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Abstract: This review provides an analysis of the theoretical methods to study the effects of surface
modification on structural properties of nanostructured indium tin oxide (ITO), mainly by organic
compounds. The computational data are compared with experimental data such as X-ray diffraction
(XRD), atomic force microscopy (AFM) and energy-dispersive X-ray spectroscopy (EDS) data with
the focus on optoelectronic and electrocatalytic properties of the surface to investigate potential
relations of these properties and applications of ITO in fields such as biosensing and electronic device
fabrication. Our analysis shows that the change in optoelectronic properties of the surface is mainly
due to functionalizing the surface with organic molecules and that the electrocatalytic properties vary
as a function of size.
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1. Introduction

The applications of metal oxides in catalysis, sensing, electronics, and energy stor-
age have been rapidly developed [1–5]. Among metal oxides, indium tin oxide (ITO) is
one of the most important transparent conductive oxides (TCO), due to its unique opto-
electronic properties [6–10]. It is an n-type degenerate semiconductor with a band gap
in the range of 3.5–4.3 eV [11]. Therefore, it is wildly used as a transparent electrode in
optoelectronic devices [9–13]. Emerging new fabrication techniques for synthesizing metal
oxides and nanocomposites such as ITO, ZnO/CuO and Al2O3/ZrO2 results in improving
the electrical, optical, and catalytic properties of these materials [14–16]. As such, the ITO
is widely used in different applications such as solar cells, photovoltaic devices, organic
light-emitting diodes and biosensors [15,17]. However, there are unanswered questions in
the field for surface modification of the ITO and its impact on the ITO physical properties.
The motivation of this review is to address these unanswered questions.

Numerous computational and experimental methods have been implemented to in-
vestigate surface defects, surface interactions, binding between organic molecules and the
surface, and structural properties of nanomaterials such as gold nanoparticles [18], CoBr2
nanolayers [19], CdO and ZnO [20] metal oxides and SnO2/CdO, ITO and Zn2SiO4/ZnO
nanocomposites [21–24]. Due to experimental limitations, it is difficult to analyze the inter-
action of organic molecules and surfaces at the molecular level. For instance, adsorption
properties and diffusion mechanisms of molecules on the surface, molecular orientation
and conformation, and information regarding specific molecules interacting with surfaces
are unclear. As such, several simulation approaches have been extensively used to study
the interface of organic molecules and metal oxides [25–27].

The first principle calculations have been applied to provide molecular-level insights
about the interface of metal oxides and molecules [28] and to study the chemical reactions on
the surface for close to three decades [29]. Recently, with new developments in computing
power, software and computational algorithms, using the density functional theory (DFT),
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made these simulations applicable for the study of interface properties [30–32]. In recent
years, the DFT has also been used to investigate the physical properties of alloys, especially
the thermal conductivity of different alloys [33–37].

Modification of conducting metal oxides and the concept of doping are of wide
interest [38–43]. There are several reports on investigating the interface of biomolecules and
metal oxides [29–35], in particular indium oxide [44–46] and titania [47,48]. Recently, studies
have been performed on surface treatment of ITO using biomolecules for investigating
its electrochemical properties and electronic properties for biosensing, including even
faster biosensors, to help fight the current pandemic [6,17,49,50]. However, to completely
understand the mechanisms at play for such applications, a detailed, comprehensive
computational study of the interface is required. To that end, we focus on reviewing the
surface properties of the ITO in the absence and presence of biomolecules by addressing the
following questions, analyzing the dataset available from a combination of computational
and experimental literature:

— What would be the best methods to study the surface properties of the ITO?
— What are the effects of surface changes on the structural properties at the interface?
— How does the nanostructure affect the electrocatalytic properties of the ITO?

We introduced the most often applied methods used for first-principal investigations
to address these questions. After that, the latest computational works performed on the
ITO have been compared with the experimental results. The aim is to identify the current
gaps in both computational and experimental work on ITO. In addition, new insights based
on comparing the experimental and computational works are presented. At the end of this
review, we mentioned some of the challenges and opportunities of ITO simulations.

