Work

C3

C4

C5

The Python-based PSO algorithm by Jana et al. [46], implemented with a swarm of
10 clusters, operates in synergy with the Gaussian software (version 09). This commercial
software optimizes cluster structures at each iteration through the gradient method; how-
ever, the article by Jana [46] does not specify whether these optimizations are sequential or
parallel. At every step:

1. Gaussian software provides optimized atomic coordinates for each cluster to the PSO
algorithm.

2. The PSO modifies these coordinates through displacements in the hyperspace R
3N .

3. The new coordinates are fed back to Gaussian for the subsequent iteration.
4. Gaussian optimizes cluster structures in Hilbert space H, using the Schlegel algo-

rithm [47], which begins by minimizing the electronic energy density functional using
the conjugate gradient method at each step. The optimized cluster structure is ob-
tained by minimizing the gradient of the electronic energy concerning the nuclear
coordinates, through a series of single-point calculations in the PES, applying the
Hellmann–Feynman theorem [48].

5. The new atomic positions found by the Gaussian software are used by the PSO
algorithm to locate the optimal nuclear coordinates, for each cluster (both pbest and
gbest), based on the electronic energy system.

6. The cycle repeats during each optimization step performed by the Gaussian software
until the electronic energy of the clusters converges.

The critical dependence lies in the fact that the PSO algorithm by Jana [46] lacks
an intrinsic objective function. It exclusively utilizes the electronic energy computed by
Gaussian software as a reference to guide atomic displacements in the hyperspace R

3N .
This dependence implies two fundamental limitations:

• If the electronic energy of the system converges to a local minimum on the PES through
Gaussian software, the PSO algorithm is hopelessly trapped in this minimum.

7
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• The absence of an intrinsic model to determine the energy of the system in the
hyperspace R

3N restricts the PSO to functioning as an atomic configuration generator,
without independent evaluation capability during the structural optimization process.

In essence, the algorithm by Jana et al. [46] acts as a conformational exploration
mechanism whose efficacy is contingent upon external quantum chemical computations
from Gaussian software.

However, in this work, the PSO algorithm independently optimizes the structures of 10
cluster conformers simultaneously, without executing the Gaussian software. The algorithm
models atoms as rigid spheres connected by springs and minimizes the potential energy
(Equation (5)) for each conformer to determine its optimal positions in the search space R3N.
At each step t, the algorithm updates the best positions pbest and gbest until the potential energy
of each conformer converges. This convergence is achieved when the velocity and positions

vectors satisfy
→
v

t+1
i,j → 0 and

→
x

t+1
i,j → →

x 0 , respectively (Equations (3) and (4)). During PES
exploration, each cluster individually stores its atomic positions from iteration t = 1 to
t = n − 1; this enables each cluster to retain its exploration history of the hyperspace R

3N,
providing a global perspective of the energy landscape. Consequently, the possibility of cluster
swarm trapping in local minima during geometric optimization is significantly reduced.

The BH algorithm is a global optimization method designed to find the global mini-
mum energy in systems with multiple local minima. This approach combines local opti-
mization with random jumps to explore the configuration space of molecular structures
associated with local minima. The algorithm starts by assigning trial positions to each
atom, and the structure is defined using the Atomic Simulation Environment (ASE) library.
An energy calculator, such as the effective medium theory (EMT) model, is then used to
compute the total energy of the configuration. Restrictions based on Hooke’s Law were
applied between specific pairs of atoms, imposing a restoring force proportional to the
deviation from a target distance, to maintain physically reasonable structures during the
optimization process. The algorithm initiates local optimization from the trial structure
configuration using the Limited-Memory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS)
algorithm [49]. This step searches for the local energy minimum near the current con-
figuration. Once a local minimum is found, the algorithm makes a random jump in the
configuration space. This jump allows the exploration of new configurations that may have
lower energies. The energy of the new configuration is evaluated, and if it is lower than
that of the previous configuration, it is accepted as the new current configuration. The
new configuration remains acceptable under specific conditions, determined by the system
temperature, which enables the algorithm to escape deep local minima when the energy
is higher.

Tables S5–S7 in the supplementary material present the initial structures of the
10 conformers of the tungsten–oxygen clusters WO2−

4 , WO4−
5 , and WO6−

6 used for geom-
etry optimization. Table 2 displays the optimized structures obtained with the BH and PSO
algorithms (this work), the commercial Gaussian 09 software, and the experimentally reported
structures from single-crystal X-ray diffraction [50–52]. The structural conformations of the
tungsten–oxygen clusters WOm−

n (n = 4–6, m = 2, 4, 6) indicate that the PSO and BH algo-
rithms provide a close approximation to both the commercial Gaussian 09 software results
and the experimentally reported structures from single-crystal X-ray diffraction (see Table 2).

The system energy was computed using a Hookeian potential (Equation (5)), with
explicit omission of the electrostatic interaction term. This approach is justified because
electrostatic contributions are implicitly incorporated in the force parameters (bond con-
stants Kr and Ka in Equation (5)), which were adjusted using experimental Differential
Scanning Calorimetry (DSC) data [53–56]. Consequently, the force constants inherently
account for electrostatic effects associated with interatomic bond energies.

8
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Table 2. Representation of the optimized geometric structures of tungsten and oxygen clusters
WOm−

n (n = 4–6, m = 2, 4, 6), obtained using the BH and PSO (this work) algorithms, the Gaussian 09
commercial software, and those reported experimentally via single-crystal X-ray diffraction.

Cluster BH PSO Gaussian 09 X-Ray [50–52]

WO2−
4

WO4−
5

WO6−
6

The structural parameters obtained with the PSO algorithm, shown in Table 3 for the
C3–C5 carbon clusters, are comparable to those derived from the BH algorithm and the
Gaussian 09 software. The optimization of the three-carbon cluster showed the highest
accuracy in its average bond lengths and angles, except for the C–C single bond length
predicted by the BH algorithm, which was slightly elongated compared to those from the
PSO algorithms (Jana et al. [46] and the one in this work) and the commercial software
Gaussian 09. The average bond lengths for both cyclic and acyclic four-carbon cluster
structures showed good agreement, with deviations of 0.02–0.30 Å relative to the Gaussian
09 results. However, a discrepancy of 47◦ was observed in the angle of the acyclic C4 cluster
structures optimized using the PSO algorithm from Jana et al. [46]. For the C5 cluster, the
average bond angles (∼180.00◦) obtained with our PSO algorithm demonstrated higher
accuracy than those from the algorithm reported by Jana et al. [46], aligning closely with
the structural parameters derived from Gaussian 09 optimizations.

Table 3. Average bond lengths (r) and angles (ang) of (C3–C5) carbon clusters, optimized using the
BH and PSO algorithms (Jana et al. [46] and this work), and the Gaussian 09 commercial software.

Reference Cluster r a ang b

BH C3 1.58 180.00
Jana et al. [46] c 1.29 179.89
In this work c 1.29 179.98
Gaussian 09 1.29 180.00

BH C4 (acyclic) 1.60 179.99
Jana et al. [46] c 1.32 132.73
In this work c 1.35 178.74
Gaussian 09 1.30 179.94

BH C4 (cyclic) 1.58 90.00
Jana et al. [46] c 1.49 88.31
In this work c 1.37 90.00
Gaussian 09 1.45 90.00

BH C5 1.52 179.60
Jana et al. [46] c 1.29 156.56
In this work c 1.29 180.00
Gaussian 09 1.29 179.97

a r = Length (Å); b ang = Angle (◦); c PSO.
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Table 4 presents the average bond lengths and angles of tungsten–oxygen clusters
WOm−

n (n = 4–6, m = 2, 4, 6), optimized using BH and our PSO algorithms, Gaussian 09
software, and the values reported from single-crystal X-ray diffraction studies [50–52]. The
results show that the structural parameters of the WOm−

n (n = 4–6, m = 2, 4, 6) tungsten–
oxygen clusters obtained via the BH and PSO methods are highly consistent with those
obtained with Gaussian 09. Furthermore, the calculated average bond lengths and angles
closely match the experimental XRD data [50–52]. Notably, only the optimized angle ang3

of the WO4−
5 cluster exhibited a deviation 20.00◦ compared to the XRD result, likely due to

intermolecular interactions associated with crystal lattice packing [51,52].

Table 4. Average bond lengths (r) and angles (angs) of tungsten–oxygen clusters WOm−
n (n = 4–6,

m = 2, 4, 6), obtained through structure optimizations using the BH and PSO algorithms, the com-
mercial software Gaussian 09, and single-crystal X-ray diffraction [50–52].

Reference Cluster r a ang1
b ang2

b ang3
b

BH WO2−
4 1.96 109.47 − −

PSO (in this work) 1.73 109.53 − −
Gaussian 09 1.80 109.47 − −

X-ray [50–52] 1.79 110.26 − −
BH WO4−

5 1.97 90.00 120.00 180.00
PSO (in this work) 1.92 90.00 120.00 179.88

Gaussian 09 1.93 90.00 120.00 179.95
X-ray [50–52] 1.86 93.52 120.00 158.22

BH WO6−
6 1.97 90.00 180.00 −

PSO (in this work) 2.24 91.10 175.24 −
Gaussian 09 1.99 90.00 180.00 −

X-ray [50–52] 1.95 92.64 174.87 −
a r = Length (Å); b angs = Angle (◦).

The evolution of the geometric structure optimization for cluster n◦ 1 (composed of
three carbon atoms, C3) is illustrated in Figure 1, which displays snapshots of the process
across iterations. The cluster bonds (r13 and r23) are initially elongated during the first
m (Figure 2b), after they gradually decrease to reach a minimum value of 1.29 Å m and
Table 5). Concurrently, the angle formed by the three carbon atoms undergoes minor
variations, increasing from 110.00 to 179.98◦ as the iterations progress. This angle stabilizes
near 180.00◦ when the potential energy is minimized (Figure 2a,b and Table 5). Similar
harmonic motion trends—though with higher frequency—are observed in the C–C bond
lengths and the angle increase (denoted as Ang) for clusters n◦ 8 and 10 (Figure 2c–f and
Table 5). Notably, within the swarm of 10 clusters, each conformation exhibits distinct
dynamics, geometric configurations, and energy profiles during optimization via the PSO
algorithm (see Figures 2–6 and Table 5).

Table 5. Bond lengths (r), bond angles (ang), and potential energies (V) of C3 clusters n◦ 1, 8, and 10,
optimized using the PSO algorithm.

Cluster r13 (Å) r23 (Å) ang1 (◦) V (Ha) × 10−5

1 1.29149 1.29341 179.80617 4.48600
8 1.29336 1.29080 179.71400 7.62570

10 1.30979 1.26546 178.49936 4.46674
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� �

Iteration 1 Iteration 7 Iteration 28
r13 = 1.68 Å r13 = 6.75 Å r13 = 3.07 Å
r23 = 3.45 Å r23 = 16.44 Å r23 = 8.07 Å
ang1 = 110.01◦ ang1 = 163.46◦ ang1 = 170.74◦

� �

Iteration 53 Iteration 150 Iteration 800
r13 = 2.51 Å r13 = 1.43 Å r13 = 1.29 Å
r23 = 5.81 Å r23 = 2.83 Å r23 = 1.29 Å
ang1 = 177.69◦ ang1 = 179.26◦ ang1 = 180.00◦

Figure 1. Conformational changes of carbon cluster n◦ 1 of 3 atoms (C3) as a function of iterations
number (1, 7, 28, 53, 150, and 800) during its geometric optimization via the PSO algorithm.

Figures 3–5 show 3D relief maps of the angle Ang (a) and the potential energy V (b),
with their respective magnifications (c,d), as functions of the lengths r13 and r23, for the C3

clusters n◦ 1, 8, and 10, over 600 iterations. Each C3 conformer within the swarm exhibits
distinct energy landscapes. However, all converge to the same minimum potential energy
value, V0, as a function of the positional changes of the clusters during the dynamics of the
swarm in the 3N-dimensional hyperspace R

3N . The blank spaces correspond to regions
where bond lengths, angles, and energies of the C3 cluster conformations are undefined in
the energy landscape during geometry optimization. The highest Ang values are located at
the peaks (red values near 180.00◦ in parts (a,c) of Figures 3–5), protruding from the paper
plane. In contrast, the lowest values are found in the valleys (dark blue and black regions
near 100.00◦ in the same figures), oriented towards the paper plane. These features occur
when the C–C bond lengths, r13 and r23, approach 1.29 Å (see Table 5 and Figures 3–5).

Similarly, the highest potential energy values V are observed at the peaks (red regions
in parts (b) of Figures 3–5). Additional intermediate values lie on the slopes (gray regions
in the magnified parts (d) of Figures 3–5), extending outward from the paper plane. The
lowest energy values, however, are concentrated in the valleys of the energy landscape
(dark blue regions in parts (b,d) of Figures 3–5), oriented toward the paper plane. These
observations correspond to the geometry optimization process of the C3 cluster structures.
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Figure 2. Evolution of bond lengths r13, r23, and angle ang1 for three-atom carbon clusters (C3)
n◦ 1 (a), 8 (c), and 10 (e) over 600 iterations, along with their respective zoomed-in views near
200 iterations (b,d,f) during geometric optimization using the PSO algorithm.

Figure 3. Maps of: (a) Angles Ang (◦), (b) potential energy V (Ha), (c,d) magnifications near 5 Å
of maps (a) and (b), respectively, as a function of bond lengths r13 and r23 of the cluster n◦ 1 of
three-carbon atom (C3), over 600 iterations.
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Figure 4. Maps of: (a) Angles Ang (◦), (b) potential energy V (Ha), (c,d) magnifications near 5 Å
of maps (a) and (b), respectively, as a function of bond lengths r13 and r23 of the cluster n◦ 8 of
three-atom carbon (C3), over 600 iterations.

Figure 5. Maps of: (a) Angles Ang (◦), (b) potential energy V (Ha), (c,d) magnifications near 5 Å
of maps (a) and (b), respectively, as a function of bond lengths r13 and r23 of the cluster n◦ 10 of
three-carbon (C3) cluster, over 600 iterations.
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Figure 6 shows the potential energy behavior of the swarm of 10 three-carbon-atom
clusters over the first 120 iterations. The cluster n◦ 8 exhibits an intermediate potential
energy during the first 60 iterations, subsequently reaching one of the lowest potential
energy values in the swarm as its trajectory progresses. However, clusters 4, 5, 9, and
10 exhibit conformations with alternating high potential energy values. At the same time,
the remaining conformers maintain a potential energy close to the average for the swarm
during the energy minimization of each conformer.

Figure 6. Behavior of the potential energy V of a swarm of 10 clusters of three-carbon atoms as a
function of 120 iterations.

The potential energy behavior of the clusters, as their atoms undergo positional
changes, illustrates the various conformations adopted during the search for the global
potential energy minimum, a process often characterized by cooperative swarm dynam-
ics. Conformers with higher potential energy require larger displacements within the
R

3N hyperspace (relative to the average position of the swarm) to contribute to the en-
ergy minimization potential [Equation (5)]; this accounts for the bond elongation ob-
served in the three-carbon-atom cluster n◦1 during early iterations. Only by iteration 22
(Figures 1 and 2) do these bond lengths begin to shorten, demonstrating the integration of
the cluster n◦1 conformer into the swarm collective, where it assumes positions similar to
the other swarm conformers, thereby reducing its potential energy as the system progresses
toward convergence.

Table 6 presents the calculated relative electronic energy values for carbon, tungsten,
and oxygen cluster structures studied in this work. To evaluate the precision of the elec-
tronic energies for the structures optimized with the PSO and BH methods, we used the
absolute electronic energy obtained from Gaussian as a reference (Table 6). Table 6 shows
the difference between the electronic energy calculated by Gaussian in a single-point calcu-
lation for a optimized structure obtained with PSO/BH, and the corresponding electronic
energy obtained directly from Gaussian. In this way, values closest to zero indicate higher
precision in the respective optimization method. The small relative electronic energy dif-
ferences (∼10−5– 10−1 Ha) between BH/PSO-optimized and DFT-optimized structures
suggest that both BH and PSO exhibit high accuracy in predicting the electronic energies of
these molecular structures, carbon, tungsten and oxygen clusters systems. However, PSO
demonstrated slightly higher accuracy compared to BH, particularly for carbon clusters
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Cn (n = 3–5) and the tungsten–oxygen clusters WOm−
n (n = 4–6, m = 2, 4, 6), where lower

relative energy electronic values were observed.

Table 6. Single-point relative electronic energies (Ha) obtained with Gaussian 09 for carbon, tungsten,
and oxygen atom clusters, based on structures optimized using the BH, PSO, and DFT methods.

Cluster BH a PSO (In This
Work) b

PSO
(Jana et al.) b

[46]
Gaussian 09 c

C3 1.64 × 10−1 1.20 × 10−5 0.00 0.00
C4 acyclic 3.02 × 10−1 5.79 × 10−2 2.66 × 10−2 0.00

cyclic 2.69 × 10−1 2.26 × 10−1 1.57 × 10−2 0.00
C5 3.54 × 10−1 5.85 × 10−4 0.00 0.00

WO4 6.41 × 10−2 1.05 × 10−1 − 0.00
WO5 1.01 × 10−2 9.16 × 10−3 − 0.00
WO6 7.60 × 10−5 1.29 × 10−2 − 0.00

a Relative electronic energy calculated using Gaussian 09 at a single point, based on its BH-optimized structure.
b Relative electronic energy calculated using Gaussian 09 at a single point, based on its PSO-optimized structure.
c Relative electronic energies of the optimized structures, calculated using DFT with Gaussian 09.

The computational cost of the PSO, BH, and molecular mechanics (using the Dreiding
force field in Gaussian), was assessed by tracking the energy minimization of cluster C5

during geometric optimization as a function of optimization steps (Figure 7b,d), starting
from the initial structure of cluster C5 (Figure 7a). Figure 7 highlights that the structural
optimization of the C5 cluster required the least time with the Gaussian software (69 steps),
followed by the PSO algorithm (141 steps), and the BH algorithm (1592 steps). All calcula-
tions employed the same initial structure of the C5 cluster. Although Gaussian software
optimizes the C5 cluster structure more quickly, it predicts triple bond lengths (1.19 Å) for
the carbon atoms inside the cluster. This value differs slightly from the results obtained
(1.29 Å in Table 3) when the same structure is optimized at the DFT level of theory using
the same software. However, our PSO algorithm predicts double bonds (1.29 Å) in the
optimized structure of the C5 cluster (see Figure 7b). Additionally, the structure of the C5

cluster was optimized using the UFF (Unified Force Field) in Gaussian software, but an
unexpected cyclic structure was obtained.

Contrarily, it is important to note that the PSO algorithm implemented by Jana
et al. [46] uses Gaussian 09 software to calculate the atomic positions at each step of
the geometric optimization of cluster structures via DFT. In contrast, our PSO algorithm
does not depend on any external software to determine atomic positions during the simulta-
neous optimization of ten conformer structures. Instead, it relies solely on Equations (1)–(4)
to locate each atom of each cluster within the R

3N search hyperspace at each iteration
and uses the potential energy of each cluster [Equation (5)] as the objective function to
be minimized.

A precise understanding of the structures of these clusters is crucial, particularly
for compounds of tungsten and oxygen atoms, as they serve as fundamental building
blocks for the growth of larger metal oxide arrangements. Through self-assembly, larger
compounds, such as polyoxometalates, are formed, which have numerous applications
due to their electronic and magnetic properties, which in turn depend on their structural
arrangement [57,58].
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Figure 7. (a) Initial structure of the C5 cluster. Energy minimization versus optimization steps for:
(b) PSO (in this work; maximum interatomic force threshold: 1.00 × 10−7 Ha/Å), (c) BH (maximum
interatomic force threshold: 5.00 × 10−7 Ha/Å) and (d) Dreiding force field via molecular mechanics
(MM) in Gaussian software (maximum interatomic force threshold: 4.50 × 10−4 Ha/Å).
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3. Methodology

3.1. Algorithm and Computational Details

The PSO is an algorithm that explores a set of randomly generated solutions, where
each structural conformer learns from its own experience and that of other conformers
through their movements during optimization [59]. All conformer structures are located
within a hyperspace ∈ R

3N [60], where N is the number of atoms in the cluster, i is the cluster
index ( i = 1, . . . , M), and j ( j = 1, . . . , 3N) is the number of dimensions of the hyperspace
R

3N (Figure 8). Figure 8 shows the equivalence between the coordinates xt
1,1, . . . , xt

1,9 ∈ R
3N

and x1, y1, z1, . . . , x3, y3, z3 ∈ R
3 of the position vector

→
x

t
1,1 for the conformer of the cluster

n◦ 1 (with three carbon atoms) in the swarm. From Equations (1)–(4), the velocities and
positions of the conformers of each cluster in the hyperspace are defined, and Equation (5)
represents the potential energy.

Figure 8. Schematic representation of the equivalence between the coordinates xt
1,1, . . . , xt

1,9 ∈ R
3N

and x1, y1, z1, . . . , x3, y3, z3 ∈ R
3 of the position vector

→
x

t
1,1 of the conformer of cluster n◦ 1 of three

carbon atoms.

→
x

t
i,j= xt

i,j, . . . , xt
M,3N (1)

→
v

t
i,j= vt

i,j, . . . , vt
M,3N (2)

→
v

t+1
i,j = w·→v t

i,j + d1·ε1

(
pbest −→

x
t
i,j

)
+ d2·ε2

(
gbest −→

x
t
i,j

)
(3)

→
x

t+1
i,j =

→
x

t
i,j +

→
v

t+1
i,j (4)

Vt
i

(
xt

i,j, . . . , xt
M,3N

)
=

1
2

[
p

∑
k=1

Kr(rk − lk)
2 +

q

∑
s=1

Ka(angs − θs)
2

]
(5)

where
→
x

t
i,j and

→
x

t+1
i,j are the positions of the cluster i in iterations t and t + 1 (Equations

(1) and (4)), and
→
v

t
i,j and

→
v

t+1
i,j are the velocities of the cluster i in iterations t and t + 1

(Equations (2) and (3)), respectively. The coefficients ε1 and ε2 in Equation (3) are randomly
selected within the interval [0, 1]. The inertia coefficient w governs the tendency of the
conformer to remain in its current position, while d1 and d2 (adjustable if necessary) corre-
spond to the individual and global acceleration coefficients, respectively. These coefficients
guide the positions of the clusters in the hyperspace R

3N to ensure convergence, allowing
all candidate solutions to reach the global minimum of the potential energy V0 efficiently.
Table 7 shows the allowed values for these parameters, which fall within the optimiza-
tion ranges reported in previous studies [46,61–63]. In these studies, the parameters have
demonstrated stability during the process and ensured energy convergence of the cluster
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structures. The variables gbest and pbest are the best positions of the swarm and each cluster,
respectively, in each iteration t (Equation (3)).

Table 7. PSO parameters.

Parameters Value

Number of particles or clusters, i 10.00
Inertia coefficient, w 0.90

Individual coefficient of acceleration, d1 1.00–1.50
Global coefficient of acceleration, d2 1.00–1.50

Random coefficients ( ε1 and ε2) 0.00–1.00

Equation (5) shows that rk represents the k bonds and angs are the s bond angles
in the cluster, where rk and angs are correlated through their components xt

i,j, . . . , xt
M,3N .

In this equation, Kr (9.53 mdyn/Å for C=C bonds and 9.73 mdyn/Å for W−O bonds)
and Ka (0.372 mdyn/degree) denote the force constants of the k bonds and the angles s
in the studied systems. The values lk and θs correspond to the lengths and angles of the
experimental bonds, respectively, for each cluster [64,65]. Table 8 shows the values of θs

when lk = 1.29 Å for clusters of three and four atoms.

Table 8. θs values for the clusters of three and four carbon atoms ( lk = 1.29 Å).

Number of Atoms Structure θs(◦)

3 180.00

60.00

4 180.00

90.00

The learning acquired by the conformers is referred to as collective learning, while that
acquired by an individual conformer is termed cognitive learning. Starting from the initial
structures, a set of random atomic coordinates was considered, where each conformer was

assigned its position
→
x

t
i and trial velocity

→
v

t
i . During optimization, the position

→
x

t
i and

velocity
→
v

t
i vectors are updated using the Equations (3) and (4) at each iteration t, to locate

the global minimum energy configuration. As a result of collective learning, each conformer
stores in its memory the best position obtained by itself or any other conformer in the swarm
during iteration t, denoted as gbest (see Equation (3)). The gbest is selected by comparing the

components xt
i,j of the vector

→
x

t
i,j for each conformer in the swarm (10 conformers, where

i = 1, . . . , 10) at each iteration t. Throughout the process, each conformer stores in its memory
the best position obtained up to iterations n − 1, denoted as pbest [30]. The pbest values are

selected by each conformer i in the swarm by comparing its components xt
i,j (from vector

→
x

t
i,j)

across iterations t = 1, . . . , n − 1 stored in its memory.
The change in direction of any conformer is determined by its velocity, which represents

the rate of change of its position concerning iteration t. In a 3N-dimensional search space,
the position of the i-th conformer in the swarm at iteration t is represented by the vector
→
x

t
i =

(
xt

i,1, xt
i,2, . . . , xt

M,3N

)
, and its velocity by the vector

→
v

t
i =

(
vt

i,1, vt
i,2, . . . , vt

M,3N

)
[30].

The potential energy function of the system Vt
i follows Hooke’s Law [Equation (5)], where

atoms are considered rigid spheres connected by a spring. The positions pbest and gbest in
Equation (3) correspond to the minimum value of the objective potential function V0

(
xt

i,j

)
=
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min Vt
i

(
xt

i,j, . . . , xt
M,3N

)
[Equation (5)] calculated iteratively from t = 1 to n. At each iteration t,

the updated components ( xt+1
i,j and vt+1

i,j ) of the atoms in the conformers are obtained utilizing

Equations (3) and (4). Vectors
→
x

t
i and

→
v

t
i are updated in each iteration t until their components

xt
i,j and vt

i,j converge (
→
x

t
i,j →

→
x 0 and

→
v

t
i,j → 0) during the search for the global minimum of

the objective function (potential energy, V0) for each conformer.

3.2. Software

This work used the initial positions of carbon atoms Cn (n = 3–5) in the cluster struc-
tures described by Jana et al. [46]. However, the initial positions of the tungsten and oxygen
atoms in WOm−

n (n = 4–6, m = 2, 4, 6) were randomly generated. The PSO algorithm
written in Fortran 90, the commercial software Gaussian 09, and the Atomic (ASE) BH
simulation environment in Python 3.10 were used to optimize the structures of the carbon,
tungsten and oxygen atom clusters. In the PSO algorithm, a Hooke potential was utilized,
while in the ASE-Python algorithm, the basin-hopping (BH) global optimization method
was applied using an effective medium theory (EMT) potential to model the interaction
between atoms. The force constants used were K = 9.53 mdyn/Å for C=C bonds and
9.73 mdyn/Å for W–O bonds. These parameters enabled comparative analysis of the
optimized structures.

In the Gaussian 09 software, the 6-311+G** basis set was used for carbon (C) and
oxygen (O) atoms [66,67], along with the B3LYP exchange-correlation functional. The Los
Alamos Effective Core Potential (ECP) combined with the LANL2DZ double zeta basis
set [68,69] and its corresponding pseudopotential was used to approximate the electron
of the tungsten (W) atom. Subsequently, single-point electronic energy calculations were
carried out on the optimized cluster structures (obtained via PSO, BH, and DFT methods)
using DFT as implemented in Gaussian 09 software [70].

The PSO and BH algorithms do not rely on the Gaussian 09 software to perform
geometric optimization of the studied clusters’ structures. These algorithms were compiled
and executed on a high-performance computing node equipped with two Intel Xeon E5-
2660 v2 processors (Intel Corporation, Santa Clara, CA, USA), each with 10 cores operating
at 2.20 GHz, and 48 GB of RAM.

3.3. PSO Algorithm

The following steps describe the cluster structure prediction algorithm using the PSO
technique:

1. An initial set of cluster structures with random atomic coordinates is generated
without any symmetry restrictions.

2. An improved set of atomic coordinates for the conformers is sought in hyperspace R3N.

3. At each step or iteration t, the potential energy Vt
i

(
xt

i,j, . . . , xt
M,3N

)
is calculated for

each conformer in the swarm of M clusters.
4. The convergence criteria are verified under the condition Vt

i = constant.

5. The velocity vectors (
→
v

t
i ) and position vectors (

→
x

t
i ) of each conformer in the swarm

are updated in hyperspace R
3N .

6. The best global position ( gbest) is obtained by comparing and selecting the conformer
with the lowest potential energy Vt

i in the swarm at each iteration t.
7. Each conformer i in the swarm stores its best individual position ( pbest) by comparing

its lowest potential energy, Vt
i , obtained iteratively from t = 1 to n − 1.

8. The output structures generate a new set of initial structures for the subsequent itera-
tion t, continuing until the lowest potential energy Vt

i for each structural conformer
converges to a constant value.
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Figure 9 shows the general flowchart of the PSO algorithm.

Generate a set of random atomic co-
ordinates from the initial structures

Initialize the positions of the swarm
conformers based on the random

atomic coordinates of their structures

Evaluate the
gbest and pbest of
each conformer

Is the current pbest
the best position

for each conformer?

Evaluate the
best values

Update pbest

Assign pbest and gbest val-
ues to each conformer

Calculate the rate
of interconversion
for each conformer

Update the positions
of the conformers

Calculate the potential energy Vi
of the conformers of the swarm

Is Vi constant?

Optimized final structures

No

Yes

No

Yes

Figure 9. General flowchart of the PSO algorithm implemented in Fortran 90.
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4. Conclusions

Good approximations of the molecular structures of carbon atom clusters Cn

(n = 3–5) and tungsten oxide clusters, WOm−
n ( n = 4–6, m = 2, 4, 6), were obtained through

geometric optimization using the PSO method with Hooke’s potential. These structures
were compared with those optimized using the BH method and DFT implemented in
the Gaussian 09 software, as well as with structures reported in X-ray diffraction studies.
The algorithm, written in Fortran 90, was based on a metaheuristic model designed to
find the minimum potential energy of a system of ten conformers simultaneously in a
hyperdimensional space R3N . This optimization was performed concerning to the positions
of the atoms (connected by spring), to determine the molecular structure of the cluster
in its ground state within the three-dimensional space R

3. The implementation of the
PSO algorithm represents a non-assumptions option, avoiding constraints such as cluster
symmetry and external factors imposed by pressure or temperature. This method operates
effectively, converging toward geometric configurations presumed to correspond to the
global energy minimum or very close to it. The algorithm could serve as an alternative to
gradient descent, conjugate gradient, or Newton methods, which are commonly employed
in molecular structure optimization but occasionally fail to converge at specific steps or
iterations. Additionally, it offers a computational low-cost option for obtaining molecular
structures prior to performing ab initio electronic structure calculations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/inorganics13090293/s1, Table S1: Representation of the initial geometric structures of three-
carbon atom clusters (C3), Table S2: Representation of the initial geometric structures of four-carbon
atom clusters C4 acyclic, Table S3: Representation of the initial geometric structures of four-carbon
atom clusters C4 cyclic, Table S4: Representation of the initial geometric structures of five-carbon
atom clusters C5, Table S5: Representation of the initial geometric structures of tungsten and oxygen
clusters WO4

2−, Table S6: Representation of the initial geometric structures of tungsten and oxygen
clusters WO5

4−, Table S7: Representation of the initial geometric structures of tungsten and oxygen
clusters WO6

6−.
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Abstract: Poly[bis(4-phenyl) (2,5,6-trimethylphenyl) amine (PTAA), as a hole transfer
material, has been widely used in perovskite solar cells (PSCs). However, the optimal
solvent for preparing the PTAA solution and coating the PTAA layer is still uncertain. In
this work, we investigated three types of organic solvents (toluene, chlorobenzene and
dichlorobenzene) for processing PTAA layers as the hole transport layer in PSCs. Based on
the experimental verification and molecular dynamics simulation results, all the evidence
indicated that toluene performs best among the three candidates. This is attributed to the
significant polarity difference between toluene and PTAA, which leads to the formation of
a uniform surface morphology characterized by granular protuberances after spin coating.
The contact area of the hole transfer layer with the surface aggregation is increased in
reference to the rough surface, and the hydrophilicity of the PTAA layer is also increased.
The improvement of these two aspects are conducive to the effective interfacial charge
transfer. This leads to the generation of more photocurrent. The PSCs employing toluene-
processed PTAA exhibit an average power conversion efficiency (PCE) of 19.1%, which
is higher than that of PSCs using chlorobenzene- and dichlorobenzene-processed PTAA
(17.3–17.9%). This work provides a direct optimization strategy for researchers aiming to
fabricate PSCs based on PTAA as a hole transport layer and lays a solid foundation for the
development of high-efficiency inverted PSCs.

Keywords: perovskite; PTAA; morphology; solvent; aggregation

1. Introduction

Recently, perovskite solar cells (PSCs) have become one of the most promising pho-
tovoltaic technologies due to their low production cost and simple preparation pro-
cess [1–9]. The development of PSCs exceeds people’s expectation, and the power-
conversion-efficiency (PCE), which increases by about 2.5% annually, keeps breaking
the record [10–13]. At present, the efficiency of the highest certified single-layer PSCs
has exceeded 27.0% [14]. Owing to their numerous advantages, PSCs have a very bright
industrialization prospect and are therefore a potential competitor of next-generation solar
cells. However, PSCs also suffer from some disadvantages, such as poor stability and lead
toxicity, which limit their commercial applications [15,16].

PSCs usually have regular n-i-p and inverted p-i-n stack structures [12,13]. In such
devices, perovskite materials are sandwiched between electron and hole transport lay-
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ers. MAPbI3 (MA is methylammonium) is widely used as the energy conversion mate-
rial of the perovskite layer; TiO2 and 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9′-spirobifluorene (spiro-OMeTAD) are commonly used as electron and hole trans-
port materials, respectively [15–20]. To further improve the performance and stabil-
ity of PSCs, mix-cation perovskites have been developed, which include three cations
of formamidinium (FA), MA and Cs [10]. Hole transfer materials such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), nickel oxide, and poly[bis(4-
phenyl)(2,5,6-trimethylphenyl)amine (PTAA) have been investigated in PSCs [21–24]. Al-
though searching for new materials plays an important role in improving the performance
of perovskite solar cells, controlling the morphology of each layer is also crucial to the
performance of the devices [25–28]. For example, the morphology of perovskite films could
directly affect the light absorption and charge generation [29–32]. The morphology of the
electron and hole transport layer is of great significance for transport, separation and collec-
tion which affect the contact resistance and current density of the device [33,34]. Generally,
in order to control the morphology of each functional layer, the commonly used methods
are solvent optimization, thermal annealing and solvent annealing technology [22,35–38].
For example, in order to obtain a high-quality spiro-OMeTAD layer, spiro-OMeTAD is usu-
ally dissolved in chloroform, chlorobenzene or ethylacetate and then spin-coated. Similarly,
controlling the morphology of the perovskite ore layer in devices by solvent treatment is
frequently reported [39–42].

PTAA, as a kind of conductive polymer material, is increasingly being used to replace
spiro-OMeTAD as the hole transport layer in perovskite solar cells [43–47]. This is because
its lowest unoccupied molecular orbital (LUMO) levels (about −5.2 eV) can match well
with the valence band of perovskite and the work function of ITO. In addition to energy
level alignment, the contact between the hole transport layer and the perovskite absorber
should also be optimized to more effectively extract holes from the perovskite and transport
them to the anode. Jacak et al. demonstrated that using some nanometallic particles could
enhance the hole capturing, which is beneficial for boosting the performance of PSCs [48].
Although in these reports, the devices using PTAA as the hole transfer layer have shown
good performances. There is still no agreement on the solvents used in the treatment of
PTAA in these reports [44–47]. Wu et al. [44] employed chlorobenzene as the solvent in
their work, while Fu et al. and Deng et al. [46,47] used toluene. However, aside from the
difference in PTAA solvents, other preparation conditions are not uniform, so it is difficult to
decide which solvent is the best choice for the preparation of the PTAA coating liquid from
their conclusions. This may cause some confusion for other researchers in the preparation
of perovskite solar cells based on PTAA. In this work, we investigated the solvent effect for
controlling the morphology of the PTAA layer, which further influences the performance
of PSCs. We selected three solvents in the preparation of perovskite solar cells, i.e., toluene,
chlorobenzene and dichlorobenzene, and carried out experimental and theoretical methods
to obtain the data related to the device’s performance. We found that using toluene-
processed PTAA resulted in the best performance for the PSCs, which exhibited an average
PCE of 19.1%, whereas the PSCs using chlorobenzene or dichlobenzene-processed PTAA
showed lower PCEs of 17.3% and 17.9%, respectively. The optimal solvent selection is
illustrated by parameters such as molecular dynamics, surface morphology, hydrophobicity
and device performance. Our work may provide an effect reference for other researchers in
the future when they process a device with PTAA as the hole transfer layer.

2. Results and Discussion

As shown in Figure 1a, the PSCs were fabricated with a structure of glass/ITO/PTAA/
perovskite/PCBM/BCP/Ag. As seen in the SEM image in Figure 1b, the PSCs have
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a standard layer-by-layer structure, with a perovskite thickness of about 500 nm. As
indicated in the image, the processed PTAA and PCBM show thicknesses of about 30 and
65 nm, respectively. To find the indirect relationship between the solvent characteristics
and the device performance, we used toluene, chlorobenzene and 1,2-dichlorobenzene as
the coating solvent of PTAA to spin-coat the PTAA layer on ITO glass, using the same
preparation method and conditions. To ensure the statistical validity of the related data,
we prepared 15 samples for each group. The collected scatter statistical values of the
photoelectric parameters of the samples are shown in the following figure (Figure 1).

 

Figure 1. (a) Schematic structure of the PSCs in this work. (b) Cross-sectional SEM image of the PSC.

As shown in Figure 2a–d, the short-circuit current density (Jsc) and the PCE of the
toluene-based group are obviously higher than those of the other two groups. In contrast,
the open-circuit voltage (Voc) exhibit only minor variations among the three groups, with
average values of 1.06 V, 1.05 V and 1.06 V, respectively. For the fill factor, no obvious
change rule can be drawn from the three groups of data (0.71, 0.69 and 0.70 in average,
respectively), This phenomenon will be discussed in detail later. If the influence of FF
is temporarily disregarded, it can be inferred from the figure that the variation in Jsc is
primarily determined by the choice of solvent, and the same applies to the PCE. Table 1
shows all the parameters, which were extracted from the forward scanning J–V characteris-
tics. The PCEs (17.3–19.1%) in this work are lower than the record efficiency (about 27%).
This may be related to the device’s configuration, the perovskite formula, the experimental
conditions, etc. According to these data, it can be seen that for the Jsc, the device using
toluene as solvent is superior to the other two groups. The trend of these values is in
accordance with Figure 2a,b,d. For the fill factor, there are slight differences between the
average values of the three groups and their best values. The results show that the PCE
variation was mainly influence by the Jsc change, which affected the selection of the solvent.

Table 1. Device parameters for the PSCs based on PTAA processed from toluene, chlorobenzene
and dichlorobenzene.

Processed
Solvent

Voc (V)
Jsc (mA
cm−2)

FF (%)
Average
PCE (%)

Best
PCE (%)

Toluene 1.11 ± 0.01 22.5 ± 0.3 76.5 ± 1.2 19.1 ± 0.3 19.5
Chlorobenzene 1.08 ± 0.01 21.6 ± 0.3 74.2 ± 1.1 17.3 ± 0.3 17.7
Dichlorobenzene 1.09 ± 0.01 21.8 ± 0.3 75.2 ± 1.1 17.9 ± 0.3 18.3

To further investigate the mechanism by which solvent selection influences device per-
formance, we measured the J-V characteristics of PSCs, with PTAA layers processed using
toluene, chlorobenzene and 1,2-dichlorobenzene. As shown in Figure 3a, the use of toluene
as the processing solvent significantly enhances the Jsc as compared with chlorobenzene and
1,2-dichlorobenzene. However, the influence of the three solvents on the Voc is negligible,
which is consistent with the aforementioned conclusion. Furthermore, to verify the reliabil-
ity of the measured Jsc, we measured the IPCE spectra of the three best-performing devices
and integrated the IPCE data over the entire wavelength range, as shown in Figure 3b. The
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integrated Jsc from the IPCE (on average) are 20.72, 19.48 and 19.42 mA/cm2 for the devices
processed with toluene, chlorobenzene and 1,2-dichlorobenzene, respectively. These results
are in good agreement with the current densities obtained from the J-V measurements,
further confirming the reliability of our measurements.

 

Figure 2. Scatter statistics of the photoelectric parameters. (a), Jsc, (b), Voc, (c) fill factor, (d), PCE of
the samples prepared by using the PTAA solution treated with toluene (red), chlorobenzene (green)
and 1,2-dichlorobenzene (blue) as the electron transport layer of the spin-coating solution, with 15
samples for each group.

 

Figure 3. J–V characteristics (a) and IPCE spectra (b) of the PSCs, with PTAA processed from toluene,
chlorobenzene and dichlorobenzene.

Because the above evidence indicates that the Jsc is influenced by the choice of solvent,
the following section will focus on analyzing the various factors affecting the Jsc of the
devices in order to elucidate the underlying mechanism. As is well known, the generation
of photocurrent in PSCs involves the following process: first, the perovskite layer absorbs
photons, exciting the electrons, then the photogenerated electron–hole pairs are separated
and transported to the electron transport layer and hole transport layer, respectively; finally,
the charges are collected by the corresponding electrodes. In this process, the Jsc is closely
associated with the photon absorption capability of the perovskite layer and the interfacial
charge transfer efficiency between the perovskite and hole transport layers [21,23–25].

We investigated whether the photoelectron collection process can be influenced by
the choice of solvent. According to previous studies, the crystallization and morphology
of the perovskite’s active layer are critical factors in determining the efficiency of photo-
electron collection [29,30]. We then characterized the perovskite films processed with the
three solvents by X-Ray diffraction (XRD, Figure S1), scanning electron microscopy (SEM,
Figure S2) and ultraviolet–visible absorption spectroscopy (UV–vis, Figure S3). The SEM
images show that the morphology of the perovskite layer remains largely unaffected by
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the different solvent treatments. This can be explained as follows: during the preparation
process, the thickness of the PTAA layer is much thinner than that of the perovskite layer.
Moreover, as indicated in Figure 4, all the PTAA films processed from the different solvents
showed a hydrophobic surface property. Therefore, variations in the PTAA layer do not
significantly impact the surface morphology of the perovskite. However, the XRD and
UV–vis absorption results indicate that the PSCs using toluene-processed PTAA exhibit the
best performance. This aligns well with the FF results, strongly suggesting that the choice
of organic solvent slightly affects the perovskite quality, although its impact on this is less
significant than its impact on the charge transfer process.

 

Figure 4. Contact angle of the PTAA layer prepared by using the PTAA solution treated
with toluene (a), chlorobenzene (b) and 1,2-dichlorobenzene (c) and AFM images of the PTAA
layer prepared by using the PTAA solution treated with toluene (d), chlorobenzene (e) and 1,2-
dichlorobenzene (f), respectively.

To understand the influence of solvent selection on the interface charge transfer, we
tested the surface morphology of the PTAA layer. First, the contact angles and atomic
force microscopy (AFM) patterns of the PTAA layers, with toluene, chlorobenzene and
1,2-dichlorobenzene as solvents, were measured. Compared with Figure 4a–c, it can be
seen that the contact angle of the PTAA layer with toluene is the smallest at 79.6◦, while
the contact angles of the PTAA surfaces with chlorobenzene and 1,2-dichlorobenzene
as the solvents are more than 90◦ (90.4◦ and 94.0◦, respectively), which indicates that
the hydrophilicity of the PTAA layer can be obviously improved with toluene as the
solvent. Then, atomic force microscopy was used to test their surface morphologies. AFM
imaging (Figure 4d–f) shows the reason for the different hydrophobicity levels of the PTAA
layers. Compared with the PTAA layers with chlorobenzene and 1,2-dichlorobenzene as
solvents, the surface of the PTAA layer with toluene as the solvent shows obvious and
dense protrusions, and the diameters of these protrusions are about 15 nm each. However,
the surfaces of the PTAA layers with the other two solvents are much smoother, and
almost no obvious protuberances can be seen. The RMS roughness values of the PTAA
films processed from toluene, chlorobenzene and dichlorobenzene are 2.3, 1.8 and 1.6 nm,
respectively. This phenomenon also corresponds to the contact angle obtained above. On
the other hand, the existence of these protrusions is equivalent to increasing the interface
area between the PTAA layer and the perovskite layer, which also increases the effective
transfer probability of electrons between the interfaces, and this improvement can indeed
improve the interfacial charge transfer efficiency. From the calculation mode of the dynamic
simulations, the calculated interface area of the toluene-processed sample is 10.4%, which
is 9.2% higher than that of the chlorobenzene- and 1,2-dichlorobenzene-processed samples.
This conclusion is also consistent with the EIS (Figure S4) results, in which we tested the
EIS to study the variation coursed by the different organic solution-treated PTAAs. Figure
S4 shows the Nyquist plots with two characteristic arcs and equivalent circuits. The plots
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show that the recombination resistance (Rrec), the series resistance (Rs) and capacitor C can
be observed. The toluene-treated sample exhibited an Rs of 26.3 Ω and an Rrec of 362.7 Ω,
while the chlorobenzene and 1,2-dichlorobenzene-treated samples presented an Rs of
30.6 Ω with an Rrec of 477.5 Ω and an Rs of 29.3 Ω with an Rrec of 402.3 Ω, respectively. The
decreased Rs and increased Rrec indicate the improved electron-transporting performance
and suppressed charge recombination [40], which are conducive to an enhanced interface
area and an enlarged Jsc.

To investigate the origin of the surface protrusions observed in the AFM images, molec-
ular dynamics simulations were conducted to analyze the distribution of PTAA molecular
chains in different solvents. As shown in Figure 5, in toluene, the PTAA molecules tend
to aggregate into large clusters due to their poor solubility, leading to an inhomogeneous
distribution in the solution. This aggregation is likely due to the polarity difference between
PTAA and toluene molecules (Table 2). Upon solvent evaporation, the aggregated state
of PTAA is retained, leading to the formation of surface protrusions, as observed in the
AFM images. Compared with toluene, PTAA molecules are more uniformly dispersed in
the other two solvents, which accounts for the relatively smooth morphology of the PTAA
layers formed using these solvents.

Figure 5. Molecular dynamic simulation of the solvent and PTAA’s interaction mechanisms:
toluene (a), chlorobenzene (b) and 1,2-dichlorobenzene (c).

Table 2. The polarities of the solvents used in this work.

Solvent Parameter Toluene Chlorobenzene Dichlorobenzene

Polarity 2.4 2.7 2.7

3. Materials and Methods

3.1. Materials

The patterned indium tin oxide (ITO) glass substrate and [6,6]-phenyl-C61 butyric
acid methyl ester (PCBM) were purchased from Kaivo Co., Ltd. (Zhuhai, China) and
Nano-C (Westwood, MA, USA), respectively. Methylammonium bromide (MABr), PTAA,
FAI, cesium iodide (CsI) and lead bromide (PbBr2) were purchased from Xi’an Polymer
Light Technology Corp. (Xi’an, China). Lead iodide (PbI2), bathocuproine (BCP) and all
solvents [N,N-dimethylmethanamide (DMF), dimethylsulfoxide (DMSO), isopropanol,
chlorobenzene, 1,2-dichlorobenzene and toluene] were supplied by Sigma-Aldrich (St.
Louis, MO, USA).

3.2. Device Preparation

We employed Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskite as the absorber for photo-
electric conversion. First, the etched ITO glass was washed in deionized water, acetone
and isopropanol for 10 min and dried with a nitrogen gun. Next, clean ITO glass panels
were treated in an ultraviolet ozone cleaner for 15 min. PTAA solutions (10 mg/mL in
chlorobenzene, toluene or dichlorobenzene) were spin-coated onto the ITO glass substrates
at 4000 r/min for 30 s. The spin-coated glass substrates were then annealed in air (140 ◦C,
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15 min) to thoroughly evaporate the residual solvents. The perovskite precursor was
prepared in a mix solvent (DMF:DMSO = 85:15) by dissolving FAI, MABr, CsI, PbI2 and
PbBr2 into DMF [with molar ratios of PbI2/PbBr2 and FAI/MABr, both fixed at 0.85:0.15;
CsI/(FAI + MABr) fixed at 0.05:0.95; and (FAI + MABr + CsI)/(PbI2 + PbBr2) fixed at 1:1)].
The final mass fraction was 40%. Before spin-coating, the perovskite precursor was heated
and stirred for 12 h at 60 ◦C. The spin-coating of the perovskite and PCBM layers was
accomplished in glove box filled with nitrogen: 150 μL perovskite solution was dripped on
the spin-coated PTAA film and then spin-coated at 4500 r/min for 30 s. After spin-coating,
the samples were heated for 10 min at 100 ◦C until the perovskite film completely changed
from yellow to reddish brown.

Subsequently, PCBM was dissolved in chlorobenzene to prepare a 20 mg/mL solution.
This PCBM solution was then dropped onto the formed perovskite film, spin-coated
at 1000 rpm for 30 s and annealed at 40 ◦C for 10 min to remove the residual solvent.
Finally, the spin-coated samples were transferred to a vacuum evaporator, where 0.6 nm of
BCP was deposited at a rate of 0.2–0.3 Å/s under a vacuum pressure below 1 × 10−5 Torr.
Subsequently, 100 nm thick Ag electrodes were deposited at a rate of 1–2 Å/s. Subsequently,
the device was encapsulated using ultraviolet-cured epoxy resin and a glass cover slide,
after which its performance was evaluated. The effective active area of the PSCs was
0.04 cm2.

3.3. Characterizations

The J–V characteristic curve of the solar cells were tested under 1 sunlight intensity
(100 MW/cm), and the Keithley 2400 was used to collect data. The incident photon-to-
current efficiency (IPCE) spectra of the PSCs were measured by a SolarCellScan100 (Zolix,
Beijing, China). The cross-sectional image of the PSCs and the morphology of the perovskite
layer were measured by using a SEM (SU8020, Tokyo, Japan) with an acceleration voltage
of 8000 V. The contact angles were measured by dropping water onto the surface of the
PTAA films. The morphologies of the PTAA films were measured by an AFM (Veeco, San
Jose, CA, USA) in the tapping mode.

3.4. Simulation Background

In the Mesocite module of Quantum Espresso (QE) 7.4, we used the dissipative
particle dynamics method to study the effect of the solvent. A cubic hypermonomer with a
transverse dimension of 100 Å × 100 Å × 100 Å was used, which contained 7750 PTAA
monomers and 2461 solvent molecules. The average density of PTAA was 1.09 g cm−3.
Newton’s equations of motion were integrated by using the Verlet algorithm with a time
step of 1 fs. The simulated temperature and pressure were set to 413.15 K (140 ◦C) and
101.325 kPa (1atm), respectively.

4. Conclusions

In conclusion, we systematically investigated three different organic solvents (toluene,
chlorobenzene and dicholobenzene) for processing PTAA layers as the hole transport layer
in perovskite solar cells. Both the experimental results and molecular dynamics simulations
reveal that PTAA exhibits significant molecular aggregation in toluene, whereas such
aggregation is not observed in the cases of chlorobenzene and dichlorobenzene. The
evaporation of different solvents resulted in distinct surface morphologies of the PTAA
layers. On one hand, the formation of surface protrusions increases the interfacial area for
excited-state charge transfer, thereby enhancing the probability of efficient hole transport
and improving the current density of the device. On the other hand, the roughened surface
enhances the hydrophilicity of the PTAA layer, which is beneficial for achieving higher
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device efficiency. Although different solvents influence the morphology of the PTAA layer,
this morphological variation plays a key role in determining device performance. Our
study demonstrates that the choice of PTAA solvent has a significant influence on the
properties of the perovskite layer. The above evidence indicates that toluene is the most
suitable solvent for processing PTAA in perovskite solar cells.
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www.mdpi.com/article/10.3390/inorganics13070232/s1, Figure S1: XRD patterns of the perovskite
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peroskite layers; Figure S4: EIS spectra of the devices.
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Abstract: The development of high-performance electrochromic materials demands inno-
vative approaches to simultaneously control the nanoscale architecture and the electronic
structure. We present a dual-modification strategy that synergistically combines copper
doping with the Langmuir–Blodgett (LB) assembly to overcome the traditional performance
trade-offs in tungsten oxide-based electrochromic systems. Cu-doped W18O49 nanowires
with varying Cu concentrations (0–12 mol%) were synthesized hydrothermally and as-
sembled into thin films via the LB technique, with LB precursors characterized by contact
angle, surface tension, viscosity, and thermogravimetric-differential scanning calorime-
try (TG-DSC) analyses. The films were systematically evaluated using scanning electron
microscopy, X-ray photoelectron spectroscopy, chronoamperometry, and transmittance
spectroscopy. Experimental results reveal an optimal Cu-doping concentration of 8 mol%,
achieving a near-infrared optical modulation amplitude of 76.24% at 1066 nm, rapid switch-
ing kinetics (coloring/bleaching: 5.0/3.0 s), and a coloration efficiency of 133.00 cm2/C.
This performance is speculated to be a balance between Cu-induced improvements in ion
intercalation kinetics and LB-ordering degradation caused by lattice strain and interfacial
charge redistribution, while mitigating excessive doping effects such as structural deteriora-
tion and thermodynamic instability. The work establishes a dual-modification framework
for designing high-performance electrochromic interfaces, emphasizing the critical role of
surface chemistry and nanoscale assembly in advancing adaptive optoelectronic devices
like smart windows.

Keywords: Langmuir–Blodgett assembly; copper doping; W18O49; nanowires; thin films;
near-infrared region; electrochromic materials

1. Introduction

The escalating global energy crisis and environmental challenges have intensified de-
mands for energy-efficient technologies and sustainable functional materials, particularly in
the field of optoelectronic devices. Electrochromic materials, capable of reversibly modulat-
ing optical properties under external electric fields, have emerged as pivotal components for
smart windows, adaptive displays, and energy-saving coatings, offering transformative po-
tential for reducing building energy consumption [1–10]. Among these materials, tungsten
oxide (WO3) has distinguished itself as a frontrunner for next-generation electrochromic
devices due to its high coloration efficiency, strong optical contrast, cost-effectiveness, and
long-term operational stability [11,12].
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Recent advancements have focused on doping strategies and optimized thin-film
fabrication processes to enhance electrochromic performance. For instance, Yong et al.
reported molybdenum-doped WO3 films achieving 55% optical modulation at 550 nm [13],
while Nguyen et al. demonstrated 59% modulation via spin-coated WO3 [14]. However,
persistent limitations in film uniformity, slow switching kinetics, and insufficient spectral
coverage continue to impede their practical implementation. These challenges underscore
an urgent need for innovative manufacturing strategies.

In this work, we address these limitations through the synergistic integration of two
modification approaches: (1) precise engineering of W18O49 nanowires via copper (Cu)
doping, and (2) the novel application of Langmuir–Blodgett (LB) assembly in thin-film
fabrication. The LB technique [15–17], leveraging amphiphilic molecular self-organization
at air-water interfaces, enables the deposition of ordered, homogeneous monolayers with
controlled thickness—a critical advancement over conventional methods prone to inhomo-
geneity and impurity incorporation. By systematically regulating Cu-doping concentra-
tions (0%, 4%, 8%, 12%), we achieved exceptional electrochromic performance, including a
76.24% modulation amplitude at 1066 nm (near-infrared, NIR), rapid switching kinetics
(5.0 s coloration and 3.0 s bleaching), and a coloration efficiency of 133.00 cm2/C.

Furthermore, extending electrochromic activity to the NIR spectrum [18–22] repre-
sents a strategic imperative, given that nearly 50% of solar energy resides in this region.
For instance, Zhou et al. reported WO3/Ag NW films achieving 68.3% of optical mod-
ulation at 1100 nm [23], while Huang et al. demonstrated 72% modulation at 1200 nm
via hydrothermal WO3 nanosheets [24]. Our Cu-doped W18O49 films, fabricated via LB
technology, also effectively address this requirement by demonstrating robust NIR mod-
ulation capabilities that synergize energy-saving benefits with radiative thermal control.
This study not only advances the fundamental understanding of doping-engineered elec-
trochromism but also establishes a scalable paradigm for multifunctional smart coatings in
sustainable architecture and adaptive optics, bridging material innovation with practical
energy management solutions.

2. Materials and Methods

2.1. Material and Reagent Information

Tungsten hexachloride (WCl6, 99.9%), polyvinylpyrrolidone (PVP, average molecular
weight 2500, K12), copper(II) chloride dihydrate (CuCl2·2H2O, 99%), n-hexane (99%), an-
hydrous ethanol (99.5%), and propylene carbonate (PC, 99%) were procured from Macklin
Biochemical Co., Ltd. (Shanghai, China). Lithium perchlorate (LiClO4, 99%) was supplied
by Tongyuan Chemical Co., Ltd. (Guangzhou, China). Indium tin oxide (ITO)-coated glass
substrates (1 × 1 cm2, 2 × 2 cm2; sheet resistance: 10 Ω/cm2) were purchased from New
Vision Optoelectronics Technology Co., Ltd. (Guangzhou, China). All chemicals were used
as received without further purification.

2.2. Fabrication of Thin Films and Devices
2.2.1. Synthesis of W18O49 Nanowires

Four batches of precursors were prepared by dissolving 0.125 g WCl6, 0.003 g PVP,
and varying masses of CuCl2·2H2O (0 g, 0.0021 g, 0.0043 g, and 0.0064 g, corresponding
to Cu molar ratios of 0%, 4%, 8%, and 12%, respectively) in 50 mL anhydrous ethanol
under magnetic stirring until complete dissolution. Each solution was diluted to 150 mL
with ethanol and transferred into a Teflon-lined autoclave for hydrothermal treatment at
180 ◦C for 10 h. The resulting suspensions were centrifuged at 8000 rpm for 5 min, after
which the supernatant was discarded, and the blue gel-like precipitates were collected for
subsequent use.
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2.2.2. Preparation of LB Solutions

The nanowire gels from each doping group were redispersed in 2 mL ethanol and
4 mL n-hexane, followed by homogenization via mechanical stirring. The mixtures were
sonicated for 2 min in a 200 mL water-filled beaker and aged for 24 h to stabilize the
colloidal suspensions.

2.2.3. LB Film Deposition

Figure 1 shows the experimental steps and the schematic diagram of the LB method
for film formation. ITO substrates were ultrasonically cleaned sequentially in deionized
water, ethanol, and water (10 min each) and dried under nitrogen. Then, 0.6 mL of the
aged LB dispersion was spread onto a 30 mL deionized water subphase in a 50 mL beaker.
After 5 min of solvent evaporation, ITO substrates were vertically immersed into the
subphase at a 30◦ angle and withdrawn at a controlled speed (1 min immersion and 1 min
withdrawal) to deposit monolayers. Substrates were air-dried to evaporate residual solvent
and annealed at 150 ◦C for 1 min (single-layer films for SEM) or 30 min (7-layer films
for device integration). Film deposition was performed on the glass side of 1 × 1 cm2

substrates and the ITO side of 2 × 2 cm2 substrates.

 

Figure 1. LB film formation: (a) experimental process, (b) mechanism.

2.2.4. Device Assembly

Electrochromic devices were fabricated by sandwiching the LB-coated ITO substrate
(2 × 2 cm2) with a bare ITO substrate using conductive adhesive, creating an active area of
~1.5 cm2. The interlayer was filled with 1.5 mol/L LiClO4-PC electrolyte to complete the
“sandwich” structure.

2.3. Characterization and Analytical Methods
2.3.1. LB Precursor Solution Analysis

Interfacial Properties: Surface tension and contact angles were measured using an
Attension Theta Lite optical tensiometer (TL200, Biolin Scientific, Gothenburg, Sweden).

Viscosity: Determined with a HAAKE MARS 40 rheometer (Thermo Scientific,
Waltham, MA, USA) at 25 ◦C (Contact angle, surface tension and viscosity were tested
three times).

Thermogravimetric-Differential Scanning Calorimetry (TG-DSC): Conducted on a STA
449 F5 instrument (NETZSCH, Selb, Germany) from 25 ◦C to 400 ◦C at 10 ◦C/min under
nitrogen flow.

2.3.2. Thin Film and Device Characterization

Morphology: Surface topography was imaged by scanning electron microscopy (SEM,
EVO18, Carl Zeiss AG, Oberkochen, Germany) at 20,000× magnification.
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Chemical Composition: X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scien-
tific, Waltham, MA, USA) with Al Kα radiation (1486.6 eV).

Electrochemical Performance: Cyclic chronoamperometry (CA) (±2.5 V, 30 s per
cycle, 5 cycles) using a CHI660E electrochemical workstation (CHI660E, CH Instruments,
Shanghai, China).

Optical Modulation: Transmittance spectra at 550, 600, 700, 800, 900, 1000, 1066 nm
were recorded with a microspectrometer (Morpho PG2000, Shanghai, China). Optical
modulation amplitude, switching times, and coloration efficiency were calculated using
synchronized electrochemical-optical data.

3. Results and Discussion

3.1. Interfacial Properties

The contact angle measurements (Figure 2a–d) demonstrate favorable wettability of
the LB solutions on ITO substrates (contact angles < 90◦), facilitating uniform thin-film
spreading. Low-concentration Cu-doping (4%) increased the contact angle, whereas higher
doping levels (>4%) further reduced the contact angle and enhanced substrate wettability.
This behavior is corroborated by the surface tension and viscosity trends (Figure 2e–f):
4% Cu-doping marginally elevated both parameters, while higher doping concentrations
monotonically decreased them.

The directional patterns in the experimental data suggest a competitive interplay
between the two modification mechanisms—Cu-doping and LB-derived film formation—
which necessitates the existence of a synergistic concentration threshold for optimal elec-
trochromic performance. Subsequently, this critical concentration value will be determined
through comprehensive characterization.

Figure 2. Cont.
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Figure 2. Interfacial properties of W18O49 nanowire LB precursor solutions with different copper
doping concentrations—contact angle: (a) 0%, (b) 4%, (c) 8%, (d) 12%, (e) contact angle line chart,
(f) line chart of surface tension and viscosity. In figures (a–d), the horizontal green baseline represents
the surface of the ITO substrate, and the angle between the blue arrow and the green baseline is the
contact angle, which is marked in red.

3.2. TG-DSC Analysis

As illustrated in Figure 3, the thermogravimetric-differential scanning calorimetry
(TG-DSC) profiles of copper-doped W18O49 nanowire LB precursor solutions exhibit similar
trends across varying doping concentrations. The DSC curves reveal an endothermic peak
near 100 ◦C, while the TG curves display a monotonic mass loss from room temperature to
~110 ◦C, attributable to the evaporation of ethanol and n-hexane (boiling points: 78 ◦C and
69 ◦C, respectively). Above 110 ◦C, the TG curves plateau, indicating thermal stability of the
residual material. The absence of additional endothermic or exothermic transitions in the
DSC profiles confirms no phase transformations occurred during the heating process [25].

 

Figure 3. TG-DSC curves of W18O49 nanowire LB precursor solutions with different copper doping
concentrations: (a) 0%, (b) 4%, (c) 8%, (d) 12%.

Notably, the 8% Cu-doped sample demonstrates the highest endothermic peak temper-
ature (102.4 ◦C) in the DSC analysis, suggesting that solvent evaporation requires greater
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energy input, which reflects enhanced thermodynamic stability. This phenomenon is spec-
ulated to arise from optimized W18O49 crystal structures at moderate Cu-doping levels,
characterized by reduced porosity and strengthened solvent molecule adsorption on the
material surface. Such thermodynamic stability is critical for LB film fabrication, as it
ensures a controlled solvent evaporation process, promoting the formation of uniform
and dense thin films. The resulting compact nanostructure facilitates continuous electron
transport pathways while optimizing ion insertion/extraction kinetics, thereby collectively
enhancing electrochromic performance. This result indicates that 8% may be the optimal
synergistic concentration to be determined, but other characterization methods are still
needed for comprehensive judgment.

3.3. SEM Morphology

Scanning electron microscopy (SEM) analysis revealed distinct structural evolution
in Cu-doped W18O49 thin films (Figure 4). All films exhibited interconnected nanowire
networks, a morphology favorable for electrochromic applications due to their high sur-
face area, which facilitates abundant Li+ intercalation sites and shortened ion diffusion
pathways. Compared to spin-coated films, LB-assembled films demonstrated significantly
improved nanowire alignment overall, indicative of optimized assembly kinetics.

 

Figure 4. SEM images of W18O49 thin films with different copper doping concentrations: (a) spin
coating method (0%); LB method: (b) 0%, (c) 4%, (d) 8%, (e) 12%. The black rectangular box is the
selection area for evaluating the orderliness of orientation.

The structural ordering of Cu-doped W18O49 nanowires was quantitatively assessed by
analyzing SEM images using Image Pro Plus software (v6.0, Media Cybernetics, 10 Eunos
Road 8, Singapore). A rectangular region (2.5 × 1.2 μm2) was selected to calculate the
alignment ratio, defined as the percentage of nanowires oriented within ±10◦ of the
dominant alignment axis relative to the total nanowire count in the region. The alignment
ratio systematically decreased with increasing Cu-doping concentration: 65.24% for 0% Cu
(pristine), 50.65% for 4% Cu, 40.92% for 8% Cu, and 20.54% for 12% Cu. This structural
degradation is attributed to two primary mechanisms:

(1) Lattice strain effects: Cu ions occupying interstitial sites or substituting W atoms
within the W18O49 lattice induce local lattice distortions. Such strain perturbations
disrupt the anisotropic growth dynamics of one-dimensional nanowires, destabilizing
their ordered assembly.

(2) Interfacial charge redistribution: Doping alters the surface charge characteristics
of nanowires [26], perturbing the critical electrostatic equilibrium required for LB
orientation at the air-liquid interface and introducing defects in monolayer stacking.
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The interplay between atomic-scale lattice strain and mesoscale charge imbalance
underscores the sensitivity of LB assembly to dopant-induced perturbations, emphasizing
the necessity for precise doping control in nanofilm engineering.

Significantly, Figure 4e shows localized dark spots in the 12% Cu-doped film, suggest-
ing that excessive doping may compromise surface quality through heterogeneous phase
segregation or impurity accumulation. Cross-referencing SEM observations with DSC data
(Figure 3), we deduce that the optimal synergistic Cu-doping concentration lies near 8%.

3.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) surveys (Figure 5) confirm the elemental
composition of W, O, Cu, and trace C/Si in all films. The Si signal originates from the
ITO substrate, while residual carbon (C 1s at 284.8 eV) stems from incomplete solvent
evaporation during annealing, as evidenced by localized film blackening at excessive
temperatures (>150 ◦C). Notably, Cu 2p 3/2 peaks emerge at 931.5–932.8 eV (Figure 5a–d
insets), with peak intensity scaling linearly with nominal doping concentrations, verifying
controlled Cu incorporation into the W18O49 matrix.

 

Figure 5. XPS spectra of W18O49 thin films with different copper doping concentrations: full spectra
and Cu 2p spectra. (a) 0%, (b) 4%, (c) 8%, (d) 12%.

The calculated O/W atomic ratio (~2.81) slightly exceeded the stoichiometric W18O49

value (2.72), attributed to the oxygen contribution of hydroxyl groups adsorbed on the
substrate and surface, but also largely confirmed the elemental composition of W18O49.
O 1s deconvolution (Figure 6) quantifies lattice oxygen (529.43 ± 0.1 eV) and oxygen
vacancies (530.51 ± 0.1 eV) [27,28]. As the concentration of copper doping increases, the
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concentration of oxygen vacancies first decreases and then increases, reaching a minimum
relative content of 8%, indicating that copper ions occupy the positions of oxygen vacancies
to the maximum extent at this copper doping concentration, providing a higher density
of coloring sites per unit area. This also proves that the 8% is likely to be the optimal
synergistic doping concentration.

 

Figure 6. XPS spectra of W18O49 thin films with different copper doping concentrations: O 1s spectra.
(a) 0%, (b) 4%, (c) 8%, (d) 12%. The four different colors “red, orange, green, and blue” represent the
fitting peak shapes of the experimental groups with copper doping concentrations of “0%, 4%, 8%,
and 12%”, respectively.

3.5. Electrochemical Performance

The electrochemical dynamics of Cu-doped W18O49 electrochromic devices were
investigated via chronoamperometry (CA) under ± 2.5 V cycling (Figure 7). All devices
exhibit rapid current stabilization within 2–3 s during both coloration (negative bias) and
bleaching (positive bias) phases, indicative of efficient double-layer charging and fast
Faradaic charge transfer kinetics. When a step voltage is applied, the larger the sudden
change value of the current, the faster the insertion/extraction rate of ions in the thin film,
and the smaller the charge transfer resistance. The decrease in the sudden change value
of current may reflect an increase in interface resistance or obstruction of ion diffusion,
indicating the deterioration of material structure. Based on the above comparative analysis,
the film doped with 8% copper exhibits a comprehensive combination of high-ion transport
speed and strong stability, demonstrating excellent electrochemical performance. At other
doping concentrations, the instability of current mutation values may be due to the inability
of LB assembly process to maintain a defect minimized single-layer structure due to dopant
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interference, resulting in locally dense/sparse regions. This morphological heterogeneity
will increase the charge transfer resistance.

 

Figure 7. Current–time curves of W18O49 thin film devices with different copper doping concentra-
tions: (a) 0%, (b) 4%, (c) 8%, (d) 12%.

3.6. Optical Modulation and Device Metrics

Figure 8 quantifies the electrochromic response of devices through synchronized
transmittance–time profiling. Key performance metrics were calculated as follows:

• Optical modulation amplitude:

ΔT =Tb−Tc (1)

where Tb (bleaching state) and Tc (coloring state) represent steady-state transmittance.

• Switching time:

tc/tb = t0.9ΔT (2)

t0.9ΔT: time to reach 90% of ΔT.

• Coloration efficiency:

η =
ΔA
Q

(3)

ΔA = lg
Tb
Tc

(4)
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Figure 8. Transmittance–time curves of W18O49 thin film devices with different copper doping
concentrations: (a) 0%, (b) 4%, (c) 8%, (d) 12%.

As shown in Figure 9 and Table 1, device performance exhibits a volcano-type de-
pendence on Cu concentration. The longer the testing band of the device, the greater the
modulation amplitude. At the testing wavelength of 1066 nm, the optimal comprehensive
optical performance index was achieved when doped with 8% copper: (ΔT = 76.24%,
tc = 5.0 s, tb = 3.0 s, η = 133.00 cm2/C). By combining the electrochemical and optical perfor-
mance tests of the device, it can be determined that the optimal synergistic concentration
for achieving the best electrochromic performance through LB film formation and copper
doping is 8%.

 

Figure 9. Line chart: (a) modulation amplitude and coloration efficiency, (b) response time (color-
ing/bleaching).
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Table 1. Summary of device performance test data.

Copper Doping Ratio
(%)

Modulation Amplitude
ΔT (%)

Response Time
tc/tb (s)

Coloration Efficiency
η (cm2/C)

0 48.68 3.5/3.0 77.17

4 35.48 11.0/2.5 101.06

8 76.24 5.0/3.0 133.00

12 73.75 8.0/5.0 102.63

In summary, we further analyze and rationalize the existence of an optimal synergistic
Cu-doping concentration in LB-assembled W18O49 films through the interplay of two
competing mechanisms:

(1) Copper doping increases coloring sites: When the copper doping concentration is
≤8%, increasing the copper doping concentration will introduce additional redox
active centers, thereby increasing the number of available color development sites and
improving the charge storage capacity, enhancing the electrochromic performance.
When the copper doping exceeds 8%, the performance degradation originates from
a critical point where structural degradation (SEM), defect site competition (XPS),
and thermodynamic instability (TG-DSC) outweigh the benefits of increased redox
active sites.

(2) LB-order degradation: According to the quantitative analysis of the orderliness of
SEM images, higher doping levels disrupt the LB-driven structural alignment of
nanowires, leading to reduced ordering and a corresponding decline in coloration site
density per unit area, which detrimentally impacts ion diffusion kinetics and optical
modulation efficiency.

When the doping concentration is low (≤4%), the degradation of the orderliness of
LB films plays a dominant role in affecting their performance, resulting in a decrease
in modulation amplitude when doped with 4% copper compared to when not doped
with copper. When the doping concentration is high (4–8%), copper doping increases
the dominant role of coloring sites and significantly increases the modulation amplitude.
When the doping concentration is too high (>8%), the damage to performance caused by
excessive doping exceeds the gain of the increase in coloring sites, resulting in a slight
decrease in modulation amplitude.

The intersection of these competing curves defines the optimal Cu-doping threshold
(around 8%) (Figure 10). At this critical concentration, the improvement of ion intercalation
kinetics caused by doping is balanced with the degradation of LB ordering caused by
lattice strain and interface charge redistribution, while avoiding the adverse effects of
excessive doping.

This speculative mechanistic framework aligns with experimental observations and
underscores the necessity of balancing atomic-scale doping effects with nanoscale assembly
control for designing high-performance electrochromic systems. The identified 8% Cu-
doping level represents a “sweet spot” where competing electronic, ionic, and structural
factors achieve mutual optimization, offering a universal guideline for defect engineering
in nanostructured functional coatings.

In future improvements, conductivity testing, electrochemical impedance testing and
Raman spectroscopy testing can be combined to further analyze the mechanism of the
synergistic effect. In addition, due to the use of manual pulling in the LB film formation
process in this study, the repeatability is not ideal, and it is difficult to prepare on a large
scale. Machine pulling can be used for future improvements.
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Figure 10. Speculation on the mechanism of synergistic copper doping concentration.

Table 2 summarizes some recent related studies and compares our research results.

Table 2. Comparison between this study and other studies.

Work Film Forming Process Material
Coloration Efficiency η

(cm2/C)
Modulation Amplitude

ΔT (%)

[23] Electrochemical deposition WO3/Ag NW 86.9 68.3 (1100 nm)

[24] Hydrothermal method h-WO3 70.0 72.0 (1200 nm)

[29] Magnetron sputtering WO3 80.5 72.5 (1000 nm)

[30] Magnetron sputtering WO3 102.9 78.8 (1000 nm)

Ours Langmuir–Blodgett method Cu-doped W18O49 133.0 76.2 (1066 nm)

4. Conclusions

This study demonstrates a new manufacturing strategy for high-performance near-
infrared (NIR) electrochromic devices by comprehensively using LB film formation and
copper doping to modify W18O49 nanowire thin films. The system optimization of copper
doping concentration showed that an 8% copper doped device achieved an excellent
near-infrared modulation index at 1066 nm: 76.24% light modulation amplitude, fast
switching kinetics (coloring: 5.0 s, bleaching: 3.0 s), and excellent coloration efficiency
(133.00 cm2/C), making it the optimal synergistic concentration for achieving excellent
comprehensive electrochromic performance. At this critical concentration, it is speculated
that the improvement in ion intercalation kinetics caused by doping is balanced with the
degradation of LB ordering caused by lattice strain and interface charge redistribution,
while avoiding the adverse effects of excessive doping. The observed near-infrared selective
electrochromic response makes W18O49 a promising candidate for spectral selective smart
windows, meeting the key requirements of thermal management without compromising
visible transparency. This work provides a material design blueprint that goes beyond
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traditional visible light with electrochromic properties and has a direct impact on energy-
efficient buildings and adaptive optics systems.

Author Contributions: Conceptualization, Y.W. and H.N.; data curation, Y.W.; formal analysis, Y.W.;
funding acquisition, H.N. and R.Y.; investigation, M.L.; methodology, Y.W.; project administration,
J.P.; resources, H.N.; software, R.L.; supervision, H.N. and R.Y.; validation, Y.W., R.L., and Z.Z.;
visualization, Y.W.; writing—original draft, Y.W., R.H., J.W., M.P., and R.Z.; writing—review and
editing, H.N. and R.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by National Key R&D Program of China (No.2021YFB3600604),
National Natural Science Foundation of China (Grant No.62174057 and 22090024), Guangdong
Natural Science Foundation (No.2024A1515012216 and 2023A1515011026), Educational Commis-
sion of Guangdong Province (Grant Nos.2022ZDZX1002), Key R&D Plan of Guangdong Province
(2022B0303010001), State Key Lab of Luminescent Materials and Devices (Skllmd-2024-05), Southwest
Institute of Technology and Engineering Cooperation Fund (HDHDW59A020301), and the 2025
Hundred Step Ladder Climbing Program (j2tw202502026).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Wang, Y.; Zhang, Z.; Wang, Z.; Zuo, Y.; Zhou, H.; Sun, D.; Li, Y.; Yan, Y.; Feng, T.; Xie, A. Self-seeded growth of hexagonal-phase
WO3 film by a one-step hydrothermal method for high-performance electrochromic energy storage devices. J. Power Sources 2025,
633, 236350. [CrossRef]

2. Huang, S.; Guo, H.; Xia, P.; Sun, H.; Lu, C.; Feng, Y.; Zhu, J.; Liang, C.; Xu, S.; Wang, C. Integrated device of luminescent solar
concentrators and electrochromic supercapacitors for self-powered smart window and display. Nat. Commun. 2025, 16, 2085.
[CrossRef] [PubMed]

3. Jiao, K.; Zhang, Z.; Liu, Y.; Li, J.; Xue, C.; Zhang, J.; Chen, Y.; Chen, Z.; Hou, X.; Zhang, L.; et al. Carbon nanotube-based solid-state
mid-infrared electrochromic devices for smart outdoor thermal management. Chem. Eng. J. 2025, 507, 160802. [CrossRef]

4. Ding, Y.; Qiu, Q.; Jiang, M.; Li, Y.; Shi, J.; Du, L.; Li, C.; Wang, J.; Li, Z. Ti3C2Tx MXene-mediated synthesis of a prussian blue
nanocomposite film for a flexible large-area electrochromic device. ACS Appl. Mater. Interfaces 2025, 17, 15657–15665. [CrossRef]
[PubMed]

5. Gillissen, F.; Lobet, M.; Dewalque, J.; Colson, P.; Spronck, G.; Gouttebaron, R.; Duttine, M.; Faceira, B.; Rougier, A.; Henrard,
L.; et al. Mixed molybdenum-tungsten oxide as dual-band, VIS-NIR selective electrochromic material. Adv. Opt. Mater. 2025,
13, 2401995. [CrossRef]

6. Huang, Z.; Peng, Y.; Zhao, J.; Zhang, S.; Qi, P.; Qu, X.; Yan, F.; Ding, B.; Xuan, Y.; Zhang, X. An efficient and flexible bifunctional
dual-band electrochromic device integrating with energy storage. Nano Micro Lett. 2025, 17, 98. [CrossRef]

7. Xu, H.; Haider, I.; Zheng, Y.; Li, W.; Zhuiykov, S.; Cui, Y. Towards the solid-state electrochromic devices: Platform based on
transparent and flexible solid polymer electrolyte. Chem. Eng. J. 2025, 508, 161116. [CrossRef]

8. Wang, Z.; Liu, G.; Li, C.; Qiao, M.; Tian, M.; Lin, X.; Cui, W.; Wang, X.; Liu, J.; Xu, S. W/WO3/TiO2 multilayer film with elevated
electrochromic and capacitive properties. Materials 2025, 18, 161. [CrossRef]

9. Yaseen, M.; Khattak, M.A.; Khan, A.; Bibi, S.; Bououdina, M.; Usman, M.; Khan, N.A.; Pirzado, A.A.; Abumousa, R.A.; Humayun,
M. State-of-the-art electrochromic thin films devices, fabrication techniques and applications: A review. Nanocomposites 2024,
10, 1–40. [CrossRef]

10. Chen, D.; Chua, M.; He, Q.; Zhu, Q.; Wang, X.; Meng, H.; Xu, J.; Huang, W. Multifunctional electrochromic materials and devices
recent advances and future potential. Chem. Eng. J. 2025, 503, 157820. [CrossRef]

11. Li, M.; Hou, M.; Wu, Y.; Li, X.; Guo, C.; Ning, H.; Li, Z.; Lu, K.; Yao, R.; Peng, J. Preparation and performance optimization of
Ag-ITO composite electrode in electrochromic devices. SID Symp. Dig. Tech. Pap. 2024, 55, 1119. [CrossRef]

12. Wu, H.; Ning, H.; Li, M.; Guo, C.; Li, X.; Qiu, T.; Xu, Z.; Luo, C.; Yao, R.; Peng, J. Cu-doped W18O49 nanowire reticular films for
electrochromic supercapacitors. APL Mater. 2023, 11, 111120. [CrossRef]

13. Yong, W.; Chen, N.; Xiong, T.; Fu, G. Development of high-performance Mo-doped WO3 photo-electrochromic devices. Mater.
Today Chem. 2024, 38, 102095. [CrossRef]

47



Inorganics 2025, 13, 200

14. Nguyen, T.V.; Huynh, K.A.; Le Quyet, V.; Kim, H.; Ahn, S.H.; Kim, S.Y. Highly stable electrochromic cells based on amorphous
tungsten oxides prepared using a solution-annealing process. Int. J. Energy Res. 2021, 45, 8061–8072. [CrossRef]

15. Kondalkar, V.V.; Yang, S.S.; Patil, P.S.; Choudhury, S.; Bhosale, P.N.; Lee, K. Langmuir-Blodgett assembly of nanometric WO3 thin
film for electrochromic performance: A new way. Mater. Lett. 2017, 194, 102–106. [CrossRef]

16. Orman, E.B.; Koca, A.; Özkaya, A.R.; Gürol, I.; Durmus, M.; Ahsen, V. Electrochemical, spectroelectrochemical, and electrochromic
properties of lanthanide bis-phthalocyanines. J. Electrochem. Soc. 2014, 161, H422–H429. [CrossRef]

17. Gu, W.; Li, Q.; Wang, R.; Zhang, L.; Liu, Z.; Jiao, T. Recent progress in the applications of Langmuir–Blodgett film technology.
Nanomaterials 2024, 14, 1039. [CrossRef]

18. Zhai, Y.; Li, J.; Shen, S.; Zhu, Z.; Mao, S.; Xiao, X.; Zhu, C.; Tang, J.; Lu, X.; Chen, J. Recent advances on dual-band electrochromic
materials and devices. Adv. Funct. Mater. 2022, 32, 2109848. [CrossRef]

19. Bai, T.; Li, W.; Fu, G.; Zhang, Q.; Zhou, K.; Wang, H. Dual-band electrochromic smart windows towards building energy
conservation. Sol. Energy Mater. Sol. Cells 2023, 256, 112320. [CrossRef]

20. Cao, S.; Zhang, S.; Zhang, T.; Yao, Q.; Lee, J. A visible light-near-infrared dual-band smart window with internal energy storage.
Joule 2019, 3, 1152–1162. [CrossRef]

21. Li, R.; Lan, F.; Tang, L.; Huang, Y.; Zhao, S.; Wang, B.; Han, Y.; Gao, D.; Jiang, Q.; Zhao, Y.; et al. A local-dissociation solid-state
polymer electrolyte with enhanced Li+ transport for high-performance dual-band electrochromic smart windows. Adv. Funct.
Mater. 2025, 35, 2419357. [CrossRef]

22. Wang, J.; Wang, Z.; Cui, L.; Zhang, M.; Huo, X.; Guo, M. Visible-near infrared independent modulation of hexagonal WO3

induced by ionic insertion sequence and cavity characteristics. Adv. Mater. 2024, 36, 2406939. [CrossRef] [PubMed]
23. Zhou, K.; Wang, H.; Zhang, S.; Jiu, J.; Liu, J.; Zhang, Y.; Yan, H. Electrochromic modulation of near-infrared light by WO3 films

deposited on silver nanowire substrates. J. Mater. Sci. 2017, 52, 12783–12794. [CrossRef]
24. Huang, Q.; Liang, Y.; Cao, S.; Yang, Z. Morphology-dependent near-infrared electrochromic properties of tungsten oxide. Coatings

2023, 13, 344. [CrossRef]
25. Thummavichai, K.; Wang, N.; Xu, F.; Rance, G.; Xia, Y.; Zhu, Y. In situ investigations of the phase change behaviour of tungsten

oxide nanostructures. R. Soc. Open Sci. 2018, 5, 171932. [CrossRef]
26. Ahmed, I.; Dastider, S.G.; Roy, A.; Mondal, K.; Haldar, K.K. Nitrogen doping in NiS/Ni3S4 nanowire-based electrocatalysts for

promoting the second-order hydrogen evolution reaction. ACS Appl. Nano Mater. 2024, 7, 661–671. [CrossRef]
27. Hai, G.; Huang, J.; Cao, L.; Jie, Y.; Li, J.; Wang, X.; Zhang, G. Influence of oxygen deficiency on the synthesis of tungsten oxide and

the photocatalytic activity for the removal of organic dye. J. Alloys Compd. 2017, 690, 239–248. [CrossRef]
28. Lu, D.; Chen, J.; Deng, S.; Xu, N.; Zhang, W. The most powerful tool for the structural analysis of tungsten suboxide nanowires:

Raman spectroscopy. J. Mater. Res. 2008, 23, 402–408. [CrossRef]
29. Zhao, Y.; Zhang, X.; Chen, X.; Li, W.; Wang, L.; Ren, F.; Zhao, J.; Endres, F.; Li, Y. Preparation of WO3 films with controllable

crystallinity for improved near-infrared electrochromic performances. ACS Sustain. Chem. Eng. 2020, 8, 11658–11666. [CrossRef]
30. Zhang, X.; Dou, S.; Li, W.; Wang, L.; Qu, H.; Chen, X.; Zhang, L.; Zhao, Y.; Zhao, J.; Li, Y. Preparation of monolayer hollow

spherical tungsten oxide films with enhanced near infrared electrochromic performances. Electrochim. Acta 2019, 297, 223–229.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

48



Review

Comparative B3PW and B3LYP Calculations of ABO3 (A = Ba, Sr,
Pb, Ca; B = Sn, Ti, Zr) Neutral (001) and Polar (111) Surfaces

Roberts I. Eglitis 1,*, Juris Purans 1, Ran Jia 1,2, Sergei P. Kruchinin 3 and Steffen Wirth 4

1 Institute of Solid State Physics, University of Latvia, 8 Kengaraga Str., LV1063 Riga, Latvia;
juris.purans@cfi.lu.lv (J.P.); jiaran@jlu.edu.cn (R.J.)

2 Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry, Jilin University,
Changchun 130023, China

3 Bogolyubov Institute for Theoretical Physics, National Ukrainian Academy of Science, 03143 Kyiv, Ukraine;
sergeikruchinin@yahoo.com

4 Max-Planck-Institute for Chemical Physics of Solids, D-01187 Dresden, Germany; wirth@cpfs.mpg.de
* Correspondence: rieglitis@gmail.com; Tel.: +371-26426703

Abstract: We completed B3LYP and B3PW computations for AO- and BO2-terminated
(001) as well as AO3- and B-terminated (111) surfaces of BSO, BTO, STO, PTO, CTO, BZO,
SZO, and CZO perovskites. In particular, we performed the first B3LYP computations for
polar BSO (111) surfaces. We observed that most of the upper-layer atoms for AO- and
BO2-terminated ABO perovskite (001) surfaces relax inward. In contrast, practically all
second-layer atoms relax upward. Lastly, almost all third-layer atoms relax inward. This
tendency is less pronounced for atomic relaxation of first, second, and third layer atoms
for AO3- and B-terminated ABO perovskite (111) surfaces. For almost all ABO perovskites,
their (001) surface rumplings s are considerably larger for AO-terminated compared to
BO2-terminated surfaces. On the contrary, the ABO perovskite (001) surface energies, for
both AO and BO2-terminations, are essentially equivalent. The ABO perovskite polar (111)
surface energies are always substantially larger than their neutral (001) surface energies. In
most cases, the surface energies of AO3-terminated ABO perovskite polar (111) surfaces are
considerably larger than their B-terminated surface energies. Our computations illustrate a
noticeable boost in the B-O bond covalency near the BO2-terminated (001) surface related
to the bulk. Our computed ABO perovskite bulk Γ-Γ band gaps are almost always reduced
near the AO- and BO2-terminated neutral (001) surfaces as well as in most cases also near
the AO3- and B-terminated polar (111) surfaces.

Keywords: ABO3 perovskites; (001) surfaces; (111) surfaces; surface energies; B3LYP; B3PW

1. Introduction

Crucial role of surface as well as interface phenomena taking place in the ABO3 (in
the following called ABO for simplicity) perovskites are very serious issues in today’s
condensed matter physics [1–25]. All BaSnO3 (BSO), BaTiO3 (BTO), SrTiO3 (STO), PbTiO3

(PTO), CaTiO3 (CTO), BaZrO3 (BZO), SrZrO3 (SZO), and CaZrO3 (CZO) perovskites belong
to the group of ABO perovskite oxides [26–29]. In our case, A = Ba, Sr, Pb, or Ca, whereas
B = Sn, Ti, or Zr. ABO perovskites have plenty of commercially essential functions. Appli-
cations include actuators, capacitors, charge storage apparatus, and countless others [30,31].
For example, BSO may be used as the protonic conductor [32], with application potential
for fuel cells [32]. BTO is examined as one of the inexpensive preparation price substitutes
for wide band gap semiconductors with application prospects in numerous optoelectric
devices [33]. Doped STO is an excellent anode material for solid oxide fuel cells [34] as well

Inorganics 2025, 13, 100 https://doi.org/10.3390/inorganics13040100
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as a perfect choice for photocatalytic applications [35]. PTO ferroelectric perovskite is an
interesting material for numerous high-temperature as well as high- frequency piezoelectric
applications [36]. CTO perovskite oxide has received recognition in the last years due to
strong catalytic activity [37]. BZO perovskite is attractive as a thermal barrier coating
material, used in gas turbine engines, which work at elevated temperatures [38]. SZO
perovskite has been widely used as a catalyst [39], luminescent material [40], and proton
conductor [41]. CZO perovskite has numerous technologically important applications,
including capacitors and resonators, and also as humidity sensors [42]. For that reason, it
is evident that in the last 25 years, ABO perovskite (001) surfaces were massively explored
experimentally as well as theoretically [43–82].

In contrast to the ABO perovskite neutral (001) surfaces, their charged, polar, and
thereby very complex (111) surfaces are considerably less studied. For example, to the
best of our knowledge, BSO (111) surfaces have never been investigated before, neither
experimentally nor theoretically. Accordingly, in this paper, we performed the first in
the world ab initio calculations, dealing with polar and charged BSO (111) surfaces. BTO
perovskite (111) surfaces were analyzed experimentally by Hagendorf et al. [83,84] by
means of STM, XPS, and LEED methods. Recently, Chun et al. [8] examined the (111)
surface termination of a BTO single crystal employing the combined density functional
theory (DFT) as well as X-ray photoelectron spectroscopy (XPS) methods. They computed
the (111) surface stability of the BTO stoichiometric Ti and BaO3-terminations applying the
DFT + U formalism [8]. Finally, Eglitis [85] performed ab initio hybrid DFT computations
for BTO (111) surfaces and demonstrated that the surface energy of the BaO3-terminated
(111) surface is considerably larger than for the Ti-terminated (111) surface. Pojani et al. [86]
performed semi-empirical Hartree–Fock (HF) calculations and discussed the polarity effects
on the STO (111) surfaces. Biswas et al. [87] detected the upper atomic layer of STO
(001), (011), and (111) surfaces using the time of flight mass spectroscopy. These authors
found [87] that all (001), (011), and (111) surface orientations exhibit the Ti-rich surface [87].
Sekiguchi et al. [88] investigated the changes in STO (111) polar surface structures by
AFM, AES, and XPS experimental techniques as a function of the atmosphere [88]. Tanaka
et al. [89] observed the clean (111) surfaces of reduced STO crystals by means of STM and
RHEED experiments [89]. They observed two different STO (111) surface structures [89].
Namely, the first possible STO (111) surface structure has the SrO3-x outermost layer,
whereas the second possible STO (111) surface structure has the Ti outermost layer [89].
Lastly, Eglitis [90] performed ab initio computations of SrO3- and Ti-terminated STO
(111) polar surface atomic relaxations, surface rumplings, and energies, as well as charge
redistributions and Γ-Γ band gaps [90]. Using the GGA exchange-correlation functional,
Pang et al. [91] calculated the structural and electronic properties as well as the stabilities
of four different terminations of cubic PTO (111) surfaces. For instance, they computed the
directly cleaved Ti- and PbO3-terminated as well as constructed TiO- and PbO2-terminated
PTO (111) polar surfaces [91]. Eglitis [85] performed ab initio B3LYP calculations for
PbO3 and Ti-terminated PTO (111) surfaces and found that for both terminations, the PTO
(111) surface energies are considerably larger than the PTO (001) surface energies [3]. Liu
et al. [92] constructed the stoichiometric as well as nonstoichiometric terminations for
the CTO (111) surfaces. The LDA computations for the CTO (111) surface and cleavage
energies, as well as surface electronic and atomic structure, and surface grand potential,
were performed [92]. Eglitis [90,93] performed ab initio computations for the polar CTO
(111) surfaces using the B3LYP hybrid exchange-correlation functional. The atomic and
electronic structure as well as surface energies and Ti-O chemical bond populations of
the Ti and CaO3-terminated polar CTO (111) surfaces were computed [90,93]. The only
existing ab initio computations dealing with BaO3- and Zr-terminated polar BaZrO3 (111)
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surfaces were performed by Eglitis [94,95]. Namely, these authors performed ab initio
B3LYP computations for BZO polar (111) surface atomic relaxations and electronic structure
as well as energetics for two possible BaO3 and Zr polar (111) surface terminations [94,95].
The only available ab initio computations dealing with polar SrZrO3 (111) surfaces were
performed by Eglitis et al. [85,96]. Specifically, Eglitis et al. [85,96] performed ab initio
hybrid B3LYP computations for surface relaxations and electronic structure as well as
surface energies of Zr- and SrO3-terminated SrZrO3 perovskite polar (111) surfaces. Lastly,
the only recent existing and preliminary ab initio B3LYP computations dealing with CZO
perovskite polar (111) CaO3- and Zr-terminated surface atomic relaxations and surface
energies were performed by Eglitis and Jia [11].

According to the XRD measurement results obtained by Janifer et al. [97], barium
stannate (BSO) is a single-phase cubic perovskite [97,98]. Moreover, BSO has a wide op-
tical band gap equal to 3.1 eV [97,98], and the cubic lattice parameter a is identical to
4.119 Å [97,98]. BTO perovskite exhibits three phase transitions [99,100]. At high tempera-
tures, BTO perovskite has a cubic structure with a symmetrical group

(
Pm3m) [99]. The

BTO perovskite structure changes from this cubic
(

Pm3m) to a tetragonal structure (P4mm)
at 403 K temperature [99]. Then, at 278 K temperature, the BTO perovskite structure changes
to orthorhombic (Amm2) [99]. Lastly, the BTO perovskite structure changes to rhombo-
hedral (R3m) at a temperature of 183 K [99,100]. According to experiments performed by
Wemple [101], the BTO room temperature band gaps are 3.38 eV and 3.27 eV, accordingly,
for light polarized parallel as well as perpendicular to the ferroelectric c axis [101]. STO
perovskite has only one structural phase transition at a temperature of 110 K [102]. This
phase transition reduces the STO perovskite symmetry from high symmetry cubic to tetrag-
onal [102]. The experimentally detected STO perovskite direct (Γ-Γ) band gap energy in
the room temperature cubic phase is equal to 3.75 eV [103]. PTO perovskite displays the
single-phase transition at 763 K temperature from the high-temperature cubic phase to the
tetragonal ferroelectric ground state [104]. The PTO perovskite Γ-Γ band gap, measured
at room temperature in its tetragonal ferroelectric ground state, is equal to 3.4 eV [105].
Ali et al. [106], using the careful Rietveld analysis of the neutron as well as X-ray powder
diffraction data, discovered that the CTO perovskite displays two structural phase transi-
tions [106]. Namely, from a high-temperature cubic CTO structure

(
Pm3m) at 1634 ± 13 K

temperature to a tetragonal structure (I4/mcm) [106]. Finally, at 1498 ± 25 K temperature,
CTO perovskite displays a phase transition to the ground state orthorhombic structure
(Pbnm) [106]. The CTO perovskite Γ-Γ band gap, according to the experimental results
obtained by Ueda et al. in the orthorhombic phase [107], is approximately 3.5 eV [107].
According to Knight [108], the BZO perovskite is cubic at all measured temperatures within
the temperature range from 4.2 K to 450 K [108]. Namely, BZO always has the cubic
perovskite structure with the symmetry group

(
Pm3m) [108]. Therefore, the experimental

BZO Γ-Γ band gap is equal to 5.3 eV [105]. SZO perovskite goes through three structural
phase transitions [109]. Initially, below 970 K temperature, SZO perovskite is orthorhombic
with the symmetry group Pnma [109]. In the temperature range between 970 K and 1020 K,
the SZO perovskite belongs to the other orthorhombic symmetry group Cmcm [109]. At
1020 K temperature, SZO perovskite transfers into the tetragonal structure with the sym-
metry group I4/mcm [109]. Finally, at a temperature above 1360 K, the SZO perovskite
turns into a cubic structure with the symmetry group

(
Pm3m) [109]. According to the

optical conductivity measurements performed by Lee et al. [110], the SZO Γ-Γ gap within
the orthorhombic phase, which is stable at room temperature, is equal to 5.6 eV [110]. CZO
perovskite, at low temperatures, has an orthorhombic structure (Pbnm), which is stable up
to temperatures of 2173 K ± 100 [111,112]. At higher temperatures, CZO perovskite has a
cubic structure with a symmetrical group

(
Pm3m) [111,112]. According to Rosa et al. [113],
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the experimental CZO band gap of the orthorhombic structure at room temperature is
equal to 5.7 eV [113].

The intention of our review paper was to execute essential additional computations
dealing mostly with BSO neutral (001) and especially polar (111) surfaces that have never
been studied before. After completing necessary supplementary first principles computa-
tions for ABO perovskite (001) as well as (111) surfaces, we carefully analyzed our results
and identified the systematic tendencies frequent for all eight BSO, BTO, STO, PTO, CTO,
BZO, SZO, and CZO perovskite neutral (001) [43–82,114–120] and polar (111) [83–96] sur-
faces. This paper research primarily investigates the surface properties. Concretely, the
atomic relaxation, surface energy, chemical bond covalency, as well as electronic band
gaps of ABO perovskites (e.g., BSO, BTO, STO, etc.), are established at both neutral (001)
and polar (111) surfaces. The study aims to enhance the understanding of how surface
characteristics influence the properties of these materials. We want to emphasize that
the topic dealing with the theoretical investigation of ABO perovskite surfaces is both
original and highly relevant to the field of condensed matter physics and materials sci-
ence. While ABO perovskites have been extensively studied, the specific examination
of polar (111) surfaces in the context of BSO, particularly with B3LYP computations, ad-
dresses a notable gap in the literature. Previous research primarily focused on (001)
surfaces [1–5,7–11,22,43,45,48,50,56–61], making this investigation significant for under-
standing surface phenomena that impact applications in electronics and catalysis. This
study adds considerable depth to the existing literature by providing the first computational
analysis of polar (111) surfaces for BSO, and it includes a comprehensive study among
various perovskites. The detailed examination of atomic relaxations, surface energies, and
bond covalency enhances understanding of how surface properties differ for these ABO
perovskite materials compared to bulk behavior, offering insights that can guide future
experimental and theoretical investigations.

2. Simulation Approach and Surface Models

In order to carry out the first principles of DFT-B3PW or DFT-B3LYP computations,
we employed the CRYSTAL computer program [121]. The CRYSTAL code makes use
of Gaussian-type functions (GTFs) localized on all perovskite atoms. They are the basis
for the expansion of the crystalline orbitals [122]. The superiority of the CRYSTAL ab
initio code [121,122] is its capability to compute confined 2D (001) and (111) ABO per-
ovskite slabs without forced periodicity along the z-axis [121]. In order to make use of the
linear combination of atomic orbitals (LCAO-GTF) method [121,122], it is advantageous
to utilize the optimized basis sets (BS) [121]. The optimized BS for BTO, STO, and PTO
perovskites was developed in Ref. [123]. The BS for Sn was taken from the CRYSTAL
computer code [121]. The relevant BS, used for CTO, BZO, SZO, and CZO perovskites and
their surfaces, are described in Refs. [2,124–126]. All our ABO perovskite bulk as well as
(001) and (111) surface computations were performed by means of the B3PW [127,128] or
B3LYP [129] hybrid exchange-correlation functionals. Both B3PW and B3LYP functionals
give comparable results for ABO perovskites [2–4,9,56]. However, it is important to note
that the hybrid exchange-correlation functionals, like B3PW or B3LYP, allow us to achieve
an excellent agreement with the experiment for the Γ-Γ band gaps of the related complex
oxide materials, whereas the GGA-PBE and LDA exchange-correlation functionals, as a
rule, underestimate the relevant Γ-Γ band gaps [2–4,9,56]. On the other hand, it is well
known that the HF approach considerably overestimates the Γ-Γ band gaps [2–4,9,56]. We
performed the reciprocal space integration by checking out the Brillouin zone for the 5 atom
ABO perovskite cubic unit cell, applying the 8 × 8 × 8 times increased Pack Monkhorst
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mesh [130] for the ABO perovskite bulk [2–4,11,124–126,131] as well as the 8 × 8 × 1 times
increased mesh for their (001) and (111) surfaces [2–4,11,85,90,124–126,131].

The ABO perovskite (001) surfaces were described using 2D slabs (Figures 1 and 2).
These slabs subsist from nine planes located perpendicular to the [001] crystal direction.

Figure 1. Outline of the BO2-terminated (001) surface of ABO–type perovskite enclosing nine
atomic layers.

Figure 2. Outline of the AO-terminated (001) surface of ABO–type perovskite enclosing nine
atomic layers.
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Namely, to compute ABO perovskite (001) surfaces, we considered slabs consisting
of nine alternating BO2 and AO layers (Figures 1 and 2). The mirror symmetries of
the slabs were retained regarding their central layers (Figures 1 and 2). Our computed
23-atom-containing slab with BO2-terminated surfaces as well as the 22-atom slab with
AO-terminated surfaces are depicted in Figures 1 and 2, respectively. Both these slabs
are non-stoichiometric. They have unit-cell formulas A4B5O14 and A5B4O13, respectively
(Figures 1 and 2). The succession of the ABO-perovskite (001) surface layers as well as
the definitions of the interplane separations Δd12, Δd23, and the surface rumpling s are
pictured in Figure 1.

In contrast to the ABO perovskite neutral (001) surfaces, the polar (111) surfaces subsist
of charged AO3 and B planes, as depicted in Figure 3. The ABO perovskite polar (111)
surfaces have been characterized with 2D slabs, subsisting of nine planes perpendicular to
the [111] direction in the crystal. In order to compute the ABO perovskite polar (111) sur-
faces, we employed slabs subsisting of nine alternating B and AO3 layers (Figures 3 and 4).
The first slab is terminated by B planes and subsists of a supercell consisting of 21 atoms
(B-AO3-B-AO3-B-AO3-B-AO3-B) (Figure 4a). Another slab is terminated by AO3 planes
(Figure 4b). The corresponding supercell contains 24 atoms (AO3-B-AO3-B-AO3-B-AO3-B-
AO3) (Figure 4b). Both these slabs are non-stoichiometric (Figures 3 and 4). They have unit
cell formulas A4B5O12 and A5B4O15, respectively (Figure 4). As we know from earlier ab
initio computations, devoted to the polar ABO perovskite (111) surfaces [11,86,92,132–134],
the powerful electron reallocation takes place for these terminations in order to eliminate
the polarity [11,86,92,132–134]. Consequently, the AO3- as well as B-terminated ABO-
perovskite (111) surfaces maintain their insulating character, and such computations can
thereby be realized [11,86,92,132–134].

 

Figure 3. ABO perovskite structure displaying two (111) surface terminations: AO3 and B.
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(a) (b) 

Figure 4. Outline of slab constructions used to explore ABO perovskite (111) surfaces. (a) Non-
stoichiometric ABO slab consisting of 9 layers with B-terminated (111) surfaces. (b) Non-
stoichiometric ABO slab consisting of 9 layers with AO3-terminated (111) surfaces.

The first step for the ABO perovskite (001) and (111) surface energy computations is
to calculate the relevant cleavage energies. Our computed cleavage energies are equally
shared amid the created surfaces [2–4,11,85,94,135]. Namely, the ABO perovskite (001) and
(111) surfaces arise as a result of simultaneous (001) as well as (111) cleaved perovskite
crystal [2–4,11,85,94,135]. In our executed ABO perovskite (001) surface cleavage energy
computations, the nine-layer AO- and BO2-terminated slabs together embody 45 atoms
corresponding to nine ABO perovskite unit cells:

Esurf
unr(AO + BO2) = ¼ [Eslab

unr(AO) + Eslab
unr(BO2) − 9Ebulk], (1)

where Eslab
unr(AO) and Eslab

unr(BO2) are the unrelaxed AO- and BO2-terminated ABO
perovskite nine layer (001) slab total energies. Ebulk denotes the total energy of the ABO
perovskite bulk unit cell containing five atoms. The factor equal to ¼ implies that four
surfaces were generated due to the ABO perovskite (001) cleavage. In the second step, the
AO- and BO2-terminated nine-layer (001) slab relaxation energies, taking into account the
relaxation of slabs from both sides, were computed, as follows:

Erel(λ) = ½ [Eslab
rel(λ) − Eslab

unr(λ)], (2)

where λ is AO or BO2. Eslab
rel(λ) is relaxed from both sides with regard to the AO- or

BO2-terminated (001) slab total energy. Eslab
unr(λ) is the total energy for unrelaxed AO

or BO2-terminated ABO perovskite (001) slab. Lastly, the AO- or BO2-terminated ABO
perovskite (001) surface energy should be calculated using the following equation:

Esurf(λ) = Esurf
unr(AO + BO2) + Erel(λ). (3)

With this, we computed the ABO perovskite (111) surface as well as cleavage energies.
Again, B- and AO3-terminated ABO perovskite (111) surfaces are complementary. For that
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reason, the cleavage energy is the same for both AO3 and B-terminated ABO perovskite
(111) surfaces. Thereby, the cleavage energy for the complementary surface Ecl(AO3 + B)
may be computed from the total energies of nine-layer unrelaxed AO3- and B-terminated
ABO perovskite (111) slabs, as follows:

Ecl(AO3 + B) = ¼ [Eslab
unr(B) + Eslab

unr(AO3) − 9Ebulk], (4)

where Eslab
unr(B) is our computed total energy of unrelaxed 21 atoms containing B-

terminated ABO perovskite nine-layer (111) slab. Eslab
unr(AO3) is our computed total

energy for 24 atoms containing a nine-layer unrelaxed AO3-terminated ABO perovskite
(111) slab. The relaxation energies for AO3- and B-terminated ABO perovskite (111) surfaces
can be obtained via the following equation:

Erel(β) = ½ [Eslab
rel(β) − Eslab

unr(β)], (5)

where β = AO3 or B describes the ABO perovskite (111) surface termination. In the end,
the ABO perovskite AO3- or B-terminated (111) surface energy is equal to the sum of the
cleavage (4) and relaxation (5) energies, as follows:

Esurf(β) = Ecl(AO3 + B) + Erel(β) (6)

3. Computation Results for ABO Perovskite Bulk as Well as (001) and
(111) Surfaces

3.1. ABO Perovskite Bulk Atomic and Electronic Structure

As the starting point of our B3LYP and B3PW computations, we computed the the-
oretical bulk lattice constants for BSO, BTO, STO, PTO, CTO, BZO, SZO, and CZO per-
ovskites [2–4,90,94,123–126,131] (Table 1). We matched our computation results with the
accessible experimental data [106,136–140] (Table 1). For some ABO perovskites, we also
performed the theoretical lattice constant computations by means of the ab initio Hartree–
Fock (HF) method [121,122,141–143]. For our ab initio DFT [144,145] bulk lattice constant
computations, we employed the Generalized Gradient approximation [146] suggested by
Perdew and Wang (PWGGA) [127,128]. As we can see from Table 1, according to our B3PW
computation results, the SZO and BTO perovskite bulk lattice constants (4.155 Å [131] and
4.008 Å [3], respectively) are almost in ultimate agreement with the relevant experimental
data (4.154 Å [140] and 4.00 Å [137], respectively). It must be pointed out that for BSO,
BTO, STO, PTO, and SZO perovskites, our B3LYP computed bulk lattice constants (4.107 Å,
4.04 Å, 3.94 Å, 3.96 Å, and 4.195 Å, respectively) are larger than the relevant B3PW com-
puted bulk lattice constants (4.087 Å, 4.008 Å, 3.904 Å, 3.936, Å, and 4.155 Å, respectively)
(Table 1).

In order to describe the covalency effects, effective atomic charges, and chemical bond-
ings for the ABO perovskites bulk and their (001) as well as (111) surfaces, we employed a
classical Mulliken population analysis [147–150].

Our B3LYP computed effective atomic charges and bond populations for BSO as well
as for seven other perovskites are collected in Table 2. As we can see from Table 2, our
B3LYP computed effective atomic charges for the BSO bulk are (+1.825e) for the Ba atom,
(+2.122e) for the Sn atom, and (−1.316e) for the O atom (Table 2). It is worth noting that our
computed Sn atom charge in the BSO perovskite (+2.122e) is the smallest B atom charge
among all eight computed ABO perovskites (Table 2). Our B3LYP-computed Sn-O chemical
bond population (+0.284e) in BSO perovskite (Table 2) is considerably larger than the
respective B-O chemical bond populations for the other seven computed ABO perovskites,
ranging from only (+0.084e) for CTO to (+0.108e) for the BZO perovskite.
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Table 1. B3LYP-, B3PW-, PWGGA-, and HF-computed bulk lattice constants (in Å) for the BSO,
BTO, STO, PTO, CTO, BZO, SZO, and CZO perovskite bulk. The experimental data (in Å) are listed
for comparison.

Perovskite Functional Calculated Experiment

BSO

B3LYP 4.107

4.119 [136]
B3PW 4.087

PWGGA 4.107

HF 4.078

BTO
B3LYP 4.04 [123]

4.00 [137]
B3PW 4.008 [3]

STO
B3LYP 3.94 [123]

3.89 [137]
B3PW 3.904 [4]

PTO
B3LYP 3.96 [123]

3.97 [138]
B3PW 3.936 [3]

CTO

B3LYP 3.851 [90]

3.8967 [106]
B3PW 3.851 [2]

PWGGA 3.884 [131]

HF 3.863 [131]

BZO

B3LYP 4.234 [94]

4.199 [139]
B3PW 4.234 [124]

PWGGA 4.24 [131]

HF 4.25 [131]

SZO

B3LYP 4.195 [125]

4.154 [140]
B3PW 4.155 [131]

PWGGA 4.176

HF 4.182

CZO B3LYP 4.157 [126] No data for the
cubic phase

Table 2. Our B3LYP or B3PW computed effective atomic charges Q (e) as well as bond populations P
(e) in BSO, BTO, STO, PTO, CTO, BZO, SZO, and CZO perovskites.

Bulk Material BSO BTO STO PTO CTO BZO SZO CZO

Ion Property B3LYP B3PW B3PW B3PW B3PW B3PW B3LYP B3LYP

A
Q +1.825 +1.797 +1.871 +1.354 +1.782 +1.815 +1.880 +1.787

P −0.030 −0.034 −0.010 +0.016 +0.006 −0.012 +0.002 +0.014

O
Q −1.316 −1.388 −1.407 −1.232 −1.371 −1.316 −1.351 −1.310

P +0.284 +0.098 +0.088 +0.098 +0.084 +0.108 +0.092 +0.086

B Q +2.122 +2.367 +2.351 +2.341 +2.330 +2.134 +2.174 +2.144

Our B3LYP- (3.65 eV) or B3PW-computed (3.68 eV) bulk Γ-Γ band gaps for BSO per-
ovskite are in a more acceptable agreement with the experimental result of (3.1 eV) [97,98]
than our HF (12.11 eV) or PWGGA (1.71 eV) computation results (Table 3).
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Table 3. Our B3LYP-, B3PW-, PWGGA-, and HF-computed Γ-Γ band gaps (in eV) for ABO perovskite
bulk. Experimental ABO perovskite bulk Γ-Γ band gaps are listed for comparison (in eV).

ABO Perovskite Method
Γ-Γ Band Gap,
Bulk, Theory

Experiment

BSO

B3LYP 3.65

3.1 [97,98]
B3PW 3.68

PWGGA 1.71

HF 12.11

BTO

B3LYP 3.49 [123]

No data for cubic
phase

B3PW 3.55 [123]

PWGGA 1.97 [123]

HF 11.73 [123]

PTO

B3LYP 4.15 [123]

No data for cubic
phase

B3PW 4.32 [123]

PWGGA 2.61 [123]

HF 12.74 [123]

STO

B3LYP 3.89 [123]

3.75 [103]
B3PW 3.96 [123]

PWGGA 2.31 [123]

HF 12.33 [123]

CTO

B3LYP 4.20 [131]

No data for cubic
phase

B3PW 4.18 [131]

PWGGA 2.34 [131]

HF 12.63 [131]

BZO

B3LYP 4.79 [94]

5.3 [105]
B3PW 4.93 [131]

PWGGA 3.24 [131]

HF 12.96 [131]

SZO

B3LYP 5.31 [125]

No data for cubic
phase

B3PW 5.30 [125]

PWGGA 3.53 [125]

HF 13.54 [125]

As we can see from Figure 5 and Table 3, our B3PW-computed BTO bulk Γ-Γ band
gap is equal to 3.55 eV [123]. It is comparable with our B3LYP-computed BTO bulk Γ-
Γ band gap equal to 3.49 eV (Table 3). It is worth noting that our HF-computed BTO
bulk Γ-Γ band gap is really huge (11.73 eV), whereas the PWGGA computed band gap is
comparatively small, only 1.97 eV (Table 3). There are no experimental data available for
the high-temperature cubic BTO bulk Γ-Γ band gap. Nevertheless, Wemple suggested that
the BTO room temperature Γ-Γ band gaps are equal to 3.38 and 3.27 eV for parallel and
perpendicular, respectively, polarized light to the ferroelectric axis c [101].
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Figure 5. Our B3PW computed electronic BTO bulk band structure (Table 3). The dashed line
correspond to the bulk valence band maximum.

As it is possible to see from Figure 6 and Table 3, our B3PW-computed PTO bulk
Γ-Γ band gap is equal to 4.32 eV [123]. It is in the same range as our B3LYP-computed
PTO bulk Γ-Γ band gap equal to 4.15 eV [123] (Table 3). It is interesting to notice that our
HF-computed PTO bulk Γ-Γ band gap is very large and equal to (12.74 eV) [123]. Just
the opposite, the PWGGA computed PTO bulk Γ-Γ band gap is very small, only 2.61 eV
(Table 3). To the best of our knowledge, there are no experimental data available for the
high-temperature cubic PTO bulk Γ-Γ band gap. As it is possible to see from Table 3, the
PWGGA computed STO bulk Γ-Γ band gap is equal to 2.31 eV [123], whereas the HF
computed respective band gap is 5.34 times larger and equal to 12.33 eV. It is important
to note that STO bulk Γ-Γ band gaps, computed by means of B3LYP (3.89 eV) and B3PW
(3.96 eV) hybrid exchange-correlation functionals, almost coincide [123]. They are both
in good agreement with the available experimental data for the STO bulk Γ-Γ band gap
(3.75 eV) [103].

Figure 6. Our B3PW computed electronic PTO bulk band structure (Table 3). The dashed line
correspond to the bulk valence band maximum.
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Our PWGGA-computed BZO bulk Γ-Γ band gap is very small, equal to only
3.24 eV [131] (Table 3). In contrast, our HF computed BZO bulk Γ-Γ band gap is ex-
actly four times larger (12.96 eV) (Table 3) [131]. Again, almost equal and in fair agreement
with the experiment (5.3 eV) [105] are our B3LYP- (4.79 eV) [94] as well as B3PW-computed
(4.93 eV) (Figure 7) bulk Γ-Γ band gaps.

Figure 7. Our B3PW-computed electronic band structure for BZO bulk. The dashed line correspond
to the bulk valence band maximum.

As we can see from Figure 8 and Table 3, our PWGGA-computed ABO perovskite bulk
Γ-Γ band gaps are in the energy range from 1.71 eV (BSO) to 3.53 eV (SZO). The PWGGA-
computed ABO perovskite bulk Γ-Γ band gaps (Figure 8) are always considerably smaller
than relevant experimental values as well as B3LYP-, B3PW-, and HF-computed respective
band gaps (Table 3). As we can see from Figure 8, our B3PW- and B3LYP-computed
ABO perovskite bulk Γ-Γ band gaps always are very close and in fair agreement with the
available experimental data (Table 3). In contrast, our HF-computed ABO perovskite Γ-Γ
bulk band gaps are in the energy range from 11.73 eV (BTO) to 13.54 eV (SZO) and always,
to a very great extent, overestimate the relevant experimental data (Table 3 and Figure 8).

Figure 8. Our computed and experimental bulk Γ-Γ band gaps for seven ABO perovskites derived by
different theoretical and experimental methods: (1) PWGGA; (2) Experiment; (3) B3LYP; (4) B3PW;
(5) HF.
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3.2. ABO Perovskite (001) Surface Atomic and Electronic Structure

Our B3LYP or B3PW computation results for the upper two- or three-layer atomic
relaxations of BO2- or AO-terminated ABO perovskite (001) surfaces (Tables 4 and 5).
As we can see from Tables 4 and 5, in most cases, the ABO perovskite BO2- and AO-
terminated (001) surface upper layer atoms relax inward, toward the bulk, the second
surface layer atoms relax outward, and third surface layer atoms, again, relax inward. For
the AO-terminated ABO perovskite (001) surface upper two layers (Table 5), the metal
atom relaxation magnitudes are always considerably larger than the respective oxygen
atom relaxation magnitudes. The largest relaxation magnitude between all upper layer
atoms exhibits the CaO-terminated CTO (001) surface upper layer Ca atom (−10.01% of a0)
(Table 5). Between all second-layer atoms, the largest relaxation magnitude exhibits the
TiO2-terminated PTO (001) surface Pb atom (+5.32% of a0) (Table 4).

Table 4. Our B3LYP- or B3PW-computed atomic relaxation (in % of a0) for BO2-terminated BSO, BTO,
STO, PTO, CTO, BZO, SZO, and CZO (001) surfaces.

Bulk Material BSO BTO STO PTO CTO BZO SZO CZO

Terminat., (001) SnO2 TiO2 TiO2 TiO2 TiO2 ZrO2 ZrO2 ZrO2

Layer Ion B3LYP B3PW B3PW B3PW B3PW B3PW B3LYP B3LYP

1
B −0.97 −3.08 −2.25 −2.81 −1.71 −1.79 −1.38 −1.30

O −0.27 −0.35 −0.13 +0.31 −0.10 −1.70 −2.10 −2.31

2
A +0.93 +2.51 +3.55 +5.32 +2.75 +1.94 +2.81 +4.23

O −0.04 +0.38 +0.57 +1.28 +1.05 +0.85 +0.91 +1.25

3
B −0.11 - - - - −0.03 −0.04 −0.05

O +0.03 - - - - 0.00 −0.05 −0.09

Table 5. Our B3LYP- or B3PW-computed atomic relaxation (in % of a0) for AO-terminated BSO, BTO,
STO, PTO, CTO, BZO, SZO, and CZO (001) surfaces.

Bulk Material BSO BTO STO PTO CTO BZO SZO CZO

Terminat., (001) BaO BaO SrO PbO CaO BaO SrO CaO

Layer Ion B3LYP B3PW B3PW B3PW B3PW B3PW B3LYP B3LYP

1
A −1.75 −1.99 −4.84 −3.82 −8.31 −4.30 −7.63 −10.01

O −0.39 −0.63 +0.84 −0.31 −0.42 −1.23 −0.86 −0.79

2
B +0.39 +1.74 +1.75 +3.07 +1.12 +0.47 +0.86 +1.11

O −0.07 +1.40 +0.77 +2.30 +0.01 +0.18 −0.05 +0.01

3
A −0.20 - - - - −0.01 −1.53 −2.60

O +0.02 - - - - −0.14 −0.45 −0.48

In order to obtain a comparison between experimental results as well as our B3LYP-
or B3PW-computed ABO perovskite (001) surface atomic structures, we computed and
listed the surface rumpling and the changes in interlayer distances Δd12 and Δd23 in
Table 6. We computed the surface rumplings and interlayer distances Δd12 and Δd23 for
completely relaxed ABO perovskite (001) surfaces (Tables 4 and 5). For B3LYP and B3PW
computations of interlayer distances, we employed the positions of fully relaxed metal
atoms (Tables 4 and 5).
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Table 6. Our B3LYP- or B3PW-computed and experimentally detected surface rumpling s and relative
displacements Δdij (in % of a0) for the three near-surface planes [151–154].

Mater. Method AO-Terminated (001) Surface BO2-Terminated (001) Surface

s Δd12 Δd23 s Δd12 Δd23

STO

B3PW 5.66 −6.58 +1.75 2.12 −5.79 3.55

LDA [151] −3.4 +1.2 −3.5 +1.6

LEED [152] 4.1 ± 2 −5 ± 1 2 ± 1 2.1 ± 2 1 ± 1 −1 ± 1

RHEED [153] 4.1 2.6 1.3 2.6 1.8 1.3

BSO B3LYP +1.36 −2.14 +0.59 +0.70 −1.90 +1.04

BTO
B3PW +1.37 −3.73 +1.74 +2.73 −5.59 +2.51

LDA [151] −2.8 +1.1 −3.1 +0.9

PTO
B3PW +3.51 +6.89 +3.07 +3.12 −8.13 +5.32

LDA [151] −4.2 +2.6 −4.4 +3.1

CTO
B3PW +7.89 −9.43 +1.12 +1.61 −4.46 +2.75

GGA [67] +0.37 −0.44 +0.22 +0.13 −0.41 +0.33

BZO B3PW +3.07 −4.77 +0.48 +0.09 −3.73 +1.97

SZO

B3LYP +6.77 −8.49 +2.39 −0.72 −4.19 +2.85

LDA [154] +7.9 −9.1 +3.2 −0.7 −6.1 +4.2

GGA [154] +7.8 −9.3 +3.3 +0.3 −7.4 +4.9

CZO B3LYP +9.22 −11.12 +3.71 +1.01 −5.53 +4.28

According to our B3PW computations, the STO surface rumpling s for the SrO-
terminated STO (001) surface (5.66% of a0) is 2.67 times larger than the relevant surface
rumpling s for the TiO2-terminated STO (001) surface (Table 6). As we can see from Table 6,
our B3LYP-computed surface rumpling (1.36% of a0) for the BaO-terminated BSO (001)
surface is almost two times larger than for the SnO2-terminated BSO (001) surface (+0.70%
of a0). The systematic trend is (Table 6) that for all our computed ABO perovskites, the
surface rumpling for AO-terminated (001) surfaces is larger than for BO2-terminated (001)
surfaces. The single exception from this systematic trend is our B3PW computed BTO per-
ovskite, where the surface rumpling for the TiO2-terminated BTO (001) surface (2.73% of a0)
is approximately two times larger than for the BaO-terminated BTO (001) surface (1.37% of
a0) (Table 6). As it is possible to see from Table 6, there is always a contraction between the
first and second layer metal atoms (Δd12) for both AO- and BO2-terminated (001) surfaces
of all our computed ABO perovskites. The sole exception from this systematic trend is the
expansion of the PbO-terminated PTO perovskite (001) surface first and second layer metal
atoms by (6.89% of a0) (Table 6). Just the opposite, there is always an expansion between the
second- and third-layer metal atoms (Δd23) for both AO- and BO2-terminated (001) surfaces
of all our computed ABO perovskites [151–154] (Table 6). Our B3PW computations for
AO- and TiO2-terminated STO (001) surfaces are in fair agreement with previous ab initio
LDA computations performed by Meyer et al. [151]. Also, our B3PW computed surface
rumpling s amplitudes for SrO- and TiO2-terminated (001) surfaces of STO perovskite are
in fair agreement with available LEED [152] and RHEED [153] experiments. It is worth
noting that for TiO2-terminated STO (001) surfaces, our B3PW computer surface rumpling
s value (2.12% of a0) is in almost perfect agreement with available LEED [152] experimental
data (2.1 ± 2% of a0).

62



Inorganics 2025, 13, 100

As we can see from Tables 2 and 7 and Figure 9, the B atom charge on BO2-terminated
(001) surfaces of BSO (+1.957e), BTO (+2.307e), STO (2.291e), PTO (2.279e), and CTO (2.278e)
are smaller than in their bulk (+2.122e, +2.367e, +2.351e, +2.341e, and +2.330e, respectively).
On the contrary, for BZO, SZO, and CZO perovskites, the B atom charges on their ZrO2-
terminated (001) surfaces (+2.173e, +2.196e, and +2.172e) (Table 7) are larger than in their
bulk (+2.134e, +2.174e, and +2.144e, respectively) (Table 2). The largest charge difference is
for the Sn atom in the BSO bulk (+2.122e) and on its SnO2-terminated (001) surface (+1.957e)
(Figure 9), equal to (+0.165e). As we can see from Figure 10, the absolutely largest chemical
bond population is between the Sn and O atoms on the SnO2-terminated BSO perovskite
(001) surface (+0.298e) (Table 7). The chemical bond population between the Sn and O
atoms is also very large in the BSO bulk (+0.284e) (Table 2). Without doubt, the systematic
trend is that for all eight of our ab initio computed ABO perovskites, the B-O atom chemical
bond population on their BO2-terminated (001) surface always is larger than in the ABO
perovskite bulk (Figure 10).

Table 7. Our computed magnitudes of atomic displacements are D (in Å), the effective atomic charges
Q (in e), and the bond populations P (in e) between the nearest Me-O atoms for the BO2-terminated
ABO perovskite (001) surfaces.

BO2-Terminated ABO Perovskite (001) Surfaces

BSO BTO STO PTO CTO BZO SZO CZO

Functional B3LYP B3PW B3PW B3PW B3PW B3PW B3LYP B3LYP

Layer Prop. Ion SnO2 TiO2 TiO2 TiO2 TiO2 ZrO2 ZrO2 ZrO2

1

D

B

−0.04 −0.123 −0.088 −0.111 −0.066 −0.076 −0.058 −0.054

Q +1.957 +2.307 +2.291 +2.279 +2.278 +2.173 +2.196 +2.172

P +0.298 +0.126 +0.118 +0.114 +0.114 +0.132 +0.114 +0.102

D

O

−0.011 −0.014 −0.005 +0.012 −0.004 −0.072 −0.088 −0.096

Q −1.089 −1.280 −1.296 −1.184 −1.267 −1.239 −1.277 −1.258

P −0.022 −0.038 −0.014 +0.044 +0.016 −0.018 −0.002 +0.018

2

D

A

+0.038 +0.101 +0.139 +0.209 +0.106 +0.082 +0.118 +0.176

Q +1.803 +1.767 +1.850 +1.275 +1.754 +1.797 +1.869 +1.772

P −0.026 −0.030 −0.008 +0.008 +0.006 −0.010 +0.002 +0.012

D

O

−0.002 +0.015 +0.022 +0.050 +0.041 +0.036 +0.038 +0.052

Q −1.333 −1.343 −1.365 −1.167 −1.324 −1.273 −1.287 −1.235

P +0.268 +0.090 +0.080 +0.080 +0.086 +0.106 +0.094 +0.090

3

D

B

−0.005 - - - - −0.001 −0.002 −0.002

Q +2.105 +2.365 +2.348 +2.335 +2.326 +2.133 +2.172 +2.14

P +0.290 +0.104 +0.096 +0.108 +0.090 +0.116 +0.102 +0.098

D

O

+0.001 - - - - 0 −0.002 −0.004

Q −1.303 −1.371 −1.384 −1.207 −1.354 −1.30 −1.331 −1.286

P −0.030 −0.034 −0.010 +0.018 +0.008 −0.012 +0.002 +0.014
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Figure 9. Our ab initio computed BO2-terminated ABO perovskite (001) surface (line 1) upper layer B
atom as well as ABO perovskite bulk (line 2) B atom charges (in e).

Figure 10. Our ab initio computed B-O chemical bond populations P (in e) for the ABO perovskite
bulk (1) as well as BO2-terminated (001) surfaces (2).

Our B3LYP computed BSO bulk Γ-Γ band gap (3.65 eV) is reduced near the SnO2-
terminated BSO (001) surface (1.90 eV) (Table 8). It is intriguing to observe that our B3LYP-
computed BaO-terminated BSO (001) surface Γ-Γ band gap (3.81 eV) is approximately
two times larger than the SnO2-terminated (001) band gap (1.90 eV) (Table 8). For STO
perovskite, our computed Γ-Γ bulk band gap (3.96 eV) [56] almost coincides with the
TiO2-terminated STO (001) surface band gap (3.95 eV) [56]. In general, the ABO perovskite
bulk Γ-Γ band gaps, as a rule, are larger than the AO or BO2-terminated (001) surface band
gaps (Table 8). The single exception from this general rule is the BSO perovskite, where
the AO-terminated (001) surface band gap (3.81 eV) is larger than the bulk Γ-Γ band gap
(3.65 eV) (Table 8). Our B3PW-computed BTO (001) surface band structures are depicted in
Figure 11. As we can wee from Figure 11a, our B3PW-computed BaO-terminated BTO (001)
surface Γ-Γ band gap is equal to 3.49 eV [56]. Even smaller is our B3PW computed Γ-Γ band
gap for the TiO2-terminated BTO (001) surface (2.96 eV) (Figure 11b). Figure 12 exhibits
our B3PW computed PTO (001) surface band structures [56]. Namely, the Γ-Γ band gap for
the PbO-terminated PTO (001) surface (Figure 12a) is equal to 3.58 eV [56], whereas the Γ-Γ
band gap for the PTO TiO2-terminated (001) surface is equal to 3.18 eV [56] (Figure 12b).
Finally, our B3PW-computed band structures for the BZO (001) surfaces [131] are displayed
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in Figure 13. Our B3PW-computed Γ-Γ band gap for the BaO-terminated BZO (001) surface
is equal to 4.82 eV (Figure 13a), while the ZrO2-terminated BZO (001) surface Γ-Γ band gap
is even smaller and equal to 4.48 eV [131] (Figure 13b).

Table 8. Our B3LYP- or B3PW-computed ABO perovskite bulk as well as AO- and BO2-terminated
(001) surface Γ-Γ band gaps (in eV).

Material, Method Bulk Γ-Γ Band Gap AO-Termin., (001) BO2-Termin., (001)

BSO, B3LYP 3.65 3.81 1.90

BTO, B3PW 3.55 [56] 3.49 [56] 2.96 [56]

STO, B3PW 3.96 [56] 3.72 [56] 3.95 [56]

PTO, B3PW 4.32 [56] 3.58 [56] 3.18 [56]

CTO, B3PW 4.18 [131] 3.87 [131] 3.30 [131]

BZO, B3PW 4.93 [131] 4.82 [131] 4.48 [131]

SZO, B3LYP 5.31 [125] 5.04 4.91

CZO, B3LYP 5.40 [126] 5.00 5.22

  
(a) (b) 

Figure 11. Our B3PW-computed band structures for BaO- and TiO2-terminated BTO (001) surfaces
((a) and (b), respectively). The dashed lines correspond to the bulk valence band maximum.

  
(a) (b) 

Figure 12. Our B3PW-computed band structures for PbO- and TiO2-terminated PTO (001) surfaces
((a) and (b), respectively). The dashed lines correspond to the valence band maximum.
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(a) (b) 

Figure 13. Our B3PW-omputed band structures for BaO- and ZrO2-terminated BZO (001) surfaces
((a) and (b), respectively). The dashed lines correspond to the valence band maximum.

Our B3LYP- or B3PW-computed eight ABO perovskite bulk as well as AO- and BO2-
terminated (001) surface Γ-Γ band gaps are pictured in Figure 14. As we can see from
Figure 14, the BSO perovskite SnO2-terminated (001) surface has the absolutely smallest
Γ-Γ band gap, equal to 1.90 eV. In contrast, the largest Γ-Γ band gap, between all eight of
our computed ABO perovskite BO2-terminated (001) surfaces, is for the ZrO2-terminated
CZO (001) surface (5.22 eV) (Table 8 and Figure 14). The smallest Γ-Γ band gap, between all
eight of our computed ABO perovskite AO-terminated (001) surfaces (Figure 14), is for the
BaO-terminated BTO (001) surface (3.49 eV), whereas the largest is for the SrO-terminated
SZO (001) surface (5.04 eV) (Table 8 and Figure 14). As it is possible to see from Table 8 and
Figure 14, in 15 cases, that our computed ABO perovskite Γ-Γ band gaps for the AO- and
BO2-terminated (001) surfaces are smaller than the respective ABO perovskite bulk Γ-Γ
band gaps. The single exception from this systematic trend is our B3LYP computed BSO
perovskite BaO-terminated (001) surface Γ-Γ band gap (3.81 eV), which is slightly larger
than the BSO perovskite bulk Γ-Γ band gap (3.65 eV).

Figure 14. Our B3PW- or B3LYP-computed bulk (l) as well as AO- (2) and BO2-terminated (3) eight
ABO perovskite (001) surface Γ-Γ band gaps.
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Table 9 lists our B3PW- or B3LYP-calculated eight ABO perovskite (001) surface ener-
gies. As we can see from Table 9, the absolute largest surface energies, according to our
B3LYP computations, are for BSO perovskite BaO (1.38 eV) and SnO2-terminated (1.39 eV)
(001) surfaces (Table 9). The energy difference between these two BSO perovskite (001)
surface terminations as well as BZO perovskite BaO (1.30 eV) and ZrO2-terminated (1.31 eV)
(001) surfaces are extremely small, at only 0.01 eV (Table 9). The absolute smallest ABO
perovskite (001) surface energies, according to our B3PW computations, are for PTO AO-
(0.83 eV) and TiO2-terminated (0.74 eV) (001) surfaces (Table 9). The unconditionally largest
surface energy difference between ABO perovskite AO- and BO2-terminated (001) surfaces
is for CZO perovskite CaO- (0.87 eV) and ZrO2-terminated (1.33 eV) (001) surfaces, equal
to 0.46 eV.

Table 9. Our B3LYP- or B3PW-computed (001) surface energies (in eV per surface cell) for BSO, BTO,
STO, PTO, CTO, BZO, SZO, and CZO perovskites [2–4,124–126].

ABO Perovskite (001) Surface Energies

Termination AO BO2

BSO, B3LYP 1.38 [This paper] 1.39 [This paper]

BTO, B3PW 1.19 [3] 1.07 [3]

STO, B3PW 1.15 [4] 1.23 [4]

PTO, B3PW 0.83 [3] 0.74 [3]

CTO, B3PW 0.94 [2] 1.13 [2]

BZO, B3PW 1.30 [124] 1.31 [124]

SZO, B3LYP 1.13 [125] 1.24 [125]

CZO, B3LYP 0.87 [126] 1.33 [126]

3.3. ABO Perovskite (111) Surface Atomic and Electronic Structure

We performed first in the world ab initio computations for the BSO perovskite (111)
surfaces (Tables 10 and 11). As we can see from the performed B3LYP computations for the
Sn-terminated BSO (111) surface (Table 10), the upper layer Sn atom very slightly relaxes
inward by (0.50% of a0). Also, both second-layer atoms, Ba and O, relax inward by a
rather small relaxation magnitude of (0.51% and 0.30% of a0, respectively). In contrast,
the third layer Sn atom moves upward by a slightly larger relaxation magnitude (0.73%
of a0) (Table 10). The largest upper layer atom inward relaxation magnitudes are for Ti
(11.19% of a0) and Zr (11.07% of a0) atoms on the Ti- and Zr-terminated BTO and CZO
(111) surfaces, respectively (Table 10). All eight ABO perovskite (111) surface upper layer B
atoms relax inward (Table 10). Also, all eight send layer metal atoms on the B-terminated
ABO perovskite (111) surface relax inward. The largest second-layer metal atom inward
relaxation magnitude is for the Ti atom (14.02% of a0) on the Ti-terminated CTO (111)
surface (Table 10). Contrarily, six of eight second-layer oxygen atoms on the B-terminated
ABO perovskite (111) surface relax upward (Table 10). Finally, the metal atom relaxation
directions on the third layer of B-terminated ABO perovskite (111) surfaces are rather
random. Namely, the BSO, STO, PTO, and SZO perovskite third-layer metal atoms relax
upward, whereas the BTO, CTO, BZO, and CZO third-layer atoms relax inward (Table 10).
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Table 10. Our B3LYP-computed relaxation of B-terminated BSO, BTO, STO, PTO, CTO, BZO, SZO,
and CZO (111) surface upper three layer atoms (% of a0).

Layer Ion BSO BTO STO PTO CTO BZO SZO CZO

Displacement (Δz) (Δz) (Δz) (Δz) (Δz) (Δz) (Δz) (Δz)

Termination Sn-ter. Ti-ter. Ti-ter. Ti-ter. Ti-ter. Zr-ter. Zr-ter. Zr-ter.

1 B −0.50 −11.19 −3.58 −7.57 −6.23 −8.03 −5.72 −11.07

2
A −0.51 −6.22 −11.24 −10.09 −14.02 −9.73 −11.92 −11.31

O −0.30 +2.74 +1.53 −0.13 +1.30 +0.78 +0.79 +0.14

3 B +0.73 −0.25 +0.26 +0.53 −0.26 −0.02 +1.53 −0.96

Table 11. Our B3LYP-computed relaxation of the AO3-terminated BSO, BTO, STO, PTO, CTO, BZO,
SZO, and CZO (111) surface upper three layer atoms (% of a0).

Layer Ion BSO BTO STO PTO CTO BZO SZO CZO

Displacement (Δz) (Δz) (Δz) (Δz) (Δz) (Δz) (Δz) (Δz)

Termination BaO3 BaO3 SrO3 PbO3 CaO3 BaO3 SrO3 CaO3

1
A +3.90 −1.24 +1.33 +1.01 −0.52 +1.70 −0.74 −3.61

O −0.35 −3.98 −0.03 −2.52 −0.81 −0.57 −0.52 −0.07

2 B +0.47 +2.49 +1.81 +0.02 +2.13 +0.21 +0.74 +1.20

3
A +0.45 +1.49 −0.03 +1.26 +2.60 +0.71 −0.02 −0.02

O −0.01 −0.25 −0.26 +1.26 −0.07 −0.01 −0.18 −0.07

As we can see from Table 11, according to our performed B3LYP computations, all
eight upper layer O atoms on the AO3-terminated ABO perovskite (111) surfaces always
relax inward. Their inward relaxation magnitudes are in the range from 0.03% of a0 for
the STO perovskite to 3.98% of a0 for the BTO perovskite (Table 11). In contrast, four
upper-layer metal atoms relax upward as well as four metal atoms inward (Table 11).
The largest upward relaxation magnitude is for the Ba atom (3.90% of a0) on the BaO3-
terminated BSO (111) surface upper layer (Table 11). All second-layer metal atoms on the
AO3-terminated ABO perovskite (111) surface relax outward (Table 11). The largest upward
relaxation magnitude on the AO3-terminated ABO perovskite (111) surface second layer
is for the BTO perovskite Ti atom (2.49% of a0), whereas the smallest upward relaxation
magnitude is for the PTO perovskite Ti atom, only (0.02% of a0) (Table 11). On the third
layer of the AO3-terminated ABO perovskite (111) surface, most of the metal atoms (five)
relax outward, whereas most of the O atoms (seven) relax inward (Table 11). The largest
relaxation magnitude, between all third-layer atoms, is for the CTO perovskite Ca atom
(2.60% of a0) (Table 11).

As a next step, we computed the Γ-Γ band gaps for seven ABO perovskite B- and
AO3-terminated (111) surfaces (Table 12). In most cases, the ABO perovskite bulk Γ-Γ band
gaps are reduced near their ABO3- and B-terminated (111) surfaces (Table 12). Namely,
for the AO3-terminated ABO perovskite (111) surfaces, only the BaO3-terminated BTO
(111) surface Γ-Γ band gap (3.60 eV) is larger than the BTO perovskite Γ-Γ bulk band gap
(3.49 eV) (Table 12). The largest reduction in the Γ-Γ band gap on the AO3-terminated (111)
surface is for the SrO3-terminated SZO (111) surface, where the surface band gap (4.75 eV)
is reduced regarding the SZO bulk Γ-Γ band gap (5.31 eV) by 0.56 eV (Table 12). On the
B-terminated ABO3 perovskite (111) surfaces, the bulk Γ-Γ band gaps for STO, PTO, BZO,
and SZO perovskites (3.99 eV, 4.15 eV, 4.79, and 5.31 eV, respectively) are reduced near
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their Ti-, Ti-, Zr-, and Zr-terminated (111) surfaces (3.98 eV, 3.93 eV, 4.47 eV, and 4.57 eV,
respectively) (Table 12).

Table 12. Our B3LYP-computed Γ-Γ band gaps for ABO perovskite bulk as well as their B- and
AO3-terminated (111) surfaces (in eV).

Termin., Γ-Γ Gap BSO BTO STO PTO CTO BZO SZO CZO

Bulk, Γ-Γ band gap 3.65 3.49 3.99 4.15 4.20 4.79 5.31 5.40

B-term., (111) surf. Sn Ti Ti Ti Ti Zr Zr Zr

Γ-Γ band gap 4.19 4.14 3.98 3.93 4.44 4.47 4.57 -

AO3-t., (111) surf. BaO3 BaO3 SrO3 PbO3 CaO3 BaO3 SrO3 CaO3

Γ-Γ band gap 3.60 3.60 3.72 3.78 3.78 4.51 4.75 -

Our B3LYP-computed surface energies of polar B (line 3) and AO3-terminated (line 4)
ABO perovskite (111) surfaces are presented in Table 13 and plotted in Figure 15, together
with ABO perovskite neutral BO2 (line 2) and AO-terminated (line 1) (001) surface energies
(Table 9). We computed the ABO perovskite (111) surface energies using Equations (4)–(6).
Just opposite to the ABO perovskite (001) surfaces (Table 9), it is possible to see from
Table 13 that different polar ABO perovskite (111) surface terminations B and AO3, lead to
quite different (111) surface energies (Table 13 and Figure 15). As we can see from Table 13
and Figure 15, the lowest ABO perovskite (111) surface energies are for Ti-terminated CTO
(4.18 eV) and STO (4.99 eV) (111) surfaces. At the same time, the largest ABO perovskite
(111) surface energies are for the SrO3- and CaO3-terminated SZO and CZO (111) surfaces
(9.45 eV and 9.62 eV, respectively) (Table 13). The largest (111) surface energy difference
between two different surface terminations for ABO perovskite is for Ti- (6.14 eV) and
PbO3-terminated (8.11 eV) PTO perovskite (111) surfaces (1.97 eV) (Table 13 and Figure 15).
In contrast, the smallest energy difference is between the Sn- (5.20 eV) and BaO3-terminated
(5.13 eV) BSO perovskite (111) surfaces, i.e., only 0.07 eV (Figure 15). It is worth noting
that for seven ABO perovskites, their AO3-terminated (111) surface energy is larger than
their B-terminated (111) surface energy (Table 13 and Figure 15). The only exception from
this systematic trend is the BSO perovskite, where the Sn-terminated (111) surface energy
(5.20 eV) is larger than the BaO3-terminated (111) surface energy (5.13 eV).

Table 13. Our B3LYP-computed surface energies for 8 ABO perovskite B and AO3-terminated (111)
surfaces (in eV).

Term., Surf. Energy BSO BTO STO PTO CTO BZO SZO CZO

B-term., (111) surf. Sn Ti Ti Ti Ti Zr Zr Zr

Surf. Energy (111) 5.20 7.28 4.99 6.14 4.18 7.94 7.98 8.19

AO3-t., (111) surf. BaO3 BaO3 SrO3 PbO3 CaO3 BaO3 SrO3 CaO3

Surf. Energy (111) 5.13 8.40 6.30 8.11 5.86 9.33 9.45 9.62
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Figure 15. Our B3LYP-computed ABO perovskite surface energies for neutral AO- (line 1) and BO2-
terminated (line 2) (001) surfaces as well polar B- (line 3) and AO3-terminated (line 4) (111) surfaces.

4. Conclusions

As we can see from Figure 8, the hybrid exchange-correlation functionals B3LYP and
B3PW allow us to achieve a fair agreement with the experiments for ABO perovskite bulk
Γ-Γ band gaps [2–4,9,56]. At the same time, the HF method considerably overestimates the
bulk Γ-Γ band gaps, whereas the PWGGA method underestimates them [2–4,9,56]. This
was the key reason why we choose the B3LYP and B3PW hybrid exchange-correlation
functionals for our ABO perovskite bulk and surface computations [2–4,9,56].

We completed B3LYP and B3PW computations for AO and BO2-terminated (001) as
well as AO3- and B-terminated (111) surfaces of BSO, BTO, STO, PTO, CTO, BZO, SZO,
and CZO perovskites. We observed that most of the upper-layer atoms for AO- and
BO2-terminated ABO perovskite (001) surfaces relax inward. The two exceptions from
this systematic trend are the upward relaxation of oxygen atoms on the TiO2-terminated
PTO (001) surface by (0.31% of a0) (Table 4) as well as on the SrO-terminated STO (001)
surface by (0.84% of a0) (Table 5). In contrast, all second-layer metal atoms relax upward.
Also, practically all second-layer oxygen atoms relax upward. Only the oxygen atoms
on SnO2- and BaO-terminated BSO as well as SrO-terminated SZO (001) surfaces relax
inward by a very small relaxation magnitude of (0.04, 0.07, and 0.05% of a0, respectively)
(Tables 4 and 5). Lastly, almost all third-layer atoms, again, relax inward.

This tendency is less pronounced for atomic relaxation of first-, second-, and third-
layer atoms for AO3- and B-terminated ABO perovskite (111) surfaces (Tables 10 and 11).
Namely, 20 from 24, or 83.33%, of ABO perovskite (111) surface upper layer atoms relax
inward. Nevertheless, only 14 from 24, or 58.33%, of ABO perovskite (111) surface second
layer atoms relax upward. Finally, again, only 58.33% of the third layer (111) surface
atoms relax inward. For almost all ABO perovskites, their (001) surface rumplings s are
considerably larger for AO-terminated compared to BO2-terminated surfaces. For example,
B3PW- or B3LYP-computed surface rumplings s for AO-terminated STO, BSO, and CTO
(001) surfaces (5.66, 1.36, and 7.89) are considerably larger than the respective surface
rumplings s for BO2-terminated STO, BSO, and CTO (001) surfaces (2.12, 0.70, and 1.61,
respectively) (Table 6).

On the contrary, the ABO perovskite (001) surface energies, for both AO- and BO2-
terminations, are essentially equivalent. The largest computed ABO perovskite (001) surface
energy is for the BO2-terminated BSO (001) surface (1.39 eV), whereas the smallest is for
the TiO2-terminated PTO (001) surface (0.74 eV) (Table 9). The ABO perovskite polar (111)
surface energies always are substantially larger than their neutral (001) surface energies.
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Namely, the largest ABO perovskite polar (111) surface energy is for the CaO3-terminated
CZO (111) surface (9.62 eV), whereas the smallest is for the Ti-terminated CTO (111) surface
(4.18 eV) (Table 13 and Figure 15). In most cases, the surface energies of AO3-terminated
ABO perovskite polar (111) surfaces are considerably larger than their B-terminated surface
energies. Specifically, for BTO, STO, PTO, CTO, BZO, SZO, and CZO perovskites, their
AO3-terminated (111) surface energy is considerably larger than their B-terminated (111)
surface energy (Table 13 and Figure 15). The only omission from this systematic trend is
BSO perovskite, where the Sn-terminated (111) surface energy (5.20 eV) is 0.07 eV larger
than the BaO3-terminated (111) surface energy (5.13 eV).

Our computations illustrate a noticeable boost in the B-O chemical bond covalency
near the ABO perovskite BO2-terminated (001) surface related to the bulk. Particularly, for
BSO, BTO, STO, PTO, CTO, BZO, SZO, and CZO perovskites, their bulk B-O chemical bond
covalency (+0.284e, +0.098e, +0.088e, +0.098e, +0.084e, +0.108e, +0.092e, +0.086e) increases
near the BO2-terminated ABO perovskite (001) surface (+0.298e, +0.126e, +0.118e, +0.114e,
+0.114e, +0.132e, +0.114e, +0.102e). The absolutely largest B-O chemical bond covalency
is near the SnO2-terminated BSO perovskite (001) surface (+0.298e), whereas the smallest
B-O chemical bond covalency is between Ti-O atoms (+0.084e) in the CTO perovskite bulk
(Tables 2 and 7). Our computed ABO perovskite bulk Γ-Γ band gaps are almost always
reduced near the AO- and BO2-terminated neutral (001) surfaces as well as in most cases
also near the AO3- and B-terminated polar (111) surfaces.

We want to stress that our B3LYP and B3PW computations of ABO perovskite neutral
(001) as well as polar (111) surface characteristics are very helpful in order to interpret
processes, where surfaces exhibit a key role [155–157]. For instance, in the chemistry and
physics of ABO perovskite surface reactions, (001) and (111) surface as well as interface
aspect, and adsorption. Specifically, a wide variety of useful technological applications of
ABO perovskites counting electrooptical and piezoelectrical devices as well as fuel cells
and microelectrodes have inspired their theoretical research [155–157].
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Abstract: This work reports the light-to-heat conversion (LHC) behavior of NaNdF4 doped with
Sm3+. Due to the cross-relaxation between Nd3+ and Sm3+, the improved LHC is obtainable by
introducing 5% Sm3+. When the laser power density is only 1.72 W/cm2, the spot temperature of
NaNdF4:5%Sm3+ powder reaches as high as 138.7 ± 4.04 ◦C. More importantly, the photoheating
response to the pump laser has favorable linear characteristics within a specific power range. A
simple physical model is applied to analyze the relationship between photothermal heating and
pump power. Finally, the temperature-responsive luminescence anti-counterfeiting is designed by
combining the LHC material with the NaYF4:Yb3+/Ho3+/Ce3+ microcrystals. This novel strategy
only requires two laser beams, and thus is more convenient to apply.

Keywords: photothermal heating; NaNdF4:Sm3+; upconversion luminescence; anti-counterfeiting

1. Introduction

Photothermal heating (i.e., electron−phonon coupling under radiation excitation) has
been considered harmful to luminescence [1]. However, it has recently attracted increasing
attention because of its potential applicability in tumor photothermal therapy [2–5].

In principle, the ion centers for light-to-heat conversion (LHC) should have a high state
density to allow for the fast multi-phonon relaxation processes. Moreover, it is significant
to incorporate a high concentration of LHC ions into the host materials since the cross-
relaxation between LHC ions is another effective channel to quench luminescence. Due
to meager quantum yield, Yb3+-sensitized upconversion luminescence (UCL) materials
have been reported for optical heaters [6–8]. However, this strategy is not particularly
ideal because, on the one hand, the Yb3+ ions produce strong ~1000 nm emission [9],
while on the other hand, the energy gap between some levels of Er3+, Tm3+, and Ho3+ is
relatively large, which makes it difficult for the multi-phonon relaxation to occur. To solve
the issues, Chen et al. selected Dy3+ and Sm3+, with a high state density in the energy
range of 0–10,000 cm−1, as LHC ions, thus obtaining favorable photothermal heating
properties [10,11]. Compared to Yb3+, Nd3+ possesses a larger absorbing cross-section, and
its relatively abundant energy levels allow it to be a self-sensitized LHC ion [12,13]. Notably,
the pure Nd3+-based materials (e.g., NaNdF4) emit efficient near-infrared light when
excited at ~800 nm radiation [14,15], which means the LHC is improvable via quenching
the luminescence. Recently, Yu et al. reported that designing Prussian blue-coated NaNdF4
nanoparticles is an effective strategy [16]. In contrast, Nd3+/Sm3+ codoping is much
simpler in the preparation procedure. Nevertheless, the previous reports doped relatively
low concentrations of Nd3+ or high concentrations of Sm3+, resulting in low radiation
absorption at ~800 nm [12,17]. A more reasonable doping should be to fully quench the
luminescence of Nd3+ ions without significantly affecting the light absorption. That is, the
content of Nd3+ should be high, while that of Sm3+ is relatively low.
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On the other hand, some studies have shown that the thermal-responsive UCL color
tuning is potentially applicable in advanced luminescence anti-counterfeiting [18–21].
Nevertheless, external heating prevents its real applications. Applying Nd3+-sensitized
LHC materials to tune the upconversion luminescence seems a promising strategy. But as
far as we know, there have been no relevant reports.

In this work, 5% Sm3+ is introduced into the NaNdF4 lattice to quench the near-
infrared emission of Nd3+ under 808 nm excitation. As a result, the improved LHC
property is obtainable. Mechanism studies indicate that the absorbed excitation energy
is completely converted into thermal energy through the self-quench of Nd3+ and the
cross-relaxation between Nd3+ and Sm3+. Impressively, when the change of dissipation
temperature with power is ignorable, the spot temperature of NaNdF4:5%Sm3+ has a
favorable linear relationship with the pump power density. Finally, this LHC material
is applied to regulate the UCL color of NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ under 980 nm
excitation. Compared to the external temperature control, this novel strategy only requires
two laser beams and thus is more convenient to use.

2. Results and Discussion

Figure 1a,b shows the Rietveld refinement of XRD data for the samples obtained by
adjusting the ratio of Ln3+ and F−. Rwp and Rp below 10% suggest that the phase purity is
high. More interestingly, the phase structure of fluorides is controllable. When the molar
ratio of Ln3+ to F− is 4:1 and 12:1, the as-prepared samples are indexed to hexagonal NdF3
(JCPDS No. 09-0416) and NaNdF4 (JCPDS No. 72-1532), respectively. After introducing
5% Sm3+ into the host, no impurities are observable, which suggests that the introduction
of Sm3+ ions does not destroy the crystal structure. Based on Hume-Rothery rules for
atomic substitution [22], it can be inferred that the doped Sm3+ ions occupy the Nd3+

sites. SEM images, shown in Figure 1c,d, reveal that NdF3:5%Sm3+ and NaNdF4:5%Sm3+

present different preferred orientation growth, which can be attributed to the difference in
surface density of the lattice [18]. Furthermore, EDX mappings show that the Sm3+ ions are
uniformly distributed in the lattice of the NaNdF4:5%Sm3+ sample, as shown in Figure 1e–i.
The concentration ratio of Nd to Sm is estimated to be about 19.8, which is very close to the
designed molar ratio.

Figure 2 shows the heating characteristics of NdF3:5%Sm3+ and NaNdF4:5%Sm3+

samples under 808 nm laser irradiation. Both samples show good LHC behavior, but
the latter is better due to its stronger light absorption. When the laser power density is
1.72 W/cm2, the spot temperature of NaNdF4:5%Sm3+ powder reaches 138.7 ± 4.04 ◦C,
higher than NaGdF4:Yb3+/Er3+ [6] and NaNdF4 (~128.4◦C, in this work) under the same
excitation conditions. More interestingly, the photoheating response of NaNdF4:5%Sm3+

to the pump laser has favorable linear characteristics within a specific power range. Still,
overall, the responsiveness (i.e., the slope of the linear fit) is on a downward trend. In
addition, due to high energy dissipation, increased measurement errors are observed when
the pump power density is beyond 6 W/cm2.

Nd3+ and Sm3+ are both excellent luminescence centers [23–25], especially, the pro-
portion between an electric dipole to magnetic dipole transition (i.e., symmetry ratio) of
Sm3+ ions can be used to examine its local environment [26]. Herein, to understand the
LHC behavior of NdF3:5%Sm3+ and NaNdF4:5%Sm3+, we tested the photoluminescence
spectra of the samples with and without Sm3+ ions under 808 nm excitation. As shown
in Figure 3a, NdF3 and NaNdF4 produce typical near-infrared emission in the range of
850–910 nm, corresponding to the 4F3/2→4I11/2 and 4F3/2→4I13/2 transitions of Nd3+, re-
spectively. However, the luminescence quenching occurs after being doped with Sm3+.
When the Sm3+ concentration is 5%, the emission peaks are completely quenched. Con-
tinuing to increase the concentration of Sm3+ (e.g., 40%), would result in little observable
change in the spectrum.
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Figure 1. (a,b) Rietveld refinement of XRD data and (c,d) SEM image of NaNdF4:5%Sm3+ and
NdF3:5%Sm3+ as well as (e–i) EDX mapping of F, Na, Nd and Sm elements in NaNdF4:5%Sm3+

sample.

 
Figure 2. Photothermal heating of NdF3:5%Sm3+ and NaNdF4:5%Sm3+ flake samples, with a di-
ameter of 10 mm and thickness of 1 mm, under 808 nm excitation. The inset gives a simple model
for analyzing the relationship between photoheating and pump laser power, in which Qa, Qd,
and QT represent the absorbed excitation energy, dissipated thermal energy, and residual thermal
energy, respectively.
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Figure 3. (a) Photoluminescence spectra of various Sm3+-doped NaNdF4 and NdF3 under 808 nm
excitation; (b) decay curves of 891 nm emission in various samples; (c) energy level of Nd3+ and Sm3+

and the proposed cross-relaxation channels between Nd3+ and Sm3+.

No emissions belonging to Sm3+ ions are observed in the Sm3+-doped sample, indicat-
ing the doped Sm3+ acts only as the quenching center of luminescence. Direct evidence can
be found in Figure 3b, in which the emission lifetime of Nd3+ decreases with increasing
the Sm3+ concentration. Taken together, Figure 3c illustrates the proposed mechanism of
photon absorption, radiation transition, and non-radiative transition. When excited at
808 nm, Nd3+ first transitions from the 4I9/2 level to the 4F5/2 state and then rapidly decays
to the 4F3/2 level via the multi-phonon relaxation. Since the energy gap (~5380 cm−1) from
this level to the 4I15/2 level far exceeds the phonon energy of NdF3 and NaNdF4 [15,27,28],
the electrons at the 4I15/2 level mainly return to 4I11/2 and 4I13/2 levels through radiation
transition. However, after introducing Sm3+, the following cross-relaxation processes occur
and quench the luminescence of Nd3+.

CR1: 4F3/2(Nd3+) + 6H5/2(Sm3+)→4I15/2(Nd3+) + 6H13/2(Sm3+);

CR2: 4F3/2(Nd3+) + 6H5/2(Sm3+)→4I13/2(Nd3+) + 6F5/2(Sm3+);

CR3: 4F3/2(Nd3+) + 6H5/2(Sm3+)→4I11/2(Nd3+) + 6F9/2(Sm3+);

CR4: 4F3/2(Nd3+) + 6H5/2(Sm3+)→4I9/2(Nd3+) + 6F11/2(Sm3+).

In summary, herein the absorbed excitation energy is completely converted into
thermal energy through the self-quench of Nd3+ [12,13] and the cross-relaxation between
Nd3+ and Sm3+.

The inset in Figure 2 shows a simple model for analyzing the relationship between
LHC and pump laser power. As shown, Qa, Qd, and QT represent the absorbed excitation
energy, dissipated thermal energy, and residual thermal energy, respectively. According
to the principle of conservation, QT = Qa − Qd. Therefore, the temperature function is
written as

Ts =
ρσN0

C
− Qd

C
+ T0 (1)

where Ts is the radiation spot temperature, ρ represents the 808 nm laser power density,
C represents the heat capacity of the material, σ represents the transition cross-section
from the Nd3+ ground state to 4F5/2, N0 represents the population of Nd3+ ground state,
and T0 is the ambient temperature. Furthermore, according to the dimensions of physical
quantities, the first and second terms on the right side of Equation (1) can be defined as the
light absorption temperature (Ta) and the heat dissipation temperature (Td), respectively.
In this case, Equation (1) is rewritten as the following simplified form:

Ts = Ta − Td + T0 (2)

It is evident that Ta and Td are increasing functions of pump power. However, Ta is al-
ways greater than Td, and thus Ts increases monotonically with the increase in pump power.
Impressively, when Td does not change much with power, Ts can be approximately re-
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garded as a linear function of pump power. The analysis is consistent with the experimental
results in Figure 2, indicating that the physical model we proposed is reasonable.

As a proof of concept, the LHC of NaNdF4:5%Sm3+ will be applied to regulate the
UCL color of NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ microcrystals. Figure 4a,b shows the
XRD pattern and SEM image of NaYF4:20%Yb3+/2%Ho3+/5%Ce3+, respectively. It is clear
that the as-prepared UCL material belongs to the hexagonal structure, and its particles
appear as short rods. Furthermore, the temperature-dependent UCL properties, shown
in Figure 4c, indicate that the NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ is applicable in thermal-
responsive UCL color regulation. The possible mechanism is given in Figure 4d. Since
heating improves the phonon-assisted CR1 and CR2 processes, the UCL color tuning from
green to red is observed [29]. As shown in Figure 4e, a luminescence anti-counterfeiting is
designed by using NaNdF4:5%Sm3+ and NaYF4:20%Yb3+/2%Ho3+/5%Ce3+, in which the
Chinese character “Light” is printed on a transparent glass substrate, and NaNdF4:5%Sm3+

and silica gel are mixed and evenly coated on the Chinese character to form a dense heating
film (referred to as NNS film). As expected, when irradiated from the glass substrate side
with a 980 nm laser, clear green fonts can be observed (Figure 4f), followed by the spot
temperature of 35 ◦C. However, when 808 nm is used to excite the NNS film, the color of the
font quickly turns to red, corresponding to the spot temperature as high as 180 ◦C. Keeping
the 808 nm radiation but turning off the 980 nm laser, the temperature of the irradiated
area remains almost unchanged, but the luminous font is no longer visible. Notably, herein
808 nm and 980 nm lasers are used as a thermal- and optical-switch, respectively, and thus
the external temperature-control device is abandoned.

 
Figure 4. XRD (a), SEM (b), UCL spectra (c), and luminescence mechanism (d) of
NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ as well as the photothermal-responsive anti-counterfeiting struc-
ture designed using NaNdF4:5%Sm3+ and NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ (e) and its application
display (f).

3. Experimental Section

3.1. Preparation of Sm3+-Doped NdF3 and NaNdF4 Microcrystals

A hydrothermal method was used to prepare the NdF3 and NaNdF4 microcrystals
doped with different concentrations of Sm3+. Typically, LnNO3 (Ln3+ = 95 mol% Nd3+ +
5 mol% Sm3+) solution (20 mL) was obtained by dissolving Nd(NO3)3·6H2O (99.9%, Al-
addin Scientific Corp., Riverside, CA, USA) and Sm(NO3)3·6H2O (99.9%, Aladdin Scientific
Corp.) with deionized water, and then 1.7295 g C6H8O7·H2O (A.C.S. grade, Aladdin
Scientific Corp.) (mole ratio, citrate/Ln3+ = 2/1) was added under vigorous stirring. Subse-
quently, another 20 mL aqueous solution containing 2.0741 g NaF (A.C.S. grade, Sinopharm
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Chemical Reagent Co., Ltd., Shanghai, China)was added slowly drop by drop (mole ratio,
F-/Ln3+ = 12/1). After 20 min, the resulting precursor solution was transferred to a 50 mL
autoclave. The autoclave was heated at 200 ◦C for 12 h and then allowed to cool down
to room temperature naturally. The product was separated from the reaction media by
centrifugation and then washed three times with deionized water. After being dried at
50 ◦C for 12 h, the white phosphors were obtained.

3.2. Preparation of NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ Upconversion Materials

A similar procedure was used to prepare NaYF4:20%Yb3+/2%Ho3+/5%Ce3+ upcon-
version microcrystals, in which Ln = 73 mol% Y + 20 mol% Yb + 2 mol% Ho + 5 mol% Ce,
citrate/Ln3+ = 2/1, and F−/Ln3+ = 12/1.

3.3. Characterization

X-ray diffraction (XRD) analysis was performed at 40 kV and 15 mA using a Mini-
flex600 X-ray generator (Rigaku Corp., Tokyo, Japan) with Cu Kα radiation (λ = 1.5406 Å).
The 2θ scan range was 10–90◦ with a step size of 0.02◦. Sample morphology was deter-
mined using a JSM-7800F (JEOL Ltd., Tokyo, Japan) scanning electric microscope (SEM).
Energy dispersive X-ray (EDX) mapping was determined using a Phenom Pharos G2
(Phenom-World B.V., Eindhoven, The Netherlands) desktop scanning electron micro-
scope equipped with elemental mapping. Photoluminescence spectra were collected by a
portable spectrometer (Maya2000Pro, Ocean Optics Co., Hong Kong) using a continuous
980 nm diode laser as the excitation source. The photothermal heating was evaluated by
a Fotric 288 infrared thermal imaging camera (Feichuke Intelligent Technology Co., Ltd.,
Shanghai, China).

4. Conclusions

The light-to-heat conversion (LHC) behavior of NaNdF4 doped with Sm3+ is reported.
Due to the cross-relaxation between Nd3+ and Sm3+, the improved LHC is obtained after
introducing the 5% Sm3+. The principle of conservation is applied to understand the rela-
tionship between photothermal heating and pump laser power. Results show that when
the change of dissipation temperature with power is ignorable, the spot temperature of
NaNdF4:5%Sm3+ has a favorable linear relationship with the pump power density. Combin-
ing the NaNdF4:5%Sm3+ with the classic NaYF4:Yb3+/Ho3+/Ce3+, dynamic luminescence
anti-counterfeiting is developed. This novel strategy only requires two laser beams and
thus, is more convenient to apply compared to the external temperature control.
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Abstract: As interest in transparent electronics increases, ensuring the reliability of transparent RRAM
(T-RRAM) devices, which can be used to construct transparent electronics, has become increasingly
important. However, defects and traps within these T-RRAM devices can degrade their reliability. In
this study, we investigated the improvement of transparency and reliability of T-RRAM devices with
an AZO/HfO2/Ti structure through rapid thermal annealing (RTA) at 450 ◦C for 60 s in a nitrogen
atmosphere. The device without RTA exhibited a low transmittance of 30%, whereas the device with
RTA showed a significantly higher transmittance of over 75%. Furthermore, the device operated
at lower current levels after RTA, which resulted in a reduction in its operating voltages, and the
forming, setting, and reset voltages changed from 3.3, 2.4, and −5.1 V, respectively, to 2, 1, and −2.7 V.
This led to an improvement in the endurance characteristics of the device, which thereby suggests
that these improvements can be attributed to a reduction in the defects and trap density within the
T-RRAM device caused by RTA.

Keywords: T-RRAM; TCO; AZO; RTA; trap

1. Introduction

With the growing interest in transparent electronics, such as transparent displays,
transparent RRAM (T-RRAM) devices based on metal oxide semiconductors (MOS), or
transparent conductive oxides (TCO) like indium tin oxide (ITO), indium gallium zinc
oxide (IGZO), and aluminum zinc oxide (AZO) are emerging with significant industrial po-
tential [1]. Additionally, recent studies on photosensitive and optoelectronic neuromorphic
memristors, which utilize the photogenerated charge carriers and optoelectronic properties
of these MOS and TCO materials [2–4], are further expanding the potential application
fields of these materials. ITO and IGZO are representative TCO materials that are widely
studied in T-RRAM due to their high conductivity and transmittance [5]. However, the
limited availability of indium, its extraction being geographically restricted, its high cost,
and its toxicity [6] necessitate research into alternative materials for T-RRAM devices. AZO
is, in particular, a TCO material doped with Al in order to compensate for the low con-
ductivity of ZnO, which makes it a strong candidate to replace indium-based TCO. AZO
offers a promising alternative, which is due to its lower cost and abundance compared to
indium-based materials, but the trade-offs with regard to conductivity and performance
stability present challenges in its widespread adoption. Recent efforts have focused on
optimizing the properties of AZO via various techniques, such as doping concentration
adjustments and post-deposition treatments [7], which are shown in Table 1, but the most
recent studies heavily rely on the simultaneous use of AZO and ITO. It is, therefore, difficult
to regard these studies as focused on replacing ITO in T-RRAM.

Furthermore, even if the transparency of the device is achieved, a large number of
defects and traps within the device can degrade its reliability [8], significantly reducing its
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commercial viability as a transparent device. This is especially problematic in applications
requiring long-term stability, where defects and trap formation can lead to premature
device failure or inconsistent performance. Addressing these reliability concerns is critical
for ensuring the commercialization of transparent electronic products. Therefore, efforts
to ensure the stability of devices through annealing under various conditions are ongoing
to guarantee the reliability of RRAMs based on transparent materials. For example, Zhao
et al. reported improved reliability of TaOx-based RRAM after rapid thermal annealing
(RTA) at 300 ◦C for 120 s in an oxygen atmosphere [9].

Table 1. Summary of the recently reported AZO-based transparent RRAM devices.

Device
Switching

Type
Threshold

Voltage
ON/OFF

Ratio
Transparency Ref.

AZO/SiOx/ITO bipolar 7.2 V 16 85% [4]
AZO/ZnO/ITO bipolar 4.5 V 14 80% [5]
ITO/SiCN/AZO bipolar 6.4 V >1000 85 [6]
ITO/SiCN/AZO bipolar 6.4 V >1000 85 [10]
AZO/CeO2/ITO bipolar −7 V >10 92.5 [11]

RTA can be a key technology in regard to enhancing the performance of T-RRAM
among the various annealing methods. RTA exposes thin films to high temperatures for
short durations, which promotes crystallization, improves electrical conductivity, and
enhances optical transmittance [12]. The crystallization process increases the order within
the thin films and also reduces the number of grain boundaries, which are often the sites
for defect and trap formations [13]. RTA can greatly minimize electron scattering and
improve the overall current flow within the device by reducing grain boundaries and
defects [14]. Moreover, the ability of RTA to be precisely controlled in terms of temperature
and duration allows for the fine-tuning of material properties, which ensures that the
process can be adapted in order to meet specific performance requirements across various
applications [15]. In other words, the short processing time of RTA minimizes thermal
damage as well as quickly improves the device’s performance, which makes it a crucial
factor in T-RRAM processing [16].

In this paper, we propose a T-RRAM device using an AZO/HfO2/Ti structure. The
proposed device initially showed a low transmittance of 30% in the as-deposited state.
However, after RTA at 450 ◦C for 60 s in a nitrogen atmosphere (hereafter referred to as
‘after RTA’ for short), the transmittance increased to over 75%. Furthermore, the T-RRAM
after RTA exhibited improved switching operation and stability characteristics. The X-ray
diffraction (XRD) results confirmed that crystallization occurred, with a significant increase
in grain size for both the HfO2 and Ti films after RTA. Additionally, X-ray photoelectron
spectroscopy (XPS) analysis revealed a transformation of the Ti top electrode into TiN
following RTA. Subsequently, we investigated how RTA impacts the conduction mechanism
and impedance characteristics of the proposed T-RRAM device. Although all devices
were found to be governed by the SCLC conduction mechanism, slight variations in
behavior were observed, which we attributed to the reduction in defects and trap density
due to RTA. Additionally, we established equivalent physical models for both the low
resistance state (LRS) and high resistance state (HRS), and we compared the parameters of
their components.

2. Results and Discussion

First, our proposed T-RRAM structure is illustrated in Figure 1a, and as shown in
Figure 1b, the AZO/HfO2/Ti structure was confirmed through field-emission scanning
electron microscopy (FE-SEM). After RTA, the thickness of the Ti layer decreased from
10 nm to 7 nm, and the thickness of the HfO2 layer decreased from 20 nm to 13 nm. This
reduction in thickness is likely due to RTA-induced crystallization, which reduced the
grain boundary density in the films [17]. After that, to evaluate whether the proposed
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AZO/HfO2/Ti structured T-RRAM is suitable for transparent applications, we measured
its transmittance, as shown in Figure 1c. The proposed T-RRAM device features a top
Ti layer with a circular pattern applied using a shadow mask. As a result, in the case
of the device without RTA, the regions without Ti deposition exhibit high transmittance,
while the localized areas with Ti dots exhibit transmittance below 30% due to the presence
of the metal layer. On the other hand, the device after RTA exhibited transmittance of
over 75% across all areas of the device. This marked improvement in optical transparency
highlights the effectiveness of RTA in enhancing the structural and optical qualities of
the T-RRAM, making it more applicable to transparent electronics [18]. The improved
transmittance of our device may be attributed to the transformation of the Ti top electrode
to TiN through RTA in a nitrogen atmosphere and the crystallization of the film layers. TiN
has higher transmittance than Ti, and previous studies have shown that thin TiN films can
be effectively used as transparent electrodes in devices [19,20]. Additionally, RTA-induced
crystallization reduces film thickness and grain boundary density, minimizing optical
scattering and enhancing transmittance [17]. To investigate this further, we performed XPS
analysis on the Ti top electrode before and after RTA, as well as XRD analysis on the Ti and
HfO2 films. Further details on these analyses are provided in the following sections.

Figure 1. (a) Schematic structure, (b) cross-section FE-SEM images, and (c) transmittance at wave-
lengths of 200 nm to 1100 nm of the proposed T-RRAM.

In order to analyze the effect of RTA on the resistance switching characteristics, we
analyzed the I–V curve of T-RRAM without RTA and after RTA. Figure 2a,b show the I–V
curves of the T-RRAM without RTA and after RTA condition, respectively. In both cases,
the log(I)–V curves were plotted to capture the distinct changes in resistance as the voltage
bias was swept across both positive and negative directions. The DC voltage sweep was
applied in the following sequence: 0 → 4 → 0 → −8 → 0 V (for the device after RTA,
the negative voltage was limited to −4 V). Each device shows bipolar RS characteristics,
where the resistance of HfO2 changes depending on the direction of applied bias [21]. This
bipolar behavior is a hallmark of HfO2-based RRAM, demonstrating its ability to switch
between LRS and HRS depending on the applied voltage polarity [22]. The initial device
shows HRS since the HfO2 layer acts as an insulator with high resistance. When a voltage
is applied to HfO2-based RRAM, the conduction filament (CF) formation in the HfO2 layer
at a specific voltage condition causes an abrupt increase in current. This process is well
known as forming, and it typically needs a higher voltage than the setting voltage. The
forming voltage is critical for initiating the resistive switching mechanism, as it enables the
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initial formation of conductive paths through the insulating HfO2 layer, which can later be
modulated by subsequent voltage sweeps [23].

Figure 2. Resistive switching characteristics of proposed T-RRAM (a) without RTA and (b) after
RTA at 450 ◦C for 60 s in a nitrogen atmosphere. (c) Retention and (d) endurance characteristics of
T-RRAM without RTA and after RTA.

In the first positive voltage sweep, the forming voltage was 3.3 V and 2 V without
and after RTA, respectively. After the initial forming process, in order to observe the RS
characteristics, we applied a DC bias sweep from a negative to a positive direction. When a
bias sweep was applied in the negative direction, the reset point was observed at −5.1 V
for the device without RTA and at −2.7 V for the device after RTA, indicating a transition
from the LRS to the HRS due to the partial or complete rupture of the CF [24]. Following
that, to change HRS to LRS, the bias sweep was applied in a positive direction, and the
setting point was observed at 2.4 V and 1 V, which shows an abrupt increase in current due
to the reformation of the CF [25]. After that, we applied a positive voltage sweep again and
confirmed the changed resistance state with an increased current level.

This varying conductive state mechanism is mainly attributed to the formation and
rupture of CF consisting of oxygen vacancies in the HfO2 layer [26]. In the initial forming
process, a high voltage is applied to the top electrode Ti, resulting in oxygen vacancies
(Vo2+) generated in the insulator layer. With the increased amount of Vo2+ within the
HfO2 layer, they can act as a conductive path between the Ti and AZO, resulting in LRS
facilitating electron transport through the HfO2 layer [27]. In the reset process, it needs a
high negative voltage to the bottom electrode AZO, inducing the HRS with the rupture of
the CF [28]. During the setting operation to LRS transition, a positive voltage is applied to
the top electrode, leading to the reformation of CF with Vo2+ aggregation [29].

After RTA, we observed that each forming, setting, and reset voltage, as well as the
overall current level, decreased. The forming, set, and reset voltages for each device are
shown in Table 2 below. This could be due to the decrease in defects and trap density and
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enhanced crystallization with the annealing process [30]. The correlation between RTA,
smaterial phases, and trap density is explained in detail in a later section.

Table 2. The forming, setting, and reset voltages for each device.

Device Forming Setting Reset

Without RTA 3.3 V 2.4 V −5.1 V
After RTA 2 V 1 V −2.7 V

To evaluate our device as a non-volatile memory (NVM) device, we measured reten-
tion and endurance data, as shown in Figure 2c,d. The on/off ratio was compared with
resistance differences between HRS and LRS at a Vread of 0.5 V for devices without and after
RTA. Retention measurements were conducted for 10,000 s at Vread to assess the stability
and reliability of both devices over time. The retention test is conducted to ensure that
the device can maintain its state (either LRS or HRS) without significant drift in resistance,
which is crucial for long-term data storage applications [31]. The retention was measured
in both the LRS and HRS states, and to further investigate the retention capabilities of
the two devices, Vread pulses were applied to each device 1000 times with a 10 s delay
between pulses. This process simulates the read operations that would occur in a typical
memory application, ensuring that the device can maintain its state even after multiple
read cycles [32]. As a result, both devices were confirmed to perform reliably in terms
of retention, maintaining stable resistance values over the testing period. The ability to
retain distinct resistance levels over time and under repeated read conditions indicates that
both without RTA and after RTA devices have the potential to function effectively as NVM
devices [33].

After that, the endurance characteristics were evaluated by measuring 100 endurance
cycles, as shown in Figure 2d. During the endurance measurement, the device without RTA
exhibited unstable endurance characteristics along with an on/off current ratio (CR) of
approximately 1.5. The lower CR indicates a smaller difference between the high HRS and
LRS, making it more difficult to reliably distinguish between the two states during read
operations. This unstable endurance further suggests that the device without RTA may
suffer from wear and degradation over time, potentially leading to reduced reliability in
memory applications [34]. Conversely, the device after RTA shows a significantly increased
CR of approximately 10, along with improved endurance characteristics. This higher
CR provides a clearer distinction between HRS and LRS, which is essential for reliable
read/write operations in non-volatile memory devices [35]. The enhanced endurance
indicates that the device after RTA can withstand more switching cycles, suggesting that
the RTA process strengthens the device’s structural and electrical stability [36]. By reducing
defects and trap density while stabilizing CF, RTA enhances both the CR and the endurance
of the device, making it more robust for long-term use [37]. In contrast, the device without
RTA is more prone to errors or data loss due to its lower CR and unstable endurance,
making it less suitable for reliable memory applications [38]. When voltage is applied to the
device, it induces the formation and dissolution of CF, altering the material’s resistance [39].
However, if defects and traps are present in the material, unwanted leakage current may
occur, leading to degraded device performance [40]. In other words, the RTA process helps
reduce defect and trap density in the T-RRAM [41], which in turn lowers leakage current,
operating voltage, and current, thereby promoting stable operation. This is consistent with
findings from other studies [42–44].

Figure 3 shows the Ti 2p spectra of the Ti top electrode without and after RTA. In the Ti
2p spectrum prior to RTA, two peaks at 458.5 eV and 464.3 eV, corresponding to the oxidized
state Ti4+ (Ti-O), were identified, indicating that Ti underwent oxidation upon exposure to
air. After RTA, the full width at half maximum (FWHM) of the Ti4+ peaks increased, and
their intensity decreased. Additionally, new peaks associated with nitridation emerged:
Ti2+ (Ti-O-N) at 457.1 eV and Ti3+ (Ti-N) at 454 eV. These results suggest that, during RTA
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in a nitrogen atmosphere, inhomogeneous defects and structural distortions formed within
the top electrode, indicating the conversion of the Ti top electrode to a nitride state [45].
As noted earlier, this nitridation of Ti is believed to have contributed to the enhanced
transmittance observed in our device.

Figure 3. XPS spectra of the Ti 2p region of the Ti top electrode without RTA and after RTA.

As shown in Figure 4, we measured and analyzed the XRD patterns of the HfO2 and Ti
films before and after RTA to confirm the crystallization effect induced by RTA. For the HfO2
film, no peaks were observed before RTA, but after RTA, peaks were found at 24.2◦, 28.34◦,
31.6◦, 34.38◦, 36.12◦, 41.26◦, 49.44◦, 50.6◦, 55.78◦ and 61.84◦, corresponding to the (011),
(−111), (111), (020), (200), (102), (211), (022), (−220), (221) and (113) planes of crystalline
HfO2 [46,47]. In the case of the Ti film, peaks were present both before and after RTA at
34.4◦, 38.4◦, 40.14◦, 53.08◦, 62.94◦, 70.56◦, and 76.3◦, but sharper and narrower peaks were
observed after RTA. These correspond to the (100), (002), (101), (102), (110), (103), and (112)
planes of crystalline Ti [48,49]. This result is consistent with previous studies that show a
significant improvement in diffraction intensity with increasing annealing temperature [50].
The sharpening and narrowing of the diffraction peaks with RTA indicate the formation of
larger grains due to a high level of crystallinity and grain growth mechanisms. The average
grain size (D) was calculated using Equation (1).

D =
nλ

βcosθ
(1)

Here, n represents the Scherrer constant (0.90), λ is the wavelength of the incident
X-rays (0.15406 nm), β is the full width at half maximum (FWHM), and θ is the Bragg
angle [51]. As a result, for HfO2, no peaks were observed without RTA, making it impossible
to calculate the grain size. However, after RTA, the grain size was calculated to be 22.88 nm.
In the case of Ti, the grain size was found to be 19.03 nm without RTA and increased to
24.08 nm after RTA

Based on these results, it can be concluded that before RTA, the small grain size leads to
the formation of numerous grain boundaries, causing a probabilistic process related to the
distribution of oxygen vacancies, which results in uneven and high forming and operating
voltages [52]. However, after RTA, grain growth reduces the grain boundaries, which can
accelerate the diffusion of oxygen ions along these boundaries. Then, when an external bias
is applied, the oxygen ions preferentially migrate along the grain boundaries, forming CF
rich in oxygen vacancies [53]. In other words, the localization of grain boundaries through
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RTA reduces variability in CF formation sites, thereby lowering the forming and operating
voltages and improving device reliability [54,55].

Figure 4. XRD patterns of as-deposited HfO2 and Ti films and HfO2 and Ti films after RTA, and
(inset) average grain size of the HfO2 and Ti films.

We plotted the I–V curves of the devices and analyzed them using various conduction
mechanisms to gain a more detailed understanding of the crystallization effect induced by
RTA on T-RRAM [56]. As a result, the I–V curves of both without and after RTA devices
aligned well with the SCLC mechanism. Figure 5a,b show the I–V curves replotted on a
double logarithmic scale for the positive voltage region of the device across cycles. The
fitting results match the measured data, indicating that the conduction mechanism of
the proposed T-RRAM is SCLC [57]. In the low-voltage region below 0.5 V, the current
density follows Ohm’s law, exhibiting a linear I–V relationship proportional to the applied
voltage. However, in the high-voltage region above 0.5 V, the slope increases to 1.31 for
the device without RTA and to 2.3 for the device after RTA, resulting in a nonlinear I–V
relationship [58]. This behavior suggests that, as described above, the current in various
voltage regions is well explained by the SCLC mechanism. The SCLC mechanism is
modeled using the equation in Equation (2).

J =
θ

θ + 1
× 9

8
εμ

V2

L3 (2)

where θ =
(

Nc
Nt

)
exp

(
Ec
Et

)
/KT demonstrates the ration to free to trap electrons. Here, Nc

and Nt are defined as the effective density of states in the conduction band and the number
of effective electron traps, respectively, while ε and μ correspond to the permittivity and
electron mobility of HfO2. V represents the applied voltage, and L is the thickness of
the HfO2 film. Furthermore, in SCLC, the transition voltage (VTR) and the trap-filled
limit voltage (VTFL) are two important parameters that can be derived from the I–V curve,
providing information about the characteristics of the proposed T-RRAM. In the low-
voltage region below VTR, the electric field is uniformly distributed across the HfO2, and
since there is no space-charge region in HfO2, the current density follows Ohm’s law [59].
The energy band diagram illustrating the carrier transport behavior in this region is shown
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in Figure 6a. When a higher electric field is applied, the previously unoccupied trap sites
in HfO2 become filled, and a space-charge region is created. Once the applied voltage
exceeds VTR, the time required for externally injected charge carriers to pass through the
HfO2 becomes very short. At this point, the thermally generated charge carriers in the
HfO2 are no longer sufficient to mitigate or reduce the transit time of the externally injected
carriers, as shown in Figure 6b [60]. As a result, the current density increases significantly
because the externally injected carriers move through the material faster, encountering
less interference from thermally generated carriers. Consequently, the Fermi level of HfO2
rises above the trap level, and all traps in the dielectric film become filled, as shown in
Figure 6c [61]. The voltage at this point is referred to as VTFL, and it can be calculated using
the equation in Equation (3) [62].

VTFL =
qNtL2

2ε
(3)

Figure 5. SCLC mechanism at the positive bias of proposed T-RRAM (a) without RTA and (b) after RTA.

 

Figure 6. Band diagram of proposed T-RRAM (a) in the low-voltage region, (b) medium-voltage
region and (c) high-voltage region. (The orange arrows indicate the direction of the electric field).

To calculate Nt, the static dielectric constant of amorphous HfO2 was assumed to
be 25 [63]. As a result, Nt values of 1.66 × 1013/cm3 for the device without RTA and
8.99 × 1012/cm3 for the device after RTA were obtained, confirming a reduction in both
bulk and interface trap density due to RTA [64]. This phenomenon is also reflected in the
energy band diagram shown in Figure 5.

Impedance spectroscopy (IS) is a highly effective characterization technique for investi-
gating the electrical properties of dielectric thin films, where the films can be modeled using
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electrical components such as resistance, inductance, and capacitance [65]. By integrating
IS analysis with DC I–V characteristics, we can gain a deeper understanding of the RS
behavior and current conduction mechanisms in both the HRS and LRS [66]. Z can be
defined as Equation (4).

Z(w) = Z′ − jZ′′ (4)

Here, Z′ represents the real part and jZ′′ represents the imaginary part of the complex
impedance, while ω is the angular frequency. Figure 7a presents the Nyquist plots of the
proposed T-RRAM in the HRS state, both without and after RTA. The semicircular shape
observed in the HRS state indicates that the memory state resistance of the RRAM device
can be modeled as a parallel combination of a resistor and a capacitor.

Figure 7. Nyquist plot of proposed T-RRAM at (a) HRS and (b) LRS.

Based on the Nyquist plots, the equivalent electrical circuits for the two devices in
the HRS state can be represented as shown in Figure 8a [67]. The equivalent circuit can be
equivalent to a parallel component (RC). Therefore, the Z in the HRS can be expressed by
Equation (5).

ZHRS = Rs +
RHRS

1 + (wRHRSCHRS)
2 − j

wR2
HRSCHRS

1 + (wRHRSCHRS)
2 (5)

Figure 8. Equivalent circuit of proposed T-RRAM at (a) HRS and (b) LRS.
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We assumed that Rs has a value of 0 to simplify the calculations. This is exclusively
associated with all the resistance provided by the interfacial layer between the dielectric
and the top electrode [67]. Furthermore, in the HRS, the relationship between RHRS and
CHRS can be expressed by Equation (6).

CHRS =
1

RHRSwmax
(6)

In the case of HRS, the RHRS values for the device without RTA and the device after
RTA were calculated as 453.89 Ω and 199.2 × 103 Ω, respectively, while the CHRS values
were calculated as 8.79 × 10−10 F and 3.99 × 10−13 F, respectively.

Figure 7b shows the Nyquist plots of the proposed T-RRAM in the LRS state, both
with and without RTA. The fact that the semicircular curve shape is not entirely lost in the
LRS state indicates that the RC parallel circuit continues to influence the device’s behavior.
However, the progressive increase in the positive Z” direction with increasing frequency
suggests that inductance, caused by the formation of oxygen-vacancy-based CF, begins to
play a significant role [68]. The equivalent circuit can be equivalent to a parallel component
(RC) and L in series. Therefore, the Z in the LRS can be expressed by Equation (7) [67].

ZLRS =
RLRS

1 + (wRLRSCLRS)
2 + j

(
wLLRS −

wR2
LRSCLRS

1 + (wRLRSCLRS)
2

)
(7)

In the case of LRS, the RLRS values for the device without RTA and the device after
RTA were calculated as 179.65 Ω and 301.99 Ω, respectively, while the CLRS values were
calculated as 1.84 × 10−5 F and 2.43 × 10−5 F, respectively. Additionally, in the case of
LRS, the inductance component, LLRS, was added and calculated as 8.49 × 10−8 H and
6.43 × 10−8 H, respectively. Compared to HRS, the formation of CF in LRS resulted in a
reduction in RLRS, an increase in CLRS, and the appearance of the LLRS component [69]. The
presence of LLRS could be attributed to the weak polarization caused by oxygen ions at the
contact resistance between the HfO2 film and the top electrode Ti due to CF formation [67].
Additionally, this contact effect is likely due to the small RLRS and the broad frequency
range [70]. Therefore, it can be considered that the conduction mechanism in LRS follows
Ohmic behavior, which aligns well with our previous results [67]. Finally, the calculated
values of the circuit parameters for HRS and LRS for each device are presented in Table 3
below. R, C, and L represent the parameters of the device without RTA, while R’, C’, and L’
denote the parameters of the device after RTA.

Table 3. Calculated parameter values of equivalent circuit elements.

Component HRS LRS

R 453.89 [Ω] 179.65 [Ω]
C 8.76 × 10−10 [Ω] 1.84 × 10−5 [F]
L - 8.49 × 10−8 [H]
R’ 199.2 × 103 [Ω] 301.99 [Ω]
C’ 3.99 × 10−13 [F] 2.43 × 10−5 [F]
L’ - 6.43 × 10−8 [H]

3. Materials and Methods

3.1. Fabrication of AZO/HfO2/Ti T-RRAM

First, the AZO-coated quartz substrate was sequentially cleaned with acetone for
10 min, methanol for 10 min, and deionized (DI) water for 10 min. After cleaning, a
20 nm-thick HfO2 layer was deposited on AZO-coated quartz as a resistive switching layer
using radio frequency (RF) sputtering (KVS-2000L) at 100 W in an Ar ambient of 20 sccm.
After that, a 10 nm thick Ti top electrode (TE) was deposited using RF sputtering in an Ar
ambient of 20 sccm with a metal shadow mask with a circular pattern. After deposition,
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the RTA process was carried out using a MILA-3000 (RTA, ULVAC, MILA-5000) for 60 s in
a nitrogen atmosphere at 450 ◦C.

3.2. Analysis of Proposed T-RRAM Before and After RTA

To evaluate the optical properties of the proposed T-RRAM, transmittance was mea-
sured using a UV–Vis spectrophotometer (Cary 5000 UV–vis–NIR spectrophotometer, Agi-
lent Technologies Inc., Santa Clara, CA, USA) over a spectral range of 200 nm to 1100 nm.
The measurements were taken across this wide spectral range to ensure a comprehensive
understanding of the device’s transparency across both the ultraviolet and visible light
regions. We also investigated changes in the grain size of the Ti and HfO2 films without and
after RTA using XRD. Following this, we utilized XPS to assess the chemical and material
composition of the Ti top electrode and evaluate RTA-induced transformations. In addition,
the electrical properties of the device were characterized. To measure the current–voltage
(I–V) and impedance characteristics, a Keithley 4200A-SCS (current: ±0.025%, voltage:
±0.012%) parameter analyzer was utilized. The I–V measurements provided insights
into the switching behavior and conduction mechanism of the device, and the impedance
analysis provided insights into the frequency-dependent properties.

4. Conclusions

In this study, we demonstrated that RTA at 450 ◦C for 60 s in a nitrogen atmosphere
significantly enhances both the transparency and reliability of AZO/HfO2/Ti-based T-
RRAM devices. The device without RTA exhibited a low transmittance of 30%, while the
RTA-treated device showed a much higher transmittance of over 75%. Additionally, RTA
resulted in the device operating at lower current levels, with reduced forming, set, and
reset voltages from 3.3, 2.4, and −5.1 V to 2, 1, and −2.7 V, respectively. These changes
improved the endurance characteristics of the device, indicating that the reduction in traps
and defects within the T-RRAM structure, induced by RTA, plays a key role in the observed
performance improvements.
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Abstract: The photocurrent across crystalline GaAs p-n junction induced by Nd:YAG laser radiation
was investigated experimentally. It is established that the displacement current is dominant at
reverse and low forward bias voltages in the case of pulsed excitation. This indicates that hot
carriers do not have enough energy to overcome the p-n junction until the forward bias significantly
reduces the potential barrier. At a sufficiently high forward bias, the photocurrent is determined
by the diffusion of hot carriers across the p-n junction. The current–voltage (I-V) characteristics
measured at different crystal lattice temperatures show that the heating of carriers by laser radiation
increases with a drop in crystal lattice temperature. This study proposes a novel model for evaluating
carrier temperature based on the temperature coefficient of the I-V characteristic. It is demonstrated
that the heating of carriers by light diminishes the conversion efficiency of a solar cell, not only
through thermalisation but also because of the conflicting interactions between the hot carrier and
conventional photocurrents, which exhibit opposite polarities. These findings contribute to an
understanding of hot carrier phenomena in photovoltaic devices and may prompt a revision of the
intrinsic losses in solar cells.

Keywords: GaAs; hot carriers; temperature coefficient; hot carrier temperature; p-n junction; solar cell

1. Introduction

The ambition to reduce the difference between the theoretically predicted and practi-
cally achieved efficiencies of a solar cell requires the introduction of new physical concepts.
Hot carriers (HCs) are one of the modern candidates for solving this problem. Hot carriers
are free carriers with excess energy higher than the crystal lattice temperature. In a semi-
conductor, light can heat the carriers in two cases. First, if the light photon energy hv is
lower than the bandgap Eg, heating results from intraband absorption. Such free carrier
absorption is not spectrally selective and follows the classical Drude–Zener ∝λ2 law (λ is
the light wavelength) [1]. The HC photocurrent induced by below-bandgap photons was
studied in Si, Ge, and GaAs p-n [2–4], and n-n+ and p-p+ [5] diodes exposed to CO2 laser
radiation (hv = 0.12 eV). The polarity of the HC photocurrent indicates carrier flow up the
potential barrier. Another possibility for creating hot carriers is the interband absorption of
photons with energy hv > Eg. The excess energy, hv − Eg, is given to the generated electron
or hole. Independent of excitation, HCs dissipate their energy through carrier–phonon
and carrier–carrier scattering events. This process is defined by the energy relaxation time,
which is typically on a picosecond scale [6].

The role of hot carriers in photovoltaics remains unclear. On the one hand, classical
calculations of the possible efficiency of a solar cell ignore intraband absorption, which
is treated as an intrinsic “below Eg loss” [7,8]. The indirect harmful impact of HCs on the
operation of a cell is considered only as a “thermalisation loss”; that is, their excess energy
heats the crystal lattice and hence leads to efficiency loss.

Inorganics 2024, 12, 174. https://doi.org/10.3390/inorganics12060174 https://www.mdpi.com/journal/inorganics100
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On the other hand, HCs are evidenced in solar cells, and despite their extremely short
lifetime, they provide benefits. For example, excess energy in hot carriers can be optically
eliminated by the emission of infrared photons [9], or used for photon upconversion [10].
Direct energy harvesting before thermalisation can be realised by impact ionisation [11,12],
nanowire-modified phononic properties leading to increased relaxation times [13], or
extraction of excess energy through contacts [14–16]. Extraction of hot electrons near the
collector results in an increased open-circuit voltage of an ultrathin p-i-n cell [14]. If an
energy-selective contact is made up of many contacts with particular energy differences,
collecting HCs through it enhances the efficiency of a single-bandgap p-i-n solar cell both by
using the extra energy of HCs and by avoiding lattice heating [15]. An efficient hot carrier
solar cell, a cell based entirely on the HC phenomenon, was proposed [17]. According to
theoretical calculations by Ross and Nozik, the conversion efficiency of HC solar cells can
reach 60%. More recently, a large number of theoretical and experimental studies devoted
to the development of HC solar cells were carried out [18–29]. But until now, no HC solar
cell valuable for practical application has been created.

To understand and rule HC processes in semiconductors, knowledge of carrier tem-
perature becomes a key parameter. Various techniques were developed to determine the
temperature of the hot carriers. Ultrafast pump–probe spectroscopy [27,28], spontaneous
photoemission spectroscopy [29], electrical measurements [30], steady-state photolumines-
cence spectroscopy [31], theoretical considerations [32] and other studies provide insights
into the thermodynamic characteristics of the carriers.

This study presents the hot carrier photocurrent induced by close-to-bandgap laser
light across a GaAs p-n diode. A model of the temperature coefficient of the voltage changes
of the current–voltage characteristic is used to obtain the HC temperature. The distribution
of ‘cold’ and hot carriers is analysed with regard to the potential barrier height of the p-n
junction. The impact of HC on photovoltage formation in solar cells is discussed

2. Materials and Methods

The GaAs p-n junction was a 5 μm thick liquid-phase epitaxy-grown p-type layer on
an n-type substrate with respective 5 × 1017 cm−3 and 3 × 1017 cm−3 hole and electron
densities. For better ohmic contact, a thin heavily doped p+-layer with a 2 × 1018 cm−3

hole density was additionally grown (see Figure 1a). The fabrication process involved
traditional photolithography techniques finalised by thermal evaporation and standard
annealing of the Au–Ge–Ni ohmic contacts. To avoid direct illumination and the rise of
unwanted photosignals across the top p-p+ and semiconductor–metal contacts, the p+-layer
was etched off, leaving it only below the metal contacts, and the contacts were positioned
at the periphery of the 2.5 × 2.5 mm2 cut sample (Figure 1a). Laser light of 1.064 μm
wavelength, 17 ns long pulses, 50 Hz repetition rate, and 0.7 MW/cm2 intensity was used
for excitation (Nd:YAG laser fabricated by Ekspla Ltd., Vilnius, Lithuania). The material
was chosen because of its bandgap Eg = 1.42 eV, which is close to the bandgap of a solar cell
with maximum possible efficiency [8], and because single-crystal single-junction solar cells
demonstrate higher efficiency as compared to multicrystalline or thin-film solar cells [33].
In addition, to evidence the hot carrier effect, the GaAs bandgap was wider than the laser
light photon energy hv = 1.17 eV.

The experiment was conducted under the photocurrent regime, where the photovolt-
age across the 50-Ohm load resistor was measured using a digital oscilloscope from Agilent
Technologies DSO6102A (Santa Rosa, CA, USA) as shown in Figure 1a. The photoresponse
consisted of two components of opposite polarity (see the inset in Figure 2a). The peak
value of each photocurrent subpulse induced by pulsed laser light was measured and used
for analysis. The research was carried out at 300 K and 80 K temperatures.
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(a) (b) 

Figure 1. (a) Schematic of the sample and measurement circuit. (b) Schematic view of the formation of
generation (blue) and HC (red) photocurrent across the p-n junction: 1—electron–hole pair generation
by an equal-to-bandgap photon; 2—free electron heating; 3—generation of hot electron and hole pair.
The stepped arrows indicate the cooling and diffusion of hot electrons. Analogous hot hole-related
processes are omitted to avoid visual overloading.

(a) (b) 

Figure 2. (a) I-V characteristics of the GaAs p-n junction in the dark (black line) and under illumination:
the red line represents the HC photocurrent, and the blue line signifies the generation photocurrent.
The inset shows a typical oscilloscope trace of a photocurrent pulse composed of two components,
negative and positive, and a laser pulse below (not to scale). (b) Dependence of the HC photocurrent
(normalised) on the bias voltage; Uknee = 0.7 V is the ‘knee’ voltage of the HC current.

3. Results

When the GaAs p-n junction is exposed to pulsed 1.064 μm laser light, the induced
photocurrent, on the whole, consists of three components defined by carrier generation, hot
carriers, and lattice heating [34]. Since the photon energy is lower than the semiconductor
bandgap, the generated current results from interband two-photon absorption [35]. The
polarity of the two heating-associated photocurrent components is opposite to that of the
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generation. Specifically, the diffusion of high-energy carriers across the junction against
the built-in electric field is caused by the carrier density gradient, and it initiates the hot
carrier photocurrent, as shown by the red stepped arrows in Figure 1b. At the same time,
the heated lattice-induced change in the potential barrier results in the redistribution of
charges and, thus, carrier transport in the same direction. The source of carrier heating is
dual. First, it is determined by the free carrier absorption of the below-bandgap photons
(Figure 1b, process 2). Second, they are heated by the energy 2hv − Eg = 0.91 eV left over
from electron–hole generation (process 3). Until they dissipate their excess energy, the HCs
can diffuse toward the junction barrier, thus forming the HC photocurrent. Calculation of
the hot carrier diffusion length,

LD =
√

D · τε, (1)

reveals that it is of the order of 100–150 nm; using approximate values of the diffusion
coefficient D ≤ 200 cm2/s, and the carrier energy relaxation time τε = 1 ps [6], we ob-
tain LD = 141 nm. This is comparable to the width of the depleted region of the junction
W = 100 nm [36]. Thus, this version of hot carrier transport over the p-n junction, as previ-
ously believed [2], seems reasonable.

In this work, the negative (see inset in Figure 2a) photocurrent component is attributed
to the hot carrier effect because of (a) its fast run determined by the carrier energy relaxation
time, and (b) polarity corresponding to the carrier flow up the barrier of the p-n junction, as
indicated by red stepped arrows in Figure 1b, and its rise with increasing forward bias. The
role of the lattice heating-caused component was ignored because of its relatively small
input into the net photocurrent, as shown earlier [34]. Due to their opposite polarities,
competition between the generation (blue) and hot carrier (red) photocurrents is seen in
the I-V characteristics, and both of them are influenced by the bias voltage (Figure 2a).

The HC photocurrent increases with the forward voltage (Figure 2b). At a particular
voltage of 0.7 V (the ‘knee’ voltage), the dependence shows a typical turning point when
the hot carrier photocurrent starts to grow sharply. This sudden exponential rise of the
HC photocurrent was explained by the change in the photocapacitive nature of the pulsed
displacement current at reverse and low-forward-bias voltage to the flow of hot carriers
across the bias-lowered p-n junction barrier [37,38]. The displacement HC photocurrent
is analogous to the AC current across a capacitor; it is present only in the case of pulsed
carrier heating and resulting recharging of the junction. A similar HC-caused displacement
current was also observed across an MOS structure [39]. A further increase in the forward
bias leads to saturation of the HC photocurrent because of the reduced potential barrier
and Joule’s heating effect [2].

The potential barrier height is also influenced by the temperature of the diode. Figure 3
shows the I-V curves at room and liquid nitrogen temperatures. The shift of the I-Vs with
temperature change can be described by the temperature coefficient, which is a material-
specific parameter and is associated with electronic components whose characteristics are
temperature-dependent [15,28,40].

The temperature coefficient indicates the voltage change per temperature degree at a
fixed current value [41]:

αT =
ΔU
ΔT

|i = const.|, (2)

where ΔU is the voltage change, and ΔT is the corresponding change in temperature. Using
the data in Figure 3, we obtain

αT =
Udark

N2 − Udark
R

80K − 300K
= −2.14

mV
K

∣∣∣i = 42.7 mA · cm−2
∣∣∣. (3)

The reason for choosing the 42.7 mA·cm–2 current density as a fixed one is described
in the next paragraph. The obtained value of the temperature coefficient falls within the
−(1.88–2.30) mV/K range announced for GaAs solar cells [42], and is close to −2.37 mV/K
of GaAs diodes, as calculated using data from ref. [43]. In Equation (3) and elsewhere, the
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index “dark” indicates the voltage of the unilluminated diode, and the indices “N2” and
“R” represent liquid nitrogen and room temperature, respectively.

 
Figure 3. I-V characteristics in the dark (black) and with HC photocurrent (red) at temperatures
of 300 K (solid lines) and 80 K (dashed lines). The bias voltages used for the calculation are
Uhc

R = 0.70 V, Udark
R = 1.03 V, Uhc

N2 = 1.10 V, Udark
N2 = 1.50 V. Here, the index “hc” refers to the hot

carriers, “dark” stands for the unilluminated diode, and “N2” and “R” represent liquid nitrogen and
room temperature, respectively.

As Figure 3 shows, the dark current can be assumed to still be equal to zero at the
mentioned ‘knee’ voltage of 0.7 V, and the corresponding 42.7 mA·cm–2 current density
in the I-Vhc is determined entirely by the hot carriers (Figure 3). This point of the I-Vhc
contains information about the carrier temperature. As the forward bias voltage increases
further, the total current starts to consist of both the dark current and the HC photocurrent.
Fixing this 42.7 mA·cm–2 value as a constant both for the illuminated and dark cases,
and assuming that both these currents, the dark and HC, are of the same (recombination)
nature, as explained below, we calculate the difference between the carrier and lattice
temperatures, ΔTC, under room temperature conditions using the obtained temperature
coefficient αT = −2.14 mV·K–1:

ΔTC =
Udark

R − Uhc
R

αT
= 154 K

∣∣∣i = 42.7 mA · cm−2
∣∣∣, (4)

where Uhc
R = 0.70 V, Udark

R = 1.03 V, and the index “hc” refers to the I-Vhc of the hot carriers.
The same approach was used to calculate the HC temperature under the liquid nitrogen
conditions assuming the same constant current density value of 42.7 mA·cm−2 at respective
voltage values of Uhc

N2 = 1.10 V (illuminated case, pure hot carrier current) and Udark
N2 = 1.50 V

(dark current). As a result, ΔTC = 187 K at T = 80 K. These findings indicate that the carrier
heating process is more pronounced at lower temperatures, which is probably related to
the increase in the carrier energy relaxation time constant at lower temperatures [6]. The
proposed model for evaluating carrier temperature is supported by the following sequential
reasoning: the stronger the heating, the stronger the hot carrier current, and the higher the
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upward shift of the current–voltage characteristic (see red lines in Figures 2a and 3). Higher
shift is followed by a bigger difference in voltage values and, according to Equation (4),
leads to a higher value of ΔTC. The results obtained using the temperature coefficient
method agree with the findings reported in other studies, as summarised in Table 1.

Table 1. Hot carrier temperature values at 300 K ambient temperature.

Absorber TC, K Method Excitation Details Reference

GaAs 454 Temperature
coefficient 700 kW/cm2 This work

(In,Ga)As 430 Theoretical
simulation 1 kW/cm2 [44]

Bulk GaAs 300–680 Time-resolved
luminescence

12.5 mW (at
corresponding 100 ps

to 1 ps time delay)
[45]

QW InGaAsP 400–1200 Photoluminescence 1.7–25 kW/cm2 [46]

The estimated hot carrier temperature provides an additional tool to investigate the
dynamics of hot carriers in a p-n junction. In general, the density of states occupied by free
electrons in the conduction band is expressed as [36]

n(E) = N(E)× f (E), (5)

where f (E) is the Fermi–Dirac probability function, and N(E) is the density of states in the
conduction band. After making all the necessary substitutions [36], Equation (5) becomes

n(E) =
NC

√
E − EC

4π3.5k3.5T1.5 × 1

1 + exp
(

E−EF
kTC

) , (6)

where EC= 0 eV is the energy of the conduction band bottom, NC is the effective density of
states in the conduction band, T is the lattice temperature, TC is the carrier temperature, E
is the energy (in eV), EF is the Fermi level, and k is the Boltzmann constant.

The blue area in Figure 4 shows the electron distribution in the conduction band
calculated in the case of no excitation, i.e., at T = TC = 300 K. The data needed for the
calculation were taken from ref. [6]. When the carriers are heated, in our case, we obtain
a hot electron distribution using TC = 454 K in the Fermi–Dirac probability function of
Equation (6) at a T = 300 K lattice temperature (red area). Naturally, the ‘tail’ of the HC
distribution is now extended to higher energies. However, its value is fading away at a level
that is much lower than the unbiased potential barrier of the junction, 1.31 eV, and is still
lower than the 0.7 V forwardly biased barrier of 1.31 eV − 0.7 eV = 0.61 eV. Statistically, only
10–4 % of the hot electrons, or of the total red area in Figure 4, are above the 0.61 eV energy
level. Thus, the probability that a hot electron will form a current by overcoming the barrier
is negligibly small. Similar results are obtained for the hot hole distribution in the valence
band, and similar barrier-related considerations can be applied to the hot holes. This means
that the hot carrier photocurrent across the p-n junction at reverse and low-forward-bias
voltages cannot be a diffusion of the HCs over the barrier, as was supposed earlier [2] and
is schematised in Figure 1b. Therefore, the hot carrier photocurrent changes its nature
from a displacement character to a recombination character when the ‘knee’ voltage is
exceeded. Still being well below the top of the barrier, the hot carriers do not manage to
overcome it, as the calculated carrier distribution shows, but now, the heated electrons
and holes can meet each other in the depleted region and recombine, thus forming the
recombination current. However, at higher voltages, the HC photocurrent most probably
turns into diffusion of the hot carriers over the substantially reduced potential barrier. To
reach the same 42.7 mA·cm–2 recombinative photocurrent across the unbiased potential
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barrier, or, in other words, to obtain 10–4% of hot electrons above the energy level of 1.31 eV,
the electron temperature should be approximately 990 K.

Figure 4. Electron distribution in the conduction band of the n-region of the p-n junction at a T = 300 K
lattice temperature and electron temperatures of TC = 300 K (blue area), TC = 454 K (red area), and
TC = 990 K (green line).

In the case of sunlight-illuminated solar cells, the potential barrier of the p-n junction
decreases due to generated electron–hole pairs, thereby creating favourable conditions for
the HC current flow through the junction. Since the generation-related photocurrent and
HC photocurrent flow in opposing directions, it is evident that carrier heating diminishes
the overall current passing through the p-n junction, thereby decreasing the conversion
efficiency of a solar cell.

4. Conclusions

In conclusion, we analysed the hot carrier photocurrent induced across the GaAs p-n
junction by the 1.064 μm laser radiation. Based on earlier studies and this study, the hot
carrier photocurrent, in contrast to traditional assumptions, has three stages: (1) displace-
ment current at low bias voltage in the case of pulsed excitation, (2) recombination current
at higher forward bias exceeding the ‘knee’ voltage, and (3) diffusion current, which is
possible only in the case of a strong excitation level resulting in high carrier temperature
and at a high enough forward bias allowing the hot carriers to overcome the potential
barrier. On the basis of the temperature coefficient of the current–voltage characteristics,
we propose a novel technique to estimate the hot carrier temperature. The result of the
calculation falls within the reasonable range of carrier temperatures obtained by other
methods. A more substantial change in the absolute hot carrier temperature at liquid
nitrogen temperature compared with room temperature implies that carrier heating is
stronger at lower lattice temperatures because of the longer energy relaxation time of the
hot carriers.

Concerning solar photovoltaics, several points based on the results are worth noting.
The hot carrier photocurrent flows in a direction opposite to the functional generation
current, and this way, it can have a detrimental impact on the operation of a solar cell; it
should be considered an additional intrinsic “pre-thermalisational loss”. Absorption of the
below-bandgap radiation also causes carrier heating and cannot be neglected. Although this
study focuses on the hot carrier effect caused by single-wavelength radiation at intensities
much higher than sunlight, hot carriers will still have a certain impact when considering
the entire solar spectrum. These findings contribute to a deeper understanding of the
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hot carrier phenomena in single-junction solar cells and will probably facilitate a quicker
alignment between theoretically predicted and practically achieved solar cell efficiencies.
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Abstract: Novel zinc-blende (zb) group-IV binary XC and ternary XxY1−xC alloys (X, Y ≡ Si, Ge, and
Sn) have recently gained scientific and technological interest as promising alternatives to silicon for
high-temperature, high-power optoelectronics, gas sensing and photovoltaic applications. Despite
numerous efforts made to simulate the structural, electronic, and dynamical properties of binary
materials, no vibrational and/or thermodynamic studies exist for the ternary alloys. By adopting
a realistic rigid-ion-model (RIM), we have reported methodical calculations to comprehend the
lattice dynamics and thermodynamic traits of both binary and ternary compounds. With appropriate
interatomic force constants (IFCs) of XC at ambient pressure, the study of phonon dispersions
ωj(

→
q ) offered positive values of acoustic modes in the entire Brillouin zone (BZ)—implying their

structural stability. For XxY1−xC, we have used Green’s function (GF) theory in the virtual crystal
approximation to calculate composition x, dependent ωj(

→
q ) and one phonon density of states g(ω).

With no additional IFCs, the RIM GF approach has provided complete ωj(
→
q ) in the crystallographic

directions for both optical and acoustical phonon branches. In quasi-harmonic approximation, the
theory predicted thermodynamic characteristics (e.g., Debye temperature ΘD(T) and specific heat
Cv(T)) for XxY1−xC alloys. Unlike SiC, the GeC, SnC and GexSn1−xC materials have exhibited weak
IFCs with low [high] values of ΘD(T) [Cv(T)]. We feel that the latter materials may not be suitable as
fuel-cladding layers in nuclear reactors and high-temperature applications. However, the XC and
XxY1−xC can still be used to design multi-quantum well or superlattice-based micro-/nano devices
for different strategic and civilian application needs.

Keywords: C-based novel binary/ternary alloys; rigid-ion-model; lattice dynamics; Born’s transverse
effective charge e∗T ; Debye temperature and specific heat; Green’s function method

1. Introduction

Since the invention of Si-based transistors [1], the evolution to include them in radio
frequency (RF) devices for microelectronics has been remarkable [2–11]. With the low
processing costs, Si-technology has led to many achievements by incorporating electrodes,
dielectrics, and other elements in different integrated circuits (ICs). With truly monolithic
optoelectronic functionality, Si has offered substantial cost benefits as well as long-term
performance gains in the optoelectronic microsensor systems [12–16] and photovoltaic
cells. These achievements have given tremendous opportunities for both the scientists and
engineers to successfully incorporate different devices in energy harvesting and gas-sensing
needs. Earlier accomplishments on RF devices and ICs have quickly grown to become
valuable for wireless sensor networks (WSNs) [17,18]. These devices are now employed in
a wide range of applications including photonics, optoelectronics, environment monitoring,
medical diagnostics, forensic, spintronics, cellular base phone transceivers, amplifiers,
Gigabit wireless local as well as personal area networks [12–32].
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The progress in Si-based ICs and WSNs is the outcome of many scientific research
reports published on different topics where materials’ perspectives played increasingly
important roles. New wavelength regimes are now extended from 1.55 μm to 5.0 μm for
the operations of Si-based photonic and opto-electronic ICs [10]. While many multiple-
quantum-wells (MQWs) and superlattices (SLs) based III-V semiconductors [19–22] have
revealed extremely inspiring results, the high cost and incompatibility of III-Vs with the
Si platform has been, and still is, the main impediment that prevented the large-scale
commercial production of different opto-electronic devices [23–38].

Despite the technological achievements of group-IV materials, the IV-IV binary XC and
ternary XxY1−xC alloys with X, Y (≡Si, Ge, and Sn) have recently become quite attractive
in preparing different heterostructures for bandgap and strain engineering [29–32]. At
room temperature (RT), the C, Si, Ge, and α-Sn of diamond crystal structures are known
to exhibit indirect band gap energies Eg [≡5.47 eV, 1.12 eV, 0.66 eV and 0 eV]. Higher
mismatch between the lattice constants, ao [≡C: 3.56 Å, Si: 5.43 Å, Ge: 5.66 Å, α-Sn: 6.49 Å]
and low solubility of C has caused complications in the earlier designs of XC/Si MQWs
and SLs [33–45]. However, the differences in their electronegativity now play a vital role in
carefully optimizing parameters to achieve epitaxial growth of heterostructures apposite for
diverse device applications. Recently, the use of Si/SiGe has gained considerable attention
for designing heterojunction bipolar transistors with cut-off frequencies > 10 GHz [11].

Tremendous efforts have also been formulated in preparing novel C-based binary
XC and/or ternary XxY1−xC alloys by taking advantage of the unique and exciting prop-
erties of group-IV materials [12–37]. Good structural stability of zinc-blende (zb) binary
and/or ternary compounds with different Eg, hardness, high stiffness, melting point, and
high thermal conductivity is considered particularly favorable for applications [38–41] in
blue/ultraviolet (UV) light-emitting diodes (LEDs), laser diodes (LDs), photodetectors and
solar cells [12–16], etc. Due to large lattice mismatch and the differences in thermal expan-
sion coefficients between XxY1−xC epilayers and Si substrate, one would expect the possi-
bilities of observing structural and/or intrinsic defects near the interfaces [29]. However,
appropriate use of buffer layers acquiring load through the relaxation of mechanical stresses
has helped improve the structural qualities of MQWs and SLs. While there remain a few
intrinsic issues, which could constrain the design of opto-electronic device structures, solu-
tions to these problems are not impossible and can be resolved by exploiting suitable experi-
mental (e.g., growth, [42–93] characterization [94–107]) and theoretical [108–137] methods.

One must note that by employing the pulsed supersonic free jets techniques [42–45],
an inverse heteroepitaxial growth of Si on SiC has been demonstrated to achieve multilayer
structures [46–65]. A novel arc plasma C gun source is incorporated in the molecular beam
epitaxial (MBE) methods to grow ultrathin MQWs and SLs [66–70]. Ultrahigh chemical
vapor deposition (UH-CVD), reduced pressure RP-CVD and metalorganic (MOCVD) tech-
niques are also successfully used [71–93] to prepare different Si1−xGexC/Si, Ge1−xSnxC/Si,
GeC/SiC epilayers. For commercial applications of these materials, the RP-CVD method
has been preferred due to the balance between good epitaxial quality and relatively high
growth rates [76]. Certainly, the progress made in the growth of complex and exotic
C-based materials has set challenges for both the physicists and engineers in investigating
their fundamental properties.

Although binary compounds are used in many technological applications, consid-
erably less attention is paid to ternary alloys despite the successful growth of ultrathin
epifilms. A variety of characterization techniques are also applied for analyzing/ moni-
toring their fundamental properties [94–107]. The classification of such methods includes
reflection high-energy electron diffraction (RHEED) [94,95], Auger electron spectroscopy
(AES) [96], He+ Rutherford backscattering spectrometry (RBS) [97], atomic force microscopy
(AFM) [98,99], high-resolution X-ray diffraction (HR-XRD) [100–102], transmission electron
microscopy (XTEM) [103], photoluminescence (PL) [104], absorption, Fourier transform
infrared (FTIR) spectroscopy [100–102], Raman scattering spectroscopy (RSS) [105–107]
and spectroscopic ellipsometry (SE) techniques [107], etc. It is to be noted that not only
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have these techniques validated their crystal structures but also helped in assessing the film
thickness, strain, intrinsic electrical, and optical traits. Despite the existence of numerous
experimental studies on structural and electrical properties, there are limited IR absorption
and RSS measurements [100–107] for evaluating their phonon characteristics.

From a theoretical standpoint, several calculations are performed to understand the
structural, electronic, and optical properties of the binary compounds using full potential
linear augmented plane wave (FP-LAPW), first-principles (ab initio) and molecular dy-
namical (MD) methods [108–126]. For the ternary XxY1−xC alloys, however, no systematic
studies are known for comprehending their lattice dynamical and/or thermodynamic
characteristics. To accomplish major technological applications of the C-based heterostruc-
tures [e.g., Si/Si(Ge)C, GeSnC/GeC MQWs and (SiC)m/(Ge(Sn)C)n SLs], such calculations
are necessary to obtain the complete phonon dispersions of XC and XxY1−xC materials
from realistic lattice dynamical models. One reason for this requisite is that the dynamical
response of polar lattices affects the key electronic properties, including the exciton-binding
energies and charge-carrier mobilities. Examining the dynamical response of crystals and
its impact on the dielectric environment provides a major step in realizing their structural
characteristics. The other reason for its need is that, in MQWs and SLs, the phonon density
of states (DOS) of binary/ternary alloys has played crucial roles in evaluating thermody-
namic traits, including the thermal expansion coefficients α(T), Debye temperature ΘD(T),
heat capacity Cv(T), Grüneisen constants γ(T), entropy, lattice thermal conductivity, etc.

The purpose of this work is to use a realistic rigid-ion model (RIM) [127] and report the
methodical results of our comprehensive study to assess the structural, lattice dynamical
(cf. Section 2.1), and thermodynamic (cf. Section 2.2) characteristics of binary XC and
ternary (cf. Section 2.3) X1−xYxC alloys. For the tetrahedral (T2

d: F43m) binary materials,
we have carefully optimized the RIM interatomic force constants (IFCs) by exercising [128]
(cf. Section 2.1.1) successive least-square fitting procedures. In these processes, the phonon
frequencies at high critical points (Γ, X, and L) are used as input while exploiting their
lattice—ao, and elastic constants Cij as constraints (see Table 1). For zb-SiC, the values
of phonon frequencies are incorporated from inelastic X-ray scattering (IXS) measure-
ments [129], while in GeC, SnC, we employed critical-point phonon frequencies from
first-principles ABINIT results using a plane–wave pseudopotential method in density
functional theory (DFT) and local-density perturbation approximation [125]. With the
appropriate IFCs of binary XC materials, the dynamical matrix (cf. Section 3.1) is diago-
nalized to obtain phonon dispersions ωj(

→
q ), at each wave vector

→
q point in the Brillouin

zone (BZ), as well as one phonon density of states (DOS), g(ω). For mixed XxY1−xC alloys
0 ≤ x ≤ 1, the composition-dependent phonon frequencies (cf. Section 3.2) are simulated
by using a Green’s function (GF) theory [130] in the virtual crystal approximation (VCA).
Without considering additional IFCs, the RIM GF approach for the mixed alloys has offered
a complete

→
q dependent ωj(

→
q ), in arbitrary crystallographic directions for both the optical

and acoustical phonon branches. In XxY1−xC materials, and using a quasi-harmonic ap-
proximation (QHA), we have systematically simulated the x-dependent ωj(

→
q ), and g(ω)

(cf. Section 3.2) to predict their thermodynamic characteristics (e.g., Debye temperature
ΘD(T) and specific heat Cv(T)). Born’s transverse effective charges e∗T , and Fröhlich coupling
parameters αF are also (cf. Sections 3.2.3 and 3.2.4) calculated. Theoretical results of ωj(

→
q ),

g(ω), and the thermo-dynamical traits for both binary XC and ternary XxY1−xC alloys are
carefully analyzed/contrasted (cf. Section 3.1) against the existing experimental [129] and
theoretical [120–126] data (cf. Section 3) with concluding remarks presented in Section 4.
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Table 1. Different parameters for XC (X ≡ Si, Ge and Sn) materials, viz., lattice constants a0 (in );

elastic constants cij

(
in 1011 dyn

cm2

)
and phonon frequencies (cm−1) at Γ, X, and L critical points. These

are required for evaluating the necessary interatomic force constants of the rigid-ion model (see: text).

Parameters 3C-SiC zb-GeC zb-SnC

a0 (Å) 4.360 (a), 4.40 (b), 4.374 (c) 4.610 (d), 4.590 (e) 5.130 (f ), 5.170 (h)

c11 38.0 (a), 38.3 (b), 38.5 (c) 29.7 (f ), 35.8 (g) 24.6 (g)

c12 14.2 (a), 12.5 (b), 12.2 (c) 12.4 (f ), 12.2 (g) 11.3 (g)

c44 25.6 (a), 24.0 (b), 24.3 (c) 14.1 (f ), 21.4 (g) 14.3 (g)

ωLO(Γ)
ωTO(Γ)

974 (b)

793 (b)
748 (h)

626 (h)
558 (h)

456 (h)

ωLO(X)
ωTO(X)
ωLA(X)
ωTA(X)

830 (b)

759 (b)

644 (b)

373 (b)

697 (h)

617 (h)

348 (h)

214 (h)

503 (h)

450 (h)

216 (h)

134 (h)

ωLO(L)
ωTO(L)
ωLA(L)
ωTA(L)

850 (b)

770 (b)

605 (b)

260 (b)

705 (h)

612 (h)

331 (h)

162 (h)

516 (h)

440 (h)

199 (h)

109 (h)

(a) Ref. [130]; (b) Ref. [129]; (c) Refs. [112,113]; (d) Ref. [115]; (e) Ref. [116]; (f ) Ref. [119]; (g) Ref. [124]; (h) Ref. [125].

2. Computational Details

The vibrational properties of XC materials have played a valuable role in assessing
their phase transitions, transport coefficients and other physical phenomena [130–137].
Understanding the electron–phonon interactions and polaron characteristics in polar com-
pounds is important for evaluating their optical and transport properties [138]. In X1−xYxC
alloys, the exploration of phonons and optical and structural characteristics is crucial for
correlating them to their different microscopic traits. To the best of our knowledge, no
experimental and/or theoretical studies of phonons exist for X1−xYxC alloys, especially
ones examining the contributions of lattice dynamical properties to phonon-free energy,
entropy, specific heat, and Debye temperatures, etc. Accurate RIM simulations of ωj(

→
q ),

and g(ω) for the binary XC materials are employed (cf. Section 2.1) to comprehend the
lattice dynamics and thermodynamic properties of X1−xYxC alloys using a GF methodology
(cf. Section 2.2).

2.1. Phonons in XC Materials

Earlier, the IXS [129] and RSS results [105] of phonon dispersions ωj(
→
q ), for the zb

3C-SiC were analyzed by exploiting the ab initio methods [120–126]. Recent calculations
of lattice dynamics for GeC and SnC using plane–wave pseudopotential DFT approaches
in the local density approximation [124,125] have provided different results. By using a
realistic RIM [127], we have probed the experimental and theoretical data [105,120–126,129]
of phonon dispersions for binary XC (3C-SiC, GeC and SnC) materials. Our choice of
RIM, briefly described in Section 2.1.1, is based on the following facts: (a) a truncated
RIM [139–144], where the number of IFCs is limited, a priori, failed to give accurate ωj(

→
q ),

and it is not even less complicated than the more realistic scheme [127] adopted here;
and (b) with regard to ωj(

→
q ), our simulated results in the high-symmetry direction are

comparable (cf. Section 3) with experimental (3C-SiC) [105,129] and ab initio methods
(GeC, SnC) [120–126].

2.1.1. Rigid-Ion Model

Here, we have briefly outlined the RIM [127] to comprehend the vibrational and
thermodynamic properties of perfect binary XC materials. In this approach, the atomic
displacements uα(lκ|→q , j) of the jth vibrational modes ωj(

→
q ), are expressed as plane waves

with the wave vector
→
q as [127]:
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uα(lκ|→q , j) =
1√
Mκ

eα(κ|→q , j)ei[
→
q
→
x (lκ)−ωj(

→
q )t] (1)

where t is the time; the
→
x (lκ) and Mκ are, respectively, the position and mass of the (lκ)

atom. The term l represents the position and κ denotes the types of atoms with κ = 1, 2 to
specify the C and X, respectively, in the XC materials (see: the crystal structure, in Figure 1a,
and its BZ in Figure 1b).

In the harmonic approximation, the equations of motion can be expressed either in
terms of the force constant ΦsC

αβ(κκ′|→q ) matrix elements [127]:

Mkω2
j (

→
q )eα(κ|→q j) = ∑

κ′β
ΦsC

αβ(κκ′|→q )eβ(κ′|→q j) (2a)

or in terms of the dynamical DsC
αβ(κκ′|→q ) matrix elements:

ω 2
j (

→
q )eα(κ|→q , j) = ∑

κ′β
DsC

αβ

(
κκ′

∣∣∣→q )eβ

(
κ′
∣∣∣→q , j

)
; with κ, κ′ = 1, 2 (2b)

where,

DsC
αβ(κκ′|→q ) = Ds

αβ(κκ′|→q )− ZκZκ′ e2

(Mκ Mκ′)1/2 DC
αβ(κκ′|→q ) (2c)

The term ΦsC
αβ(κκ′|→q ) [DsC

αβ(κκ′|→q )] in Equations (2a)–(2c) represents the force constant
[dynamical] matrix elements involving components of both the short-range
Φs

αβ(κκ′|→q )[Ds
αβ(κκ′|→q )] and long-range ΦC

αβ(κκ′|→q ) [DC
αβ(κκ′|→q )] Coulomb interactions [127,

139–142,145–147]. For simulating the ωj (
→
q ) of binary materials, the short- (A, B, Cκ , Dκ , Eκ

and Fκ) and long-range (Zeff) interactions involved in Ds
αβ(κκ′|→q ) and DC

αβ(κκ′|→q ) matrices
are optimized (Table 2) following successive non-linear least-square fitting procedures.

   
 

X (  Si, Ge, Sn) 

C 

(b) 

Figure 1. (a) The lattice structure of novel zinc-blende (zb) XC binary materials. The yellow color
circles are represented for X (≡Si, Ge and Sn) atoms, while the grey color circles symbolize C atoms
arranged in the tetrahedral (T2

d : F43m
)

point group symmetry. (b) The Brillouin zone of face-centered
cubic material is labeled with high symmetry points (see: text).
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Table 2. In the notations of Ref. [127], we have reported the optimized sets of rigid-ion model (RIM)
parameters [A, B, C1, C2, D1, D2, E1, E2, F1, F2 (105 dyn/cm)] at ambient pressure for novel zb XC
(X = Si, Ge and Sn) materials. The term Zeff is the effective charge (see text).

Parameters (a) 3C-SiC GeC SnC

A −0.91723 −0.68066 −0.39000
B −0.44500 −0.66000 −0.37000

C1 −0.04050 −0.02300 −0.00400
C2 −0.15900 −0.13200 −0.09300
D1 0.06440 −0.02097 −0.00135
D2 −0.33088 −0.38000 −0.07200
E1 0.06200 −0.01000 −0.01000
E2 0.10850 0.02000 0.02000
F1 −0.04100 0.03550 0.01050
F2 0.28800 0.02780 0.01480
Zeff 1.05300 0.92200 0.88030

(a) Ref. [127].

In the primitive unit cell of the zb lattice having two atoms per unit cell, the solutions
of Equations (2a) and (2b) lead to an eigenvalue problem of size (6 × 6) with the values of
wave vectors

→
q restricted to the fcc lattice:

|→q | = π

ao
(q1, q2, q3) ;−1 ≤ q1, q2, q3 ≤1; (q1 +q2+q3) ≤ 3

2
(3)

with the triplets (q1, q2, q3) distributed uniformly throughout the volume of the BZ. In
our calculations of phonon dispersions ωj (

→
q ), for the XC materials, we have used a

mesh of 64,000 |
→
q | points in the reduced BZ. At each

→
q , there are six [127] vibrational

modes—three of them are acoustic (i.e., a longitudinal ωLA and a doubly degenerate
transverse ωTA) and the remaining modes are optical, comprising a doubly degenerate
transverse—ωTO and a longitudinal ωLO optical phonons (cf. Section 3.1).

2.2. Lattice Dynamics of Ternary XxY1−xC Alloys

Composition-dependent phonon dispersions ωj(
→
q ) for mixed zb XxY1−xC crystals

are simulated as a function of x (0 ≤ x ≤ 1) (cf. Section 3.2) by adopting a generalized
GF theory in the VCA. For one dimensional mixed XxY1−xC alloy with two interpene-
trating sublattices, Kutty [131] has developed a GF approach and derived the dynamical
matrix equation:

|(ω2Mμ
α − Φ

μμ
αα )δαβδμν − Cμ

α Φ
μν
αβ(

→
q )| = 0 (4)

by postulating that the sublattice 1 occupies C atoms while the sublattice 2 is randomly
acquired by atoms of type X and Y having concentrations (x) and (1 − x), respectively. In
Equation (4), CC

1 = 1, CY
2 = (1 − x), CX

2 = x, MC
1 = mC, MY

2 = mY, MX
2 = mX and the term

Φ
μν
αβ represents the IFCs. By substituting these parameters in Equation (4), we obtain the

following [131]:
∣∣∣∣∣∣∣

ω2mC − Φ11
11 −Φ12

12(
→
q ) −Φ12

12(
→
q )

−(1 − x)Φ21
21(

→
q ) ω2mY − Φ22

22 −(1 − x)Φ23
22(

→
q )

−xΦ31
21(

→
q ) −xΦ32

22(
→
q ) ω2mX − Φ33

22

∣∣∣∣∣∣∣ = 0 (5)

with the solution of Equation (5) leading to the vibrational mode frequencies.
Extension of the above one-dimensional approach to simulate the lattice dynamics

of three-dimensional ideal zb random XxY1−xC ternary alloys using GF theory [131] in
the framework of a RIM [127] is trivial. Here, we have assumed that the mixed XxY1−xC
crystal lattice achieves the following: (a) forms the ideal pseudo-binary alloys in the
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entire composition range x, (probably in contrast to reality), (b) the cation sublattice 2
is structurally close to the virtual crystal lattice where the X and Y atoms are randomly
distributed having the concentration of Y (1 − x) and of X as x, (c) the anion sublattice 1 with
C atoms remains undistorted, and (d) the characteristic NN atomic distances follow Vegard’s
law. It is to be noted that in the RIM GF methodology, no additional IFCs are required for the
descriptions of wave-vector dependent phonon dispersions ωj(

→
q ) of the XxY1−xC alloys

in arbitrary crystallographic directions. To simulate the dynamical characteristics of the
pseudo-binary alloys using RIM, we have deliberated the IFCs of binary XC materials (cf.
Table 2) in a three-body framework. While this approach has allowed for the calculations
of phonon spectra for the optical, acoustical as well as disorder-induced modes, we have
neglected here the disorder-related broadening of the spectral lines.

2.3. Thermodynamic Properties

To comprehend the effects of temperature on the structural stability of XC materials,
we have calculated the thermodynamic properties (up to 1500 K) in the QHA by adopting a
RIM and including appropriate values of their g(ω) and ωj (

→
q ) [132–138]. In the numerical

computation of T-dependent lattice heat capacity (CV(T)), we have used the following:

E(T) = Etot+Ezp +
∫

èω

exp
(

èω
kBT

)
− 1

g(ω)dω (6)

where Etot is the total static energy at 0 K which can be calculated by first-principles
methods, Ezp is the zero-point vibrational energy, kB is Boltzmann’s constant, è is Planck’s
constant. The term Ezp can be expressed as follows:

Ezp =
1
2

∫
g(ω)èωdω (7)

The lattice contribution to CV(T) is obtained by using [138] the following:

CV(T) = kB

∫ (
èω
kBT

)2
exp

(
èω
kBT

)
[
exp

(
èω
kBT

)
− 1

]2 g(ω)dω (8)

From Debye’s equation,

CV(T) = 9rkB

(
T

ΘD(T)

)3∫ ΘD(T)

0

(
èω
kBT

)4
e(

èω
kBT )

[
exp

(
èω
kBT

)
− 1

]2 dω (9)

it is possible to calculate ΘD(T). In Equation (9), the term r signifies the number of atoms
per unit cell.

2.4. Interaction of Photons with Solids

In polar materials, the electrical polarization induced by the displacement of atoms
offers the key quantities to understand how the deformations and electric fields are coupled,
insulating them. The interaction of photons with solids comprises both ionic and electronic
oscillations where the dielectric polarization is linked to their atomic polarizability [130].
The dynamic response of dielectric function on electromagnetic radiation is expressed
in terms of elementary oscillators, where the strong interaction of photons with ωTO
phonons cause a large Reststrahlen absorption in the IR region. In polar crystals, the ωLO
modes produce a macroscopic electric field that interacts with electrons, resulting in a
quasi-particle known as ‘polaron’ [130]. This long-range coupling instigates the Fröhlich
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interaction αF (cf. Section 2.4.2). Born’s transverse effective charge e∗T (cf. Section 2.4.1) is
an equally important quantity for studying the lattice dynamics of polar XC materials.

2.4.1. Born’s Effective Charge e*
T

In binary crystals, Born’s transverse effective charge e∗T is linked to the splitting of
their optical phonon frequencies Δω [≡ ωLO(Γ) − ωTO(Γ)]. The screening of the Coulomb
interaction depends on the electronic part of the dielectric function and volume of the
unit cell [130]. In many compound semiconductors, the phonon splitting Δω is assessed
by measuring the pressure (P)-dependent optical modes [148] by Raman scattering. This
optical phonon splitting is then related to the bonding characteristics by being scaled to the
lattice constants ao. The P-dependent Raman studies are difficult, and, in some cases, the
results have been contentious [149]. Except for 3C-SiC [107], no P-dependent measurements
are available for GeC and SnC. In Section 3.2, we have reported our RIM calculations of
x-dependent phonon splitting for XxY1−xC alloys and predicted the qualitative behavior of
e∗T by using [149] the following:

e*2
T =

ε∞μa3
0

16π

(
ω2

LO(Γ) − ω2
TO(Γ)

)
(10)

where ε∞ is the high-frequency dielectric constant and μ is the reduced mass of the
anion–cation pair.

2.4.2. Fröhlich Coefficients αF

The theory of the Fröhlich interaction in ternary alloys is very complex. In binary
materials, the strength of electron–phonon interaction is expressed by a dimensionless
Fröhlich coupling constant αF [130]:

αF =
1
2

e2/
√

è/2m*
eωLO

èωLO

(
1

ε∞
− 1

εo

)
(11)

where e is the electron charge, m∗
e the effective electron mass and εo is the static dielectric

constant. Except for 3C-SiC, no systematic calculations of band structures or the effective
electron masses m∗

e are known for GeC and SnC.

3. Numerical Computations and Results

Following standard practices, we have computed the lattice dynamical, as well as the
thermodynamic properties of both zb binary XC and ideal ternary XxY1−xC alloys. For the
alloys, we have adopted (cf. Section 2.2) a generalized GF method in the framework of a
RIM by incorporating the necessary IFCs (see Table 2) of the binary materials. The RIM re-
sults are analyzed by comparing/contrasting them with the existing experimental [105,129]
and theoretical data [120–126].

3.1. Lattice Dynamics of Binary XC Materials
3.1.1. Phonon Characteristics

For binary XC materials, the simulated RIM phonon dispersions ωj(
→
q ), and one

phonon DOS g(ω), are displayed in Figures 2a and 2b, respectively. At ambient pressure,
the acoustic phonon branches of the three (3C-SiC, GeC and SnC) compounds exhibited
positive values—demonstrating their stability in the zb phases. From the DOS g(ω), one
can clearly see two features, each with noticeable intensities in the low- (acoustic) as well
as the high- (optical) frequency regions. Obviously, these characteristics are linked to the
average ωTA, ωLA and ωTO, ωLO modes caused by the vibrations of heavier X and lighter
C atomic masses, respectively.

For 3C-SiC, GeC and SnC materials, the simulated results of phonon frequencies
at high critical points Γ, X, L reported in Table 3A–C are compared against the existing
experimental [105,129] and/or theoretical [120–126] data. Our lattice dynamical results
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for 3C-SiC contrasted reasonably well with the available phonon data from both the
experimental (RSS [105], IXS [129]) and first-principles calculations [120–126]. For GeC and
SnC, the results are also seen in very good accord with the phonon simulations reported
by Zhang et al. [125] who used a plane–wave pseudopotential method in the density
functional perturbation theory within the local density approximation.

(a) (b) 

0

200

400

600

800

1000

LWXLΓKXΓ
Reduced wavevector, ζ

Fr
eq

ue
nc

y 
(c

m
-1

)

RIM : SiC/GeC/SnC

SnC
GeC
SiC

DOS (arb. units)

Figure 2. (a) Simulated phonon dispersions of novel zinc-blende XC binary materials using a rigid-
ion-model (RIM). The red color lines represent SiC, blue lines GeC and green lines SnC. Results
are compared well with the experimental [105,129] and first-principles [120–126] data. (b) The RIM
results of one phonon density of states for SiC (red color lines), GeC (blue lines) and SnC (green lines).

Table 3. Comparison of the RIM calculated phonon frequencies (cm−1) at Γ, X, L critical points with
the experimental and theoretical calculations (A) 3C-SiC, (B) GeC and (C) SnC, respectively (see text).

(A)

3C-SiC ωLO(Γ) ωTO(Γ) ωLO(X) ωTO(X) ωLA(X) ωTA(X) ωLO(L) ωTO(L) ωLA(L) ωTA(L) Δω

Our (a) 974 797 828 760 639 373 857 787 591 250 177
Expt. (b) 974 793 830 759 644 373 850 770 605 260 181
Expt. (c) 972 796 829 761 640 373 838 766 610 266 176
Calc. (d) 953 783 811 749 623 364 832 755 608 260 170
Calc. (e) 956 783 829 755 629 366 838 766 610 261 173
Calc. (f ) 945 774 807 741 622 361 817 747 601 257 171

(a) Our; (b) Ref. [105]; (c) Ref. [129]; (d) Ref. [125]; (e) Ref. [122]; (f ) Ref. [123].

(B)

GeC ωLO(Γ) ωTO(Γ) ωLO(X) ωTO(X) ωLA(X) ωTA(X) ωLO(L) ωTO(L) ωLA(L) ωTA(L) Δω

Our (a) 749 626 697 617 348 211 705 621 326 166 123
Calc. (b) 812 682 785 695 378 222 789 683 366 161 130
Calc. (c) 748 626 697 617 348 214 705 612 331 162 122

(a) Our; (b) Ref. [124], (c) Ref. [125].

(C)

SnC ωLO(Γ) ωTO(Γ) ωLO(X) ωTO(X) ωLA(X) ωTA(X) ωLO(L) ωTO(L) ωLA(L) ωTA(L) Δω

Our (a) 558 456 512 454 216 141 524 454 214 102 102
Calc. (b) 711 590 689 621 268 150 694 600 262 106 121
Calc. (c) 558 456 503 450 216 134 516 440 199 109 102

(a) Our; (b) Ref. [124], (c) Ref. [125].
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3.1.2. Thermodynamic Characteristics

To test the accuracy of our RIM ωj(
→
q ), and g(ω), we have followed the methodology

outlined in Section 2.3 and simulated the T-dependent Debye temperature and specific heat
for the binary XC materials. The results of our calculations for ΘD(T) and CV(T) displayed
in Figure 3a,b are compared with the experimental (3C-SiC) [149–151] and/or theoretical
data [152,153]. While the shapes of these thermodynamic quantities for the XC materials are
typical to those of the group IV elemental and III–V, II–VI, I–VII compound semiconductors,
the values of C-based materials, however, differ significantly [120,124,125,152].
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Figure 3. (a) Rigid-ion model simulations of temperature-dependent Debye temperature ΘD(T) for
the zinc-blende SiC (red color lines), GeC (blue lines) and SnC (green lines). For SiC, the results are
compared with the experimental data (magenta color triangles). (b) Rigid-ion model calculations of
CV(T) (in J/mol-K) as a function of T for SiC (red color lines), GeC (blue lines) and SnC (green lines).
The calculations of 3C-SiC are compared with the experimental (magenta color triangles and black
colored inverted triangles) (see text).

At a single temperature T, the outcomes of our results (cf. Figure 3a,b) for ΘD(T)
[CV(T)] have shown considerable decrease [increase] in the simulated values with the
increase of cation X atomic masses (i.e., from Si → Ge → Sn). Again, at low T, our
results of Cv(T) for the binary materials have not only confirmed the correct trends
with appropriate shapes replicating the T3 law but also provided a reasonably good match
with the existing experimental/theoretical data [149–153]. For 3C-SiC, the experimental
values of specific heat at constant volume (CV) [149] and constant pressure (CP) [150] are
included in Figure 3b using different colored symbols. As expected, the results of Cv(T) for
XC binary materials at highest temperatures approached ~50 (J/mol-K) [see (Figure 3b)],
in excellent agreement with the Dulong–Petit rule. Clearly, these results are justified
because at higher T, one would anticipate all the excited phonon modes contributing to the
thermodynamic characteristics.

3.2. Phonon and Thermodynamic Properties of XxY1−xC Ternary Alloys

Recent developments in the crystal growth of ultrathin XxY1−xC films on different
substrates have given excellent opportunities to many researchers to prepare novel C-based
semiconducting alloys with the expected crystal structures and compositions [42–46]. For
future device designs and their applications using zb XxY1−xC alloys, we have reported
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our comprehensive calculations and predicted their x-dependent phonon ωj(
→
q ), g(ω), and

thermodynamic ΘD(T), CV(T) traits by using a RIM GF methodology in the VCA (see
Table 4 and employing the results of binary XC materials).

Table 4. (A) Comparison of the temperature-dependent RIM calculations for the Debye temperature
ΘD(T), and (B) the specific heat Cv(T) in (J/mol-K) for the zb SiC, GeC and SnC materials with the
existing experimental Refs. [149,150] and/or theoretical Refs. [118–120,123,125,152] data. Please note
that the reported results in Ref. [150] are for CP(T).

(A)

Debye TemperatureΘD(T)

T 3C-SiC RIM (a) Others GeC RIM (a) Others SnC RIM (a) Others

0 1090 (a) 673 (a) 419 (a)

100 923 (a) 635 (a) 490 (a)

300 1134 (a) 960.61 (b), 1130 (c),
611.6 (d), 1151 (e), 1080 (f ) 857 (a) 759.6 (g), 616 (e), 831 (f ) 619 (a) 506.7 (g),

472 (e)

600 1180 (a) 951.54 (b) 899 (a) 651 (a)

900 1188 (a) 942.52 (b) 906 (a) 657 (a)

1200 1192 (a) 934.94 (b) 908 (a) 659 (a)

1500 1194 (a) 930.02 (b) 910 (a) 660 (a)

(a) Our; (b) Refs. [149,150]; (c) Ref. [152]; (d) Ref. [120]; (e) Ref. [118]; (f ) Ref. [119]; (g) Ref. [123].

(B)

Specific heat Cv(T)

T 3C-SiC RIM (a) Others GeC RIM (a) Others SnC RIM (a) Others

300 26.24 27.09 (b), 31.39 (c), 26.8 (d) 34.31 32.35 (e) 40.01 35.70 (e)

600 41.49 42.09 (b), 44.14 (c), 41.3 (d) 44.58 44.6 (e*) 46.96 46.10 (e*)

900 45.77 47.60 (b), 47.26 (c), 46.7 (d) 47.41 47.1 (e*) 48.56 48.32 (e*)

1200 47.51 50.19 (b), 48.41 (c), 49.6 (d) 48.46 48.2 (e*) - -
1500 48.34 51,77 (b), 48.94 (c), 51.2 (d) - - - -

(a) Our; (b) Refs. [149,150]; (c) Ref. [152]; (d) Ref. [120]; (e) Ref. [125] (e*) estimated from the graph.

3.2.1. Phonon Characteristics of X1−xYxC Alloys

In the framework of a generalized RIM GF formalism (cf. Section 2.2), systematic
simulations are performed for predicting the results of x-dependent phonon dispersions
ωj(

→
q ), and DOS, g(ω) for the ideal mixed X1−xYxC ternary alloys. For instance, the

calculated results of Si1−xGexC alloys displayed in Figure 4a,b have clearly validated that
the values of ωj(

→
q ), and g(ω) steadily shifting towards the lower frequency regions as

x increases (i.e., from ≡0.0, 0.2, 0.4, 0.6, 0.8 and 1.0). Moreover, in the extreme situations
x → 0.0, and x → 1.0, the results are seen transforming to those of the binary SiC and
GeC materials.

From the phonon characteristics of Si1−xGexC alloys (cf. Figure 4a,b), we have also
noticed a few interesting features: (a) the x-dependent curves of ωj(

→
q ), and g(ω), exhibit

very similar traits, (b) the ωTO modes show nearly flat dispersions in the X → Γ → L
directions which are responsible for triggering appropriate strong peaks in the g(ω), (c)
the ωLO modes have demonstrated almost flat dispersions in the L → X → W directions
which initiated the correct weak peaks in the g(ω), and (d) the splitting of optical phonon
modes Δω (≡ ωLO(Γ) − ωTO(Γ)) decreased from 177 cm−1 → 161 cm−1 → 149 cm−1 → 139
cm−1 → 130 cm−1 → 123 cm−1 with the increase of composition, x (≡0.0 → 0.2 → 0.4 →
0.6 → 0.8 → 1.0). Very similar phonon characteristics are also noticed in the Si1−xSnxC (cf.
Figure 5a,b) and Ge1−xSnxC (cf. Figure 6a,b) ternary alloys.
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Figure 4. (a) Composition-dependent rigid-ion model (RIM) calculations of phonon dispersions ωj(
→
q )

for Si1−xGexC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM calculations of
one phonon density of states g(ω) for Si1−xGexC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
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Figure 5. (a) Composition-dependent rigid-ion model (RIM) calculations of phonon dispersions ωj(
→
q )

for Si1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM calculations of
one phonon density of states g(ω) for Si1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
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Figure 6. (a) Composition-dependent rigid-ion model (RIM) calculations of phonon dispersions
ωj(

→
q ) for Ge1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM

calculations of one phonon density of states g(ω) for Ge1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and
1.0.

3.2.2. Thermodynamic Characteristics of X1−xYxC Alloys

By using appropriate phonon dispersions and DOS, the x-dependent thermodynamic
characteristics are simulated in the QHA for X1−xYxC ternary alloys between 0 < T < 1500 K.
As an example, we have reported our results of ΘD(T) and Cv(T) for the Si1−xGexC alloys
in Figures 7a and 7b, respectively. Similar calculations have also been performed for other
Si1−xSnxC (cf. Figure 8a,b) and Ge1−xSnxC (cf. Figure 9a,b) ternary alloys. From Figure 7a,b,
some important noticeable facts can be justified. As x increases (from ≡0, 0.2, 0.4, 0.6, 0.8
and 1.0), the values of ΘD(T) [Cv(T)] decrease [increase] and in the limiting situations
x → 0.0, and x →1.0, the results transform to those of SiC and GeC materials. Based on
our simulations, the binary 3C-SiC has exhibited the highest ΘD(T) and lowest Cv(T),α(T)
values. These results, related to its shorter bond-length and larger bond strength (see
Table 2), can exhibit strong radiation tolerance with excellent resistance. Obviously, these
characteristics have led to 3C-SiC being quite robust at higher T with less likelihood of
breakdown in extreme conditions. We, therefore, feel that 3C-SiC is an ideal compound
to be employed as a fuel-cladding material in nuclear reactors and high-temperature
environments.

On the other hand, both GeC and SnC revealed significantly weaker bonding [149–153]
(see Table 2) which instigated lower ΘD(T) and higher Cv(T), α(T) values. Thus, we antici-
pate that these materials may not be suitable for fuel-cladding layers in nuclear reactors
and/or in higher temperature environments. However, with a very small composition (x),
the ternary Si1−xGexC alloys can still be deliberated. Both XC and X1−xYxC alloys have
already been used to grow multilayer (viz., SiC/SiGe(Sn)C, GeC/Si(Ge)SnC) heterostruc-
tures. Thus, we feel that these structures may help engineers to design MQW/SL-based
micro-/nanodevices for different strategic and civilian application needs.
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Figure 7. (a) Composition-dependent rigid-ion model calculations of Debye temperatures ΘD(T) for
Si1−xGexC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM calculations of one
specific heat Cv(T) for Si1−xGexC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
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Figure 8. (a) Composition-dependent rigid-ion model calculations of Debye temperatures ΘD(T) for
Si1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM calculations of one
specific heat Cv(T) for Si1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
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Figure 9. (a) Composition-dependent rigid-ion model calculations of Debye temperatures ΘD(T) for
Ge1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Composition-dependent RIM calculations of one
specific heat Cv(T) for Ge1−xSnxC with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.

3.2.3. Born Effective Charge for X1−xYxC Alloys

In polar materials, Born’s effective charge e∗T (also known as transverse or dynamic
effective charge) manifests the coupling between lattice displacements and electrostatic
fields. It is found that e∗T remains insensitive to the isotropic volume change but strongly
affected by changes in the atomic positions associated with phase transitions (Pt). From a
theoretical standpoint, e∗T in binary XC and ternary X1−xYxC alloys is important as Pt takes
place due to the competition between long-range coulomb interactions and short-range
forces. The long-range coulomb interactions are responsible for the observed splitting
Δω [≡ ωLO(Γ) − ωTO(Γ)] between ωLO(Γ) and ωTO(Γ) phonon frequencies. In Table 5, we
have reported our simulated results of x-dependent Δω and e∗T for X1−xYxC alloys. In the
absence of e∗T data for ternary alloys, our theoretical results for the binary materials agree
reasonably well with the experimental (for 3C-SiC) [107] and theoretical [123] results (for
GeC and SnC) [122,124].

Table 5. Simulated composition-dependent Born’s effective charges for zinc-blende ternary alloys:
(A) Si1−xGexC, (B) Si1−xSnxC, and (C) Ge1−xSnxC.

(A)

Si1−xGexC

x ωLO(Γ) ωLO(Γ) Δω e*
T

(a) e*
T others

0.0 974 797 177 2.683 2.697 (b), 2.72 (c)

0.2 911 750 161 2.675
0.4 862 713 149 2.659
0.6 821 682 139 2.629
0.8 783 653 130 2.611
1.0 749 626 123 2.581 2.62 (d)

(a) Our; (b) Ref. [107]; (c) Refs. [122,123]; (d) Ref. [124].
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Table 5. Cont.

(B)

Si1−xSnxC

x ωLO(Γ) ωLO(Γ) Δω e*
T

(a) e*
T others

0.0 974 797 177 2.683 2.697 (b), 2.72 (c)

0.2 856 707 149 2.697
0.4 773 642 131 2.695
0.6 700 582 118 2.684
0.8 630 522 108 2.658
1.0 558 456 102 2.629 2.95 (d)

(a) Our; (b) Ref. [107]; (c) Refs. [122,123]; (d) Ref. [124].

(C)

Ge1−xSnxC

x ωLO(Γ) ωLO(Γ) Δω e*
T

(a) e*
T others

0.0 749 626 177 2.581 2.62 (d)

0.2 710 594 116 2.595
0.4 673 562 111 2.600
0.6 635 528 107 2.615
0.8 597 493 104 2.623
1.0 558 456 102 2.629 2.95 (d)

(a) Our; (d) Ref. [124].

3.2.4. Fröhlich Coefficients

In semiconductors, the strength of the Fröhlich interaction is directly linked to the
polar nature of its crystal lattice. In a highly polar material, the Coulomb field of a carrier (or
exciton) couples more easily to the polar vibrations (i.e., ωLO phonons) of the crystal lattice,
resulting in a strong Fröhlich coupling coefficient, αF . By using αF (cf. Equation (11)), the
polaron effective mass m∗

p can be calculated [154] in terms of the bare electron mass me
using the following expression:

m∗
p = me· 1 − 0.0008 αF

2

1 − ( αF
6
)
+ 0.003 αF 2 (12)

where, the static εo and high-frequency ε∞ values of the dielectric functions provide the
means of quantifying the polar nature of materials, so that further insight into the Fröhlich
interaction (see Equation (11)) can be gained via the dielectric characterizations.

It is to be noted that, except for 3C-SiC, no systematic calculations of the band struc-
tures and effective electron masses m∗

e are known for the GeC and SnC materials. With
Equation (11), and using the existing parameters (εo, ε∞, ωLO, m∗

e ) for 3C-SiC from the
literature [105–107], our calculation of αF (=0.576) has provided a value much higher than
that reported by Adachi [130]. Interestingly, however, the calculation of polaron mass
( m∗

p/me ≡ 0.243) using Equation (12) agrees very well with the theoretical result reported
by Persson and Lindefelt [154]. Obviously, more experimental and theoretical efforts are
needed for assessing the accurate values of the Fröhlich interaction coefficients for both the
binary XC and ternary X1−xYxC alloys.

4. Discussions and Conclusions

In summary, we have used a realistic RIM and reported the results of our methodical
simulations for comprehending the lattice dynamical and thermodynamic characteristics
of zb (SiC, GeC, SnC) binary and (S1−xGexC, S1−xSnxC, Ge−xSnxC) ternary alloys. From a
basic chemistry standpoint, one expects a gradual increase in the bond lengths (i.e., from
Si-C → Ge-C → Sn-C) due to the differences in the sizes of the cations (Si, Ge, Sn) and (C)
anion atoms. Accordingly, the increase in bond lengths will cause a decrease in their bond
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strengths. These facts are clearly revealed in our calculated IFCs of the RIM for XC materials
(see Table 2), where the nearest-neighbor force constants [127] have shown steady decrease
in their strength as one proceeds from SiC → GeC → SnC. Obviously, the atomic- and
composition (x)-dependent variations in the bond strengths of mixed X1−xYxC alloys have
instigated dramatic variations in the simulated RIM phonon dispersions ωj(

→
q ), DOSg(ω),

and thermodynamic [e.g., ΘD(T), Cv(T), α(T)] traits.
In recent years, consistent efforts have been made using group-IV carbides and

III-nitrides to develop devices for achieving efficient operations in challenging environ-
ments (viz., radiation, high-power, extreme temperature) where the electronic systems
based on Si material have indicated weaknesses of survival. In this quest, it is necessary to
assess the electronic and thermodynamic characteristics of XC materials to see if they satisfy
the necessary requirements for their use in the high temperature/high power settings. One
must note that the devices based on wide bandgap GaN and SiC have recently emerged in
the commercial market for slowly replacing the traditional Si-built electronic parts. Both
GaN and SiC materials with wide bandgaps, high critical electric fields, and low dielectric
constants have reflected on the lower on-state resistance for a given blocking voltage. In
addition, these materials have exhibited high Debye temperatures ΘD(T), low specific heats
Cv(T) and low thermal expansion α(T) coefficients. As compared to SiC, there are a few
disadvantages for the selection of GaN material. The main problems have been identified
as follows: (a) the manufacturing complexity, cost, intrinsic defects, and reliability concerns
about the integration of GaN into the existing processes with limited availability of sub-
strates, and (b) the relatively lower [higher] values of ΘD(T) [Cv(T), α(T)] [108,136]. Again,
with respect to Si (Eg ≡ 1.12 eV), the reported theoretical bandgap energies of GeC and SnC
materials are 1.51 eV [118], and 0.75 eV [117], respectively. Obviously, compared to SiC,
the binary GeC, SnC and/or ternary Ge1−xSnxC alloys with lower Eg and weaker bonding
have exhibited different lattice dynamical and thermodynamic properties. Therefore, we
strongly feel that devices based on binary GeC, SnC and/or Ge1−xSnxC materials may not
be suitable for radiation detection in nuclear reactors or high-temperature, high-power
settings. However, from recent successful efforts in the growth of ultrathin zb XC binary
and X1−xYxC ternary alloys, along with their predicted results of phonon, structural, and
thermodynamic traits, the materials can still be credible for the preparations of heterostruc-
tures in designing MQW and SL-based micro-/nanodevices for different strategic and
civilian application needs.
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Abstract: Ag nanowire electrodes are promising substitutes for traditional indium tin oxide (ITO)
electrodes in optoelectronic applications owing to their impressive conductivity, flexibility, and trans-
parency. This review provides an overview of recent trends in Ag nanowire electrode layer formation,
including key developments, challenges, and future prospects. It addresses several challenges in
integrating Ag nanowires into practical applications, such as scalability, cost-effectiveness, substrate
compatibility, and environmental considerations. Additionally, drawing from current trends and
emerging technologies, this review explores potential avenues for improving Ag nanowire layer-
forming technologies, such as material advancements, manufacturing scalability, and adaptability
to evolving electronic device architectures. This review serves as a resource for researchers, engi-
neers, and stakeholders in nanotechnology and optoelectronics, and underscores the relationship
between advancements in patterning and the application of Ag nanowire electrodes. Through an
examination of key developments, challenges, and future prospects, this review contributes to the
collective knowledge base and encourages continued innovation in the ever-evolving realm of Ag
nanowire-based optoelectronics.

Keywords: Ag nanowires; layer-forming technology; transparent conductive films; coating

1. Introduction

In the evolving fields of electronic engineering and optoelectronics, scientists and
engineers are constantly searching for materials that can outperform indium tin oxide
(ITO). The scarcity and cost fluctuations of indium, along with environmental concerns
related to its extraction, challenge its long-term viability. Additionally, the adaptability
of ITO to emerging technologies is limited by its brittleness, which reduces its durability,
especially on flexible substrates, and its low conductivity at lower thicknesses [1–8]. As
a result, there is increasing demand for electronic components that offer not only high
performance but also environmental sustainability. In this context, Ag nanowires have
emerged as a promising alternative owing to their excellent electrical conductivity, inherent
flexibility, and outstanding transparency [9–17], which makes them a leading choice for
next-generation electronics such as flexible displays and wearable devices [18–25]. Con-
sequently, extensive research has been conducted on the synthesis, characterization, and
applications of Ag nanowires (Figure 1) [26].

Layer formation technologies play a crucial role in unlocking the full potential of
Ag nanowire electrodes, especially in the context of how form and function interact. By
overcoming the technical challenges associated with Ag nanowire layer formation, the the-
oretical benefits of Ag nanowires can be translated into practical applications [5,12,27–32].
This review examines recent developments in the formation of Ag nanowire electrode lay-
ers [9,10,13,20,33–35] and highlights the associated challenges and opportunities, including
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scalability, cost-efficiency, material compatibility, and environmental considerations. The
primary aim is to provide an overview of the multifaceted challenges faced by researchers
and industry in utilizing Ag nanowires in actual devices. Furthermore, this review explores
the future potential of Ag nanowire layers and their integration into evolving electronic
designs and the opportunities they offer for improving the electrode potential of optoelec-
tronic devices. It aims to provide accessible knowledge beneficial to researchers, engineers,
industry professionals, and policymakers.

 

Figure 1. Synthesis, characterization, and applications of Ag nanowires [26]. Reproduced from
Ref. [26] under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

2. Methods for Ag nanowire Layer Formation

The development of transparent conductive films on flexible polymeric substrates has
led to significant advancements in coating techniques to improve the performance and
applicability of the resulting films. Ag nanowires are increasingly recognized as candidates
for transparent conductive layers in diverse applications, such as flexible electronics and so-
lar cells, owing to their excellent electrical conductivity and optical transparency. Choosing
an appropriate coating method is crucial, as it greatly affects the characteristics of the film
and its suitability for a given application. The following sections explore different coating
methods, including their operating principles, recent advancements and challenges, and
the interaction between the coating method and the characteristics of the base material.

2.1. Spray Coating

Spray coating is a versatile and cost-effective method for depositing Ag nanowires
on both rigid and flexible substrates [14,36–38]. This technique is simple and able to cover
large areas uniformly. Recent advancements in spray coating have focused on refining
precision, particularly with regard to nanowire density and orientation. Researchers
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are exploring novel approaches to optimize the spray parameters, such as the solvent
composition and nozzle design, to enhance the homogeneity of the resultant films. In a
notable example of these achievements, Zhu et al. developed a solvent-welding technique
employing Ag nanowire spray coating (Figure 2) [36]. Ag nanowire networks combined
with poly(vinylpyrrolidone) (PVP) and camphorquinone were spray coated onto a substrate
containing ethylene glycol. By applying a current to the Ag nanowire network, the electrical
resistance was reduced by a significant 96%. The versatility of spray-coating in terms of
material selection and scalability makes it a valuable solution for wide-ranging applications,
from small-scale laboratory research to large-scale industrial manufacturing. The ability to
generate uniform and transparent conductive films through spray coating is particularly
promising for the advancement of technologies such as flexible displays, touchscreens,
and solar cells [14,36–38]. Furthermore, this method is cost-effective for the production
of transparent conductive films. Advances in the spray-coating of Ag nanowire films on
flexible polymeric substrates will facilitate the fabrication of next-generation transparent
conductive films for diverse applications.

 
Figure 2. Ag nanowire layer formation using spray coating [36]. (A) Schematic of Ag nanowire
synthesis with PVP (red lines) and camphorquinone (CQ; blue dots) capping; (B) fabrication of Ag
nanowire network via spray coating; (C) solvent welding and corresponding state of Ag nanowire
junctions; (D) solvent-based plasmonic welding; and (E) combined solvent-based plasmonic and
Joule-heating welding. Reproduced from Ref. [36] under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.

2.2. Dip Coating

Dip coating involves submerging a substrate in an Ag nanowire solution [37,39–42].
This method offers excellent control over the film thickness; however, achieving uniformity
over large areas remains challenging. Therefore, recent research on dip-coating is focused
on overcoming this limitation. In a recent study, Zeng et al. used dip coating to fabricate
Ag nanowire electrodes on polyethylene terephthalate (PET) fabrics (Figure 3) [43], fol-
lowed by hot pressing to improve the adhesion of the Ag nanowires to the fabric. This
approach resulted in fabric with excellent electrical conductivity (of 464.2 S/m); strong
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electromagnetic shielding (17 dB); good strain sensing performance; minimal resistance
changes (below −15%); and outstanding Joule-heating performance (110 ◦C at a current of
0.08 A). In the work by Choi et al., aligned Ag nanowire electrodes were fabricated with
the dip-coating process [42]. They fabricated differently aligned Ag nanowire electrodes
for flexible strain sensors, which were aligned longitudinally, parallel to the alignment
direction, and the other aligned laterally, perpendicular to it (Figure 4). The sensor perfor-
mance results indicated that the strain sensor with the longitudinally aligned Ag nanowire
electrodes exhibited a gauge factor (GF) of 89.99 under 25% tensile strain, surpassing the GF
of 12.71 of that with laterally aligned Ag nanowire electrodes. Other innovations such as
advanced withdrawal techniques and modifications to the solution rheology have also been
explored to enhance the uniformity of dip-coated films. Despite the challenges in achieving
large-scale uniformity, dip coating remains a valuable tool, especially for applications and
electronic components that require precise thickness control [37,39–42].

 

Figure 3. Formation of Ag nanowire (AgNW) layers using dip coating. Schematic diagram of dip-
coating and hot-pressing processes for embedding Ag nanowires into PET fabric [43]. Reproduced
from Ref. [43] under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

Figure 4. Comparison of the degree of alignment of silver nanowires [42]: (a) SEM image of unaligned
silver nanowires; (b) SEM image of silver nanowires aligned using temperature-controlled dip coating
process; (c) SEM image of silver nanowires transferred to PDMS; (d) analysis of degree of alignment
of unaligned silver nanowires; (e) analysis of degree of alignment of silver nanowires aligned using
temperature-controlled dip coating process; and (f) analysis of degree of alignment of transferred
silver nanowires. Insets of (d–f) show the distribution of nanowires according to the angle, and the
amount of silver nanowires is expressed in color. Reproduced from Ref. [42] under the Creative
Commons Attribution 4.0 International (CC BY 4.0) License.
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2.3. Roll-to-Roll Coating

Roll-to-roll (R2R) coating is a popular method of producing transparent conductive
films, particularly in large-scale manufacturing [39,44–47]. This method involves con-
tinuously applying an Ag nanowire solution to a flexible substrate as it moves between
rolls. The continuous nature of R2R coating makes it highly efficient for mass produc-
tion. Consequently, it is particularly promising for products that require high-volume
outputs, including flexible electronics and large-area photovoltaic cells. Furthermore, it
is compatible with existing manufacturing processes, which offers significant advantages.
Recently, Jeong et al. created a transparent conductive film made of an Ag nanowire-PVP
composite through R2R coating (Figure 5) [48]. They achieved selective calendering by
continuous R2R patterning using an embossed pattern roll, resulting in a pattern line width
of 0.1 mm and spacing of 1 mm. R2R coating also has the ability to align the Ag nanowires
by adjusting the coating conditions (Figure 6) [49]. Current research on R2R coating is
focused on further innovations such as optimizing the drying process and improving the
substrate-handling systems, which will enhance its efficiency and applicability to diverse
industrial applications [39,44–47].

 

Figure 5. R2R-processed continuous patterning by selective calendering: (a) schematic illustration
of patterning via R2R manufacturing; (b) selective calendering mechanism of Ag nanowire-PVP
transparent conductive film using an embossed pattern roll; (c) pressure-sensitive paper pressed by
an embossed pattern roll; and (d) comparison of the resistance between the unpressed and pressed
part in a single-line pattern. Reproduced from Ref. [48] under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.
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Figure 6. (left) (a) aligned angle of carbon fiber to an imaginary perpendicular line—carbon fibers
with aligned angle less than 45◦ are colored red, and above 45◦ are colored blue; (right) (a) overlaid
colored surface FESEM image of carbon fiber thin film [49]. (left) (b) schematic of electron pathway
is overlaid on FESEM image of CF thin film, in which majority of CFs are aligned perpendicular
to direction of applied voltage (perpendicular CFTF); (right) (b) majority of CFs aligned parallel
to direction of applied voltage (parallel CFTF) [49]. Reproduced from Ref. [49] under the Creative
Commons Attribution 4.0 International (CC BY 4.0) License.

2.4. Spin Coating

Spin coating is a prevalent method of applying thin films to substrates at labora-
tory scale [50–53]. This method involves spinning a substrate to evenly distribute an Ag
nanowire solution over it, which offers precise control over the film thickness. However, its
scalability is somewhat limited compared to other coating techniques. Current research
on spin coating is focused on expanding its applicability by investigating new spinning
techniques, exploring alternative solvents, and optimizing spin parameters to achieve
larger-scale uniformity without compromising precision. For example, Zhang et al. pre-
pared an Ag nanowire electrode by spin coating (Figure 7) [54]. They compared four
common experimental methods, that is, Mayer rod coating, spin coating, spray coating,
and vacuum filtration, to create transparent conductive films using a single type of Ag
nanowire. Among the coating methods, spin coating was found to be well-suited for
preparing small-sized Ag nanowire films that displayed excellent bending stability. By
contrast, spray coating required precise control of the process parameters such as spray
distance and traveling speed to obtain uniform Ag nanowire coatings; vacuum filtration
required longer times to form Ag nanowire layers; and Mayer rod coating posed the risk
of scratching the substrate owing to direct rod contact. Therefore, spin coating remains a
valuable technique in research and development, especially for producing uniform films for
in-depth electrical, optical, and mechanical analyses [50–53]. In addition, Lee et al. found
that the spin coating can produce differently aligned Ag nanowire electrodes by adjusting
the spin coating conditions (Figure 8) [55].

137



Inorganics 2024, 12, 65

Figure 7. Photographs of Ag nanowire-based films prepared through (a) Mayer rod coating, (b) spin
coating, (c) spray coating, and (d) vacuum-filtration methods. Insets are corresponding diagrams
of these four methods. Reproduced from Ref. [54] under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.

 

Figure 8. Schematic diagrams of the overall spin-coating processes and their effects upon NW
alignment [55]: (a) the conventional spin-coating setup (i) and the proposed off-center spin-coating
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setup (ii) with inset polarized optical microscope images of the as-deposited Si nanowires; (b) the
forces involved in the off-center spin-coating mechanism, including Inertial (centrifugal) Force I,
due to centripetal acceleration (blue), Inertial Force II (red), due to tangential acceleration, and the
resultant force (green); (c) the sequential influence of the resultant force upon the uniaxial alignment
of the NWs that are in partial contact with the substrate surface. Reproduced from Ref. [55] under
the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

2.5. Doctor-Blade Coating

Doctor-blade coating is a precise technique for spreading Ag nanowire solutions onto
substrates using a specialized blade [56–58]. This method offers meticulous control over
the film thickness and uniformity, making it particularly promising for applications where
these characteristics are paramount. Recent developments in doctor-blade coating have
focused on improving the blade design and exploring innovative materials for the blade
itself to refine the coating process. Yoon et al. studied the effect of doctor-blading conditions
on the electrical properties of Ag nanowire electrodes (Figure 9) [59]. The blade height
and speed were the main parameters that determined the electrical properties of the Ag
nanowire electrodes. They found that a lower blade height correlated with lower electrical
resistance, and that the optimal blade speed was 20 mm/s. The ability to tailor the film
properties using this technique makes it a valuable tool in both research and industrial
settings. Consequently, doctor-blade coating is likely to see increasing use to meet the
growing demand for tailored transparent conductive films [56–58].

Figure 9. Schematic of the coating process for the production of transparent Ag nanowire (AgNW)
electrodes using a doctor-blade system: (a) applying an AgNW suspension, (b) blade coating, and
(c) drying in an oven. Reproduced from Ref. [59] under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.

Doctor-blade coating shows excellent promise for the large-scale and cost-effective
production of transparent conductive films on flexible polymeric substrates for applications
including flexible electronics, touchscreens, and solar cells. This underscores the versatility
and practicality of doctor-blade coating. Current research in this area is focused on explor-
ing alternative materials, sustainable fabrication techniques, and integration with emerging
technologies, highlighting the potential for continued innovation in doctor-blade-coated
transparent conductive films.

2.6. Inkjet Printing

Inkjet printing is a digital deposition method that has gained popularity for its ability
to precisely deposit Ag nanowire ink in controlled patterns on diverse substrates [60–63].
This technique enables intricate designs and patterns to be created, making it ideal for pro-
ducing electronic circuits and displays. Recent innovations in inkjet printing technologies
have focused on enhancing the printing resolution, exploring new ink formulations, and
expanding substrate compatibility. For example, Wu et al. prepared Ag nanowire flexible
transparent conductive films by inkjet printing (Figure 10) [64]. They tailored various
factors, such as the surface tension and viscosity of the ink and the contact angle between
the Ag nanowire ink droplet and PET substrate, and investigated the effect on the electrical
properties of the prepared Ag nanowire layer. The best optical and electrical properties
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were achieved when using an Ag nanowire ink with a concentration of 0.38–0.57 mg/mL
and a post-coating heat treatment at 60 ◦C for 10 min. In addition, Reenaers et al. showed
that the final performance of electrodes fabricated by ink jet printing was mainly influenced
by the post-sintering conditions (Figure 11) [65]. The adaptability of inkjet printing to
different substrates, including flexible ones, makes it a promising method for applica-
tions requiring intricate designs and patterns, including advanced electronic devices and
wearable technologies [60–63].

 

Figure 10. Schematic diagrams of Ag nanowire (AgNW)-based conductive ink fabrication and the
inkjet printing process. A schematic of the deposited Ag nanowire flexible transparent conductive
film is shown in the center. Reproduced from Ref. [64] under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.

Figure 11. Sintering at shorter distances results in lower sheet resistance and requires a smaller
number of flashes [65] (A). The higher light intensity at shorter distances causes a higher surface
roughness; it exponentially decreases with increasing sintering distance according to the decrease of
light intensity. (Every datapoint consists of three corresponding samples, with every sample measured on
two locations with the profilometer (line measurement); the error bars represent the standard deviation
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of each population). (B). The layer thickness decreases linearly when increasing the sintering distance
for JS-A102A at a flashing intensity of 100% and a flash and cooling time of 2 s. (Each data point
is representing the average of 8 to 12 measurements distributed over four to six different samples.
The error bars represent the standard deviation of each population). (C). Reproduced from Ref. [65]
under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

2.7. Electrospinning

Electrospinning is a less conventional yet innovative approach for preparing Ag
nanowire films. This technique involves generating a nanofiber web on a substrate that
captures Ag nanowires [66–70]. This method is particularly relevant for specialized ap-
plications that require the formation of nanofiber networks. Recent research in this area
has focused on enhancing the nanofiber control, optimizing the solution parameters, and
expanding the range of compatible substrates. Wang et al. deposited Ag nanowires on a
stretchable thermoplastic polyurethane (TPU) substrate to fabricate a stretchable pressure
sensor (Figure 12) [66]. The electrospun Ag nanowire layer exhibited high directionality,
which was advantageous for directional sensing. The Ag nanowire/TPU electrode pressure
sensor demonstrated excellent sensing performance, with a sensitivity of 7.24 kPa−1 within
the range of 9.0 × 10−3 to 0.98 kPa. Notably, the versatility and potential of electrospinning
for applications beyond traditional transparent conductive film applications, such as sen-
sors and advanced filtration systems, demonstrates the impact of further research in this
field [66–70].

Figure 12. Fabrication of nanofiber membrane-based flexible capacitive pressure sensor: (a,b) prepa-
ration of Ag nanowires (AgNWs); (c) preparation of spinning solution; (d) electrospinning process;
and (e–g) assembly of sensors—electrode printing and ultrasonic welding. Reproduced from Ref. [66]
under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

141



Inorganics 2024, 12, 65

2.8. Gravure Printing

Gravure printing, also known as rotogravure printing, is a high-throughput technique
for transferring ink from engraved cells or depressions on a printing cylinder to a sub-
strate [71–74]. The engraved cells are filled with ink, after which excess ink is removed
from the surface, leaving ink only in the depressions. The substrate is then rolled over the
cylinder to transfer the patterned ink. This technique is particularly beneficial in the field of
printed electronics, as it offers an efficient and cost-effective method of producing conduc-
tive patterns, including electrodes, on various substrates. When applied to the deposition
of Ag nanowires, gravure printing combines the advantages of traditional intaglio printing
with the unique properties of Ag nanowires, resulting in the preparation of flexible and
transparent conductive films suitable for diverse applications [75]. Notably, gravure print-
ing allows precise control over the amount of ink transferred, ensuring uniformity of the
electrode pattern. This is particularly important for applications such as electronic devices,
because the performance is highly dependent on the consistency and reproducibility of the
deposited film [71–74].

Ag nanowire ink for gravure printing is prepared by dispersing Ag nanowires in
a solution along with suitable binders and solvents. The viscosity, surface tension, and
other rheological properties of the ink must be optimized to achieve good transfer and
pattern formation during printing. In addition, the use of stabilizing agents in the ink is
essential to prevent nanowire agglomeration and maintain a stable dispersion for uniform
printing. Li et al. fabricated Ag nanowire layers on glass substrates through gravure
printing (Figure 13) [76]. They used an organic–inorganic nanohybrid ink prepared by
incorporating an alkoxysilane-functionalized amphiphilic polymer precursor into a SiO2–
TiO2 hybrid network (denoted as AGPTi) [76]. The gravure-printed Ag nanowire layers
had uniform line widths of 490 ± 15 and 470 ± 12 μm, as well as excellent mechanical
stability after 1000 bending cycles. Postprinting treatments such as thermal annealing
or chemical treatments are often employed to enhance the conductivity and adhesion
of Ag nanowire electrodes [71–74]. These treatments remove any residual binders and
improve the interconnections between the nanowires, ultimately optimizing the electrical
performance of the printed electrodes.

 

Figure 13. Gravure-printed lines of Ag nanowires and graphene on AGPTi: (a) G-Ag
nanowires/AGPTi/PET; (c) G-graphene/AGPTi/PET) and GPTi; (b) G-Ag nanowires/GPTi/PET;
and (d) G-graphene/GPTi/PET), previously deposited on PET. Reproduced from Ref. [76] under the
Creative Commons Attribution 4.0 International (CC BY 4.0) License.
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The transparency and conductivity of Ag nanowires make them well suited for use
in optoelectronic devices, and the scalability of gravure printing is ideal for large-scale
production [71–74]. Gravure printing is also versatile in terms of substrate compatibility,
enabling the deposition of Ag nanowire electrodes on a wide range of materials, including
flexible and transparent substrates. Consequently, the gravure printing of Ag nanowire
electrodes is a promising technique for producing conductive patterns, including electrodes,
on various substrates. Current research in this area is focused on maintaining ink stability,
optimizing printing parameters, and ensuring the long-term stability of printed patterns.
Future directions may involve the exploration of novel ink formulations, advances in print-
ing cylinder technologies, and the development of in-line monitoring systems to enhance
the precision and reproducibility of the printing process [71–74]. The ongoing exploration
and refinement of Ag nanowire gravure printing in the field of printed electronics will
contribute to the advancement of technologies that rely on high-performance, cost-effective,
and scalable conductive patterns.

3. Additional Considerations for Ag Nanowire Layer Formation

There are several additional considerations for Ag nanowire layer formation. First,
the choice of flexible polymeric substrate, like PET [77,78] or polyethylene naphthalate
(PEN) [79,80], significantly impacts the mechanical, thermal, and adhesion properties of
the prepared film. Recent advancements in coating techniques offer the possibility of
tailoring these properties for specific applications, such as achieving mechanical flexibility
for applications involving bending or stretching. Second, postcoating treatments such as
drying and annealing are highly effective for enhancing the electrical conductivity and
mechanical performance of a prepared film [14,15,20,30,31]. Researchers are continuously
optimizing these treatments to improve film characteristics, including the morphology
and Ag nanowire orientation. Advanced characterization techniques, including electrical
conductivity measurements; optical transmittance analyses; and structural evaluations
using scanning electron microscopy and atomic force microscopy, provide crucial insights
for refining and optimizing post-fabrication processes [4,74,75,81]. Finally, the scalability of
coating methods significantly influences their suitability for different applications [1,82–86].
R2R coating offers excellent scalability for mass production, whereas inkjet printing and
spray coating offer advantages in terms of speed and efficiency.

Ag nanowire-coated films have diverse applications in flexible electronics, touch-
screens, and solar cells. The exceptional properties of Ag nanowire-coated films, including
transparency, flexibility, and conductivity, position them as essential components in the
rapidly evolving field of flexible and transparent electronics.

Researchers are also actively exploring alternative materials and sustainable fabrica-
tion techniques, aiming to integrate these innovations with emerging technologies. This
pursuit is driven by challenges including cost-effectiveness, scalability, and achieving
uniformity over large areas. The complex interplay between coating methods, substrate
choices, post-treatment processes, and characterization techniques should be more closely
explored in future research to unlock new applications and breakthroughs in the field of
transparent conductive films on flexible polymeric substrates.

4. Summary

Ag nanowire electrodes present a compelling alternative to traditional ITO electrodes
for optoelectronic applications owing to their remarkable conductivity, flexibility, and
transparency. This review explores recent trends in Ag nanowire electrode coating tech-
nologies. There are diverse coating methods for depositing Ag nanowires on flexible
polymeric substrates, each with unique advantages for specific applications and production
scales, as well as distinct challenges. Future research on these techniques will result in
greater precision, uniformity, and substrate compatibility. The evolution of the field of
Ag nanowire electrodes hinges on the development of these coating methods to meet the
rapidly changing needs of diverse and advancing technologies.
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Abstract: Silver nanowires (AgNWs) are a potential alternative to conventional transparent conduc-
tive materials for various applications, such as flexible and transparent electrodes in optoelectronic
devices, including touch screens, solar cells, and flexible displays. However, AgNW electrodes face
degradation due to environmental factors, electrical instability, and mechanical stress. To overcome
these challenges, strategies to protect AgNW-based electrodes via the incorporation of polymeric
materials were widely investigated to improve the durability and stability of AgNW-based electrodes.
This review paper gives a comprehensive overview of the incorporation of polymeric materials
with AgNW electrodes, emphasizing their performance, and applications. We compare the different
polymeric materials and their effect on the electrical, optical, and mechanical properties of AgNW
electrodes. Furthermore, we evaluate the key factors affecting the choice of protective layers, such as
their compatibility with AgNWs, and also we present current challenges and future opportunities for
the development of polymeric materials for AgNW electrodes in emerging technologies.

Keywords: silver nanowire; protection layer; electrode; polymer; flexible

1. Introduction

The demand for advanced transparent conductive materials is increasing as flexible
and high-performance electronic devices become more popular [1–8]. Silver nanowires
(AgNWs) are one of the most promising candidates to replace the most widely used
material, indium tin oxide (ITO) [5–7,9–14]. AgNWs possess a unique amalgamation of
attributes, boasting exemplary electrical conductivity, remarkable optical transparency,
and innate mechanical flexibility [1,8,15–21]. These distinctive properties render them
exceptionally well-suited for a diverse array of applications, spanning from cutting-edge
touchscreens to innovative photovoltaic systems, and beyond.

For a substantial duration, ITO has held sway as the predominant transparent con-
ductor, lauded for its formidable combination of high conductivity and exceptional trans-
parency [22]. However, ITO bears significant drawbacks, notably its brittleness, exorbitant
production costs, and the scarcity of indium—a pivotal component within its composi-
tion. These inherent limitations have galvanized a fervent quest for alternative materials,
thrusting AgNWs into the spotlight as a formidable contender.

AgNWs have undeniably had their strengths proven, excelling in the efficient con-
duction of electricity, often outperforming ITO in this crucial regard [23,24]. Moreover,
their nanoscale dimensions, characterized by diameters typically ranging from tens to
hundreds of nanometers and lengths extending across several micrometers, endow them
with the remarkable ability to intricately weave complex networks [25,26]. These nanowire
assemblies not only preserve an elevated level of electrical conductivity but also achieve
superlative optical transparency—a prerequisite of paramount importance in applications
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where visual quality is of the essence [27,28]. In addition, the inherent flexibility of Ag-
NWs has opened up new possibilities in electronics [29,30]. Devices that can bend, twist,
and adapt to different shapes are now possible to be used, thanks to AgNW-based elec-
trodes [27,28,30–33]. The potential of AgNWs as a key component in the field of flexible
and stretchable electronics is an exciting prospect.

However, AgNWs have their own challenges that need to be overcome to fully exploit
their potential, including their vulnerability to environmental factors such as oxidation
and corrosion, which can degrade their performance over time [33,34]. Electrical instability
is another issue, manifested in the disruption of electrical paths under mechanical stress
or exposure to electric fields, leading to erratic device behavior. The limited mechanical
stability of AgNW networks is another obstacle, requiring a delicate balance between
flexibility and durability.

To address these formidable challenges, researchers have undertaken their own
quest—to reinforce AgNW-based electrodes with protective materials, which can act as
a shield against environmental threats, ensuring the long-term stability and reliability of
AgNWs [35,36]. They also play an important role in improving the mechanical robustness
of AgNW networks, enabling them to endure bending, stretching, and various forms of
mechanical stress.

This review paper investigates the domain of polymeric protective materials for
AgNW electrodes. We examine the various polymeric materials used to strengthen AgNWs
against the challenges of the real world (Figure 1). Through a detailed analysis of protective
layers, we aim to reveal their effect on the electrical, optical, and mechanical properties of
AgNW-based electrodes. Moreover, we survey the diverse applications of these protected
electrodes in different industries and the key factors influencing the choice of protective
layers suited to specific use cases. Finally, we look ahead to the future, reflecting on the
difficulties that remain and the infinite opportunities that await in the domain of AgNWs
and their protection. Their incorporation with protective polymeric materials marks a
crucial chapter in the story of AgNWs, one that has the potential to transform the field of
transparent conductive materials and redefine the possibilities of modern technology.
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Figure 1. An overview of polymeric materials for AgNWs. Reproduced with permission from
refs. [31–33,37–43].

2. Diverse Polymeric Overcoating

Polymeric materials are incorporated with AgNW electrodes using various methods,
including spin coating, dip coating, spray coating, and inkjet printing [44–46]. The choice of
method depends on the type of polymer, the desired thickness and uniformity of the layer,
and compatibility with the substrate and the AgNW network. The details of each polymeric
material for changing AgNW properties are discussed in following section. PDMS, as an
elastomer, is excellent candidate for stretchable composites. There are numerous works on
PDMS, and its applications are also diverse. Due to its exceptional mechanical properties,
most of the works are focus on stretchable electrodes, and not on just flexible electrodes
or on protection of AgNWs. Therefore, PDMS should be discussed and summarized as a
separate review, which will be an interesting topic for future efforts in another review paper.
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2.1. Polyurethane (PU)/AgNW

PU, a polymer comprising repeating urethane units characterized by the chemical
formula NH2-CO-O-CH2, possesses an array of desirable attributes [33,47,48]. The strategic
application of PU overcoating onto AgNW transparent electrodes yields multifaceted im-
provements in the performance and durability of AgNW-based devices, thereby addressing
several pertinent challenges [33,47,48]. First, PU can reduce the surface roughness of AgNW
electrodes by filling the gaps and smoothing the surface. This can enhance the optical trans-
mittance and reduce the light scattering of the electrodes. Moreover, PU can improve the
contact resistance between the AgNWs and the active materials of the devices by forming a
uniform interface. This can increase the electrical conductivity and efficiency of the devices.
Second, PU can protect AgNWs from external damages caused by mechanical deformation,
chemical corrosion, or oxidation. This can increase the durability and reliability of the
devices. PU can also prevent electrical shorting problems by isolating the AgNWs from
each other and from the environment. This can reduce the power consumption and leakage
current of the devices.

PU overcoating has shown to improve the performance and stability of AgNW-based
devices without compromising their flexibility and transparency [33,47,48]. In the work
by Hwang et al., a layer of PU was applied to AgNW electrodes, and various tests were
conducted to assess their stability [33]. The incorporation of PU as an overcoating layer
had a profound positive impact on the mechanical stability of AgNW electrodes. Even
when subjected to 100 scratches (Figure 2a) and 60 wipes with isopropyl alcohol (IPA)
(Figure 2b), the composite electrodes made of PU and AgNWs displayed no deterioration
in their optical or electrical characteristics. Moreover, the AgNW electrodes coated with
PU demonstrated remarkable reliability, maintaining their resistance even after enduring
300,000 bending cycles (Figure 2d). Additionally, PU served as a protective shield against
oxidation for the Ag nanowires; even after exposure for 120 h at 85 ◦C, the stability of the
AgNWs remained intact (Figure 2c). Notably, the application of a PU coating also enhanced
the optical transmittance of the AgNW electrodes, as PU possesses a refractive index
intermediate between that of air and the substrate. Furthermore, the use of UV-curable
PU facilitated a straightforward and precise patterning process. This involved selectively
curing the PU through a shadow mask and subsequently removing the AgNWs from the
uncured regions by employing sonication in IPA.

Hu et al. presented PU/AgNW composites and used them for touch sensors
(Figure 3) [37]. The AgNW electrodes coated with PU exhibited a low sheet resistance
of 8 Ω/sq while maintaining a high optical transmittance of 74.6% at a wavelength of
550 nm. The integration of AgNWs into the PU layer resulted in exceptional mechanical
stability, with the surface resistance remaining unchanged even after undergoing multiple
scotch tape tests. Intriguingly, the PU/AgNW composite electrodes demonstrated a reduc-
tion in sheet resistance when subjected to a 60% strain. This phenomenon occurred because
the external strain caused the AgNWs to establish tighter contact with each other, thereby
reducing the contact resistance between individual AgNWs. Furthermore, the touch panel
employing the PU/AgNW composite electrodes exhibited remarkable sensitivity to a
pressing force of 30 kPa.
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Figure 2. Change in optical transmittance, haze, and sheet resistance as a function of (a) the number
of scratches made using a pen, (b) the number of wipes using IPA, (c) the hours of exposure to
ambient air at 85 ◦C, and (d) the number of bending cycles of PU coating on the AgNW electrodes.
Reproduced with permission from ref. [33].

2.2. Polymethyl Methacrylate (PMMA) on AgNW

PMMA is a polymer that consists of repeating units of methyl methacrylate, which is
a chemical compound with the formula CH2=C(CH3)2-C(O)-O-CH2 [38,39,49,50]. PMMA
has high transparency, good adhesion, low toxicity, and resistance to heat, moisture, and
chemicals [38,39,49,50]. In the work by Sun et al., AgNWs with PMMA were utilized for two
specific applications including a thin film heater and surface-enhanced Raman scattering
(SERS) detector for biosensors [38]. The process involved dissolving PMMA in tetrahy-
drofuran (THF), which was then applied through spin-coating onto the AgNW electrodes
(Figure 4a). The resulting PMMA/AgNW electrodes exhibited impressive characteristics,
boasting a low sheet resistance of 8 Ω/sq alongside a high optical transmittance of approxi-
mately 85%. Importantly, these PMMA-coated AgNW electrodes demonstrated exceptional
mechanical stability, even when subjected to bending deformations (Figure 4c,d). In the
realm of thin film heating, devices employing PMMA/AgNW electrodes showcased robust
joule heating performance, emphasizing their practical utility (Figure 4e). Furthermore,
these PMMA/AgNW electrodes were effectively employed for the SERS detection of Rho-
damine 6G (Rh6G) solutions, underscoring their versatility and efficacy in biosensing
applications (Figure 4f).
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Figure 3. (a) A schematic illustration of the fabrication of a transparent capacitive array comprising
an acrylic elastomer layer as the dielectric spacer between two transparent AgNW/PU composite
electrodes. (b) Photograph of a pressure sensor array (10 × 10 pixels), each pixel representing a
square area of 1.5 × 1.5 mm2 separated by 1 mm from other areas. (c) Photograph of the sensor
array bent at 180◦. (d) SEM image of a surface area, half of which comprises patterned AgNW/PU
electrodes. (e) Change in the capacitance, ΔC/C0, of one pixel with transversely applied pressure.
(f) Mapping of the measured capacitance changes of pixels in the area where a pressure of 30 KPa
was applied on the central pixel. Reproduced with permission from ref. [37].

In the work by Kim et al., a transparent quantum dot light-emitting diode (QLED) was
demonstrated with PMMA/AgNW electrodes [39]. The PMMA/AgNW electrodes showed
good chemical stability without degradation when exposed to ambient air. In addition,
a low sheet resistance of 16.1 Ω/sq and a high optical transmittance of approximately
~87% were achieved (Figure 5a). The PMAM/AgNW electrodes, possessing optimized
optoelectronic properties (with a figure of merit approximately equal to 3.3 × 10−2), were
coated with an ultrathin PMMA nanolayer (Figure 5b). These coated AgNWs were then
transferred to QLEDs without causing significant damage to the adjacent active layer
(Figure 5c,d). The resulting transparent QLEDs utilizing these transparent top electrodes
demonstrated outstanding performance metrics (Figure 5e–g). They achieved a maximum
total luminance of 27,310 cd·m2 and a current efficiency of 45.99 cd·A–1. These QLEDs,
fabricated through entirely solution-based processes, create the potential for fabrication
through the full roll-to-roll process.
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Figure 4. (a) A schematic of the structure of PMMA/AgNW electrodes; (b) temperature rise in
the PMMA/AgNW electrode-based thin film heaters; (c,d) top views of AgNW electrodes after
cyclic bendings without and with PMMA overcoating. Partial fragments of AgNWs are highlighted
by yellow dot square frames. (e) Temperature increase curves of PMMA/AgNW electrode-based
thin film heaters; the inset images are the optical photographs of the defogging process on the
Ag-nanowire-based film heater. (f) SERS signals of PMMA/AgNW electrodes. Reproduced from
ref. [38] under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.
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Figure 5. (a) UV–vis transmittance spectra of AgNW/PMMA as a function of the number of AgNW
coatings (1–4 times). (b) Transmittance at 550 nm of (a) versus the sheet resistance measured for
each sample with the different number of AgNW coatings. Figures of merit were calculated from
the transmittance and sheet resistance values and are presented together in (b). The numbers in
parentheses denote the number of AgNW coatings. Schematic illustrations of (c) the AgNW/PMMA
TE fabrication process and (d) the applications in transparent QLEDs. Performance of the transparent
QLEDs with the AgNW/PMMA top electrodes. (e) Current density–voltage, (f) luminance–voltage,
and (g) current efficiency characteristics. Reproduced with permission from ref. [39].
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2.3. Polyvinylidene Difluoride (PVDF) on AgNW

One of the methods is to use PVDF as an overcoating layer on Ag NWs [32,51–53].
PVDF is a piezoelectric polymer that has good thermal stability, chemical resistance, and me-
chanical properties [54,55]. Li et al. explored a highly thermally conductive film fabricated
using a combination of AgNW and PVDF through a bar coating method (Figure 6a) [32].
The through-plane and in-plane thermal conductivity of the AgNW/PVDF composite film
were measured at 0.31 and 1.61 W/mK, respectively, and significantly surpassed those of
the pure PVDF film (Figure 6b,c). The experiment demonstrated the successful formation
of thermally conductive pathways within the PVDF overcoating due to the incorporation of
AgNW. Moreover, it was observed that heat preferentially transferred along these thermally
conductive pathways rather than through the PVDF overcoating layer itself (Figure 6d,e).

 

Figure 6. (a) Schematic illustration of the fabrication procedure of the AgNW/PVDF composite film.
(b) Through-plane thermal conductivity and through-plane thermal diffusivity at different volume
fractions. (c) In-plane thermal conductivity and in-plane thermal diffusivity at different volume frac-
tions. (d) SEM image of the AgNW/PVDF composite film forming a thermally conductive pathway.
(e) Dispersion principle diagram of AgNW in the AgNW/PVDF composite film. Reproduced with
permission from ref. [32].

Zhang et al. developed transparent PVDF/AgNW electrodes, where AgNWs were
partially embedded in PVDF layers that remarkably enhanced the electrical conductivity
and adhesion of AgNWs (Figure 7a) [40]. The conductivity increased by more than two
times during the formation of the PVDF/AgNW electrodes (Figure 7b,c). The adhesion
of the AgNWs to the substrate was significantly enhanced, while the conductivity was
persevered under multiple bending deformations (Figure 7d–f). Antioxidant ability and
chemical resistance was also remarkably improved due to the excellent chemical stability of
the PVDF substrate and the conductive structure of the PVDF/AgNW electrode. Therefore,
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the PVDF/AgNW electrode showed a much slower increase in sheet resistance than that of
bare AgNWs during the 30 days of exposure to ambient air (Figure 7g).

Figure 7. The fabrication and characteristics of PVDF/AgNW electrodes. (a) The fabrication of
transparent PVDF/AgNW electrodes. (b) The sheet resistance of the AgNWs films decreasing
with increasing concentrations. (c) The sheet resistance of PVDF/AgNW electrodes significantly
decreasing by about half compared with that of AgNW films with the same concentrations. Flexibility
tests and the long-term stability of the PVDF/AgNW electrodes are shown. The area of the electrode
was 3 cm2 (1 cm × 3 cm). (d) I–V curves of the PVDF/AgNW electrodes bent at different angles.
The responses show that the bent electrodes did not change compared with those in the unbent state.
(e) Dynamical resistance variation in the PVDF/AgNW electrodes with bending angles from 0◦ to
180◦ for 60 s. (f) The variation in the sheet resistance of the PVDF/AgNW electrodes after repeated
bending from 0◦ to 180◦ for various cycles. (g) The long-term stability of the PVDF/AgNW electrodes
after exposure to air for 30 days. Reproduced with permission from ref. [40].
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2.4. Polyaniline (PANI)/AgNW

PANI is a conducting polymer renowned for its remarkable electrical and mechanical
characteristics [41,56–58]. It can be produced through diverse synthesis methods, including
chemical oxidation, electrochemical polymerization, and interfacial polymerization [41,56–58].
Polyaniline exhibits versatility through its existence in distinct oxidation states, namely leu-
coemeraldine, emeraldine, and pernigraniline, each characterized by unique colors and
conductive properties. Moreover, the conductivity and stability of polyaniline can be signif-
icantly improved by doping it with acids or bases [41,56–58]. PANI can also improve the
adhesion between AgNWs and substrates, and reduce the surface roughness of the electrodes.

Kumar et al. investigated AgNW/PANI transparent electrodes via layer-by-layer coat-
ing and mechanical pressing, resulting in excellent surface characteristics (Figure 8a,b) [41].
The empty spaces between the individual AgNWs were filled with a polyaniline:polystyrene-
sulphonate (PANI:PSS) coating, which reduced the surface roughness of the AgNWs
electrode to ~6.5 nm (Figure 8c,d). The transparent composite electrode achieved a rea-
sonable sheet resistance of 25 Ω/sq and a high transmittance of 83.5%, highlighting the
enhancement of the conducting properties of AgNWs when incorporated into a compos-
ite with PANI:PSS. In the work by Fang et al., AgNW/PANI composite electrodes were
fabricated to have a free-standing layer structure [31]. The composite electrode showed a
high electrical conductivity (EC) of 5300 S/cm, which is higher than that of bare AgNW
electrodes (Figure 8e). The conductivity of the composite electrodes was retained even after
cyclic bendings.

2.5. Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate (PEDOT:PSS)/AgNW

PEDOT:PSS enhances the performance and stability of AgNW transparent
electrodes [46,59–61]. PEDOT:PSS reduces the contact resistance between individual Ag-
NWs, thereby increasing the overall conductivity of the network [44–46]. In addition, the
optical performance of AgNW electrodes can be enhanced by filling the gaps between
AgNWs and reducing the light reflection [44–46]. For example, PEDOT:PSS protects Ag-
NWs from oxidation and corrosion by forming a passivation layer that prevents contact
between oxygen and water molecules from the surface of the AgNWs [46,59–61]. In ad-
dition, the thermal degradation of AgNWs is suppressed by the overcoating acting as a
thermal barrier that reduces the heat transfer between AgNWs and the substrate [46,59–61].
However, PEDOT:PSS is susceptible to high temperatures or humidity, resulting in the
loss of conductivity or transparency. Therefore, the optimal thickness and composition of
PEDOT:PSS overcoatings should be carefully controlled to balance the trade-off between
protection and performance.

In the work by He et al., PEDOT:PSS-coated AgNW transparent electrodes were
used for a flexible transparent heater [42]. PEDOT:PSS overcoating provides protection
via enhancing the adhesion and flexibility of AgNW transparent electrodes, as well as
preventing their oxidation and corrosion. Moreover, PEDOT:PSS overcoatings also improve
heating efficiency by reducing the contact resistance and noise of AgNW transparent
electrodes (Figure 9a,b).

Zappia et al. used PEDOT:PSS-coated AgNW transparent electrodes for perovskite
solar cells (PSCs) [43]. PSCs require transparent electrodes that have high conductivity,
transparency, work function, and stability. AgNW transparent electrodes meet these
requirements, but they need to be compatible with the organic materials and the deposition
techniques used in PSCs. PEDOT:PSS overcoating is compatible with the PSC system in
that in increases the work function and surface energy of AgNW transparent electrodes,
as well as preventing their aggregation or migration during the deposition process. The
power conversion efficiency was 25% (Figure 9c). Furthermore, PEDOT:PSS overcoating
improves the power conversion efficiency and lifetime of PSCs by enhancing the charge
extraction and transport of AgNW transparent electrodes.
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Figure 8. (a) Schematic representation of the preparation of the AgNW/PANI:PSS composite trans-
parent conducting film via layer-by-layer coating. (b) Filling properties of the conducting film with
and without PANI:PSS. (c) The AFM image and (d) height distribution of the AgNW/PANI transpar-
ent electrode after pressing. Reproduced with permission from ref. [41]. (e) Schematic showing the
preparation of the layer-structured AgNW/PANI composite film. First step: an AgNW dispersion
was cast on a glass slide to form a deposition layer; second step: a PANI solution was cast over the
AgNW layer; third step: thermal evaporation was conducted and the AgNW/PANI composite film
was peeled off from the glass substrate. Reproduced with permission from ref. [31].
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Figure 9. Evolution of generated temperature of the AgNW/PEDOT:PSS composite film with a
(a) hexagonal pattern at varied voltages from 1 to 8 V, and (b) with a square pattern at varied
voltages from 10 to 50 V [42]. Reproduced from ref. [42] under the Creative Commons Attribution
4.0 International (CC BY 4.0) License. (c) J–V curve for the solar cell using AgNW/PEDOT:PSS
composites, the configuration of which is sketched in the inset [43]. Reproduced from ref. [43] under
the Creative Commons Attribution 4.0 International (CC BY 4.0) License.

2.6. Polyimide (PI)/AgNW

Another important polymer material for the protection of AgNW is PI as it has high
thermal and mechanical stabilities [62–64]. For example, Ghosh et al. presented a transpar-
ent conductor (TC) that consists of AgNWs embedded in a thin PI film (5 μm thick) [62].
The PI/AgNW TC showed outstanding optical transparency in the visible range, exceed-
ing that of indium tin oxide (ITO) with more than 90% transmission. At the same time,
it has a similar electrical sheet resistance of only 15 ohms per square. The PI film had
two functions; it protected the AgNWs from environmental factors such as oxygen and
moisture, and it supported the AgNW network mechanically. The TC showed excellent
mechanical stability under bending with a radius of just 1 mm without any problems of
adhesion. Moreover, this TC reduces the initial roughness of the AgNWs by about 15 times.
In the work by Huang et al., PI/AgNW was also explored for a thin film heater [63]. The
resistance of the PI/AgNW electrode under bending was excellent, showing no significant
change even after 1000 outer bends. This amazing performance was due to the effective
embedding of the AgNW network within the transparent PI film. The surface of PI/AgNW
was very smooth (Rrms < 1 nm), and showed the electrode’s resistance to oxidation and
moisture, making it more durable. Wang et al. also presented PI/AgNW electrodes, wiere
AgNWs were partially embedded in PI films [64]. The PI/AgNW electrodes exhibited
exceptional performance across various parameters, including a low sheet resistance of
~12.7 Ω/sq, high optical transmittance of ~86.3%, and low RMS value of ~0.32 nm. Fur-
thermore, they showed excellent stability when subjected to thermal, mechanical, and
solution-based conditions.

3. Challenges and Future Perspectives

Polymeric materials applied to AgNW electrodes face several challenges and future
prospects. One of the most significant challenges is ensuring scalability for mass production.
To achieve this, researchers are optimizing deposition techniques such as roll-to-roll coating
and inkjet printing to deliver uniform polymeric layers efficiently. The integration of these
layers into emerging technologies such as foldable displays poses unique challenges, calling
for materials that seamlessly combine robustness with flexibility. Ongoing research investi-
gates advanced organic–inorganic composites and innovative manufacturing methods to
address this challenge.

Long-term stability and reliability are paramount concerns, driving the establishment
of standardized testing protocols, accelerated aging studies, and predictive models to
ensure durability against environmental factors. Additionally, in an era prioritizing envi-
ronmental sustainability, the assessment of the ecological footprint of polymeric materials
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is becoming indispensable. Researchers are spurring research into eco-friendly materi-
als, sustainable fabrication techniques, and strategies for recycling and reusing AgNW
electrodes with polymeric materials to minimize waste and environmental impacts.

4. Summary

AgNWs are susceptible to environmental factors such as oxidation and corrosion,
which limit their long-term performance. Furthermore, electrical instability can manifest
when they are subjected to mechanical stress and electric fields, resulting in unpredictable
device behavior. The delicate balance between flexibility and durability also introduces a
significant hurdle in the realization of robust AgNW networks.

To overcome these challenges, protective layers have emerged as indispensable pre-
servers of AgNW-based electrodes. These layers serve as shields against environmental
threats, ensuring the durability and stability of AgNWs even in the harshest conditions.
Simultaneously, they fortify the mechanical integrity of AgNW networks, enabling them to
withstand the rigors of flexibility and mechanical stress.

This review paper systematically examines various polymeric materials and their
influence on the electrical, optical, and mechanical properties of AgNW-based electrodes.
Table 1 provides the overview of various polymeric materials for AgNW electrodes. The
paper also reviews the applications of these protected electrodes in different fields and
demonstrates their adaptability and importance in various domains. Moreover, the paper
clarifies the key factors that determine the choice of protective layers according to specific
application needs.

Table 1. Summary of various polymeric materials for AgNW electrodes.

Polymeric
Materials

Conductivity
Optical

Transmittance
Mechanical

Stability
Chemical
Stability

Applications Refs.

PU
~50 Ω/sq ~88% Excellent Excellent Transparent electrode [33]

~8 Ω/sq ~74.6% Excellent N/A Touch panel [37]

PMMA
~8 Ω/sq ~85% Excellent N/A Thin film

heater/SERS detector [38]

~16.1 Ω/sq ~87% Excellent Excellent QLED [39]

PVDF
~8 Ω/sq N/A N/A Excellent Thermal conduction [32]

~5 Ω/sq ~73% Excellent Excellent Touch sensor [40]

PANI
~25 Ω/sq ~83.5% N/A Excellent Solar cells [41]

~5300 S/cm N/A Excellent N/A EMI shielding [31]

PEDOT:PSS
~2.3 Ω/sq ~70.5% N/A Excellent Thin film heater [42]

~12 Ω/sq ~80% N/A N/A Solar cells [43]

As transparent conductive materials are advancing rapidly, the incorporation of pro-
tective materials is an essential step to enhance the performance and durability of AgNWs.
These materials and their protection methods offer great potential and opportunities for
various applications. However, there are still challenges and open questions that need to
be addressed, and the research on AgNWs and their protection is ongoing, driven by the
continuous pursuit of innovation and the exploration of the diverse possibilities in the
dynamic field of AgNWs and their protection.
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