2. Computational Methods to Study the Surface Properties of the ITO

To determine the best simulation approach for investigating the surface properties of
the ITO, our focus is on the comparison of the theoretical and experimental data. The main
structural properties of the ITO that has been studied theoretically so far are optoelectronic
properties such as band gap, work function, and charge injection rate [21–23,51–54]. More-
over, the time and size of the computational works are two main factors affecting the cost of
the simulation. Therefore, efforts should be made to optimize the computational cost. We
first introduce different simulation approaches used to characterize the ITO. Then we will
compare the electronic structure of the ITO studied with different computational methods.
In the end, the best method can be introduced, considering the cost of the calculations as
well as the consistency of the ITO properties with experimental analysis.

2.1. Overview of Different Simulation Approaches

The time, cost, and size of the computational studies depend on the number of atoms
in the calculation. Generally, to study the interaction of even a small biomolecule such as
a small peptide on the surface requires the order of thousands of atoms [17]. Therefore,
obtaining a quantum-level analysis of the surface is very difficult. One way to speed up the
calculation is by applying a physical model described by an empirical force field [55,56].
This enables predicting the interactions at the atomistic level for large systems using
molecular dynamics (MD) simulations [57–59]. Another factor for enhancing the simulation
is to represent the behavior of the system by sampling all the conformations possible for
the molecule being studied. In addition, the model needs to satisfy the interface between
all the compounds of the system. This is especially important in the case of studying the
interactions of a biomolecule such as peptides on a surface in the presence of water or
any other aqueous solution as media [60]. Herein, a model to represent the organic and
inorganic materials, as well as the media on the interface between the two materials, is
necessary. Therefore, a compromise is usually made to simplify the model. Developing
structural models, generating force fields, and providing conformational modeling are
challenges in this field. According to a review published by Walsh in 2017, these challenges
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have been addressed by mainly implying noble face-centered cubic metal structures and,
to a lesser extent, metal oxides [61].

Different parameters affect the surface properties of the ITO. In this review article, we
focus on the effects of functionalization and nanoscale morphology on the surface of ITO.
The relation between these parameters and the surface properties can be investigated using
MD simulation and the more expensive electronic structure calculations.

Few works have been performed using MD simulation to study both the interface
properties and doping mechanism in ITO [62,63]. For this purpose, MD is first performed
to relax the surface structure of the ITO. Relaxing the surface makes atoms to be localized
in a local energy minimum in the united cell. After that, properties such as total energy,
enthalpy, heat capacity, thermal conductivity are calculated.

The surface modification of the ITO can also be investigated using first-principle
calculations based on DFT [52,54,64–66]. Structural, optical, and electronic properties such
as binding energy, band gap, work function, electronic coupling are the main properties
that are calculated using DFT. Properties of ITO in both bulk- and thin-film forms have
been studied, and the results are compared with experimental data [23,67–69].

2.1.1. MD Simulation

MD is usually used to simulate the shape of large molecules such as proteins [70,71].
It can define the atomic spatial position. It also generates the thermodynamics properties
of the molecules. In this approach, solving the classical Newton’s law of motion for the
molecule provides the energy of the molecule. For a given molecule, a set of possible atom
locations gives a conformational profile. The five most common software for MD simulation
are: LAMMPS [72], GROMACS [73], NAMD [74], CHARMM [75], and AMBER [76].
Among these, LAMMPS and GROMACS are open-source software and are widely used
by scholars. The main parameters in all the software are Coulomb and Van der Waals
interaction forces for atoms, effective charge for each atom, integration time step, and total
simulation time. The integration time step is mostly 1 fs in calculations. The MD simulation
takes place mostly under two conditions: constant pressure and temperature (NPT) and
constant volume and temperature (NVT). The well-known thermostat and barostat are
available for using them in NPT or NVT ensembles such as Nosé–Hoover and Berendsen
in each ensemble from pico- to nano-seconds [77].

To calculate the inter and intramolecular forces between all atoms of molecules in
any molecular simulation, it is necessary to utilize the proper force fields. A force field
is a collection of mathematical equations describing the dependence of the energy of a
system on the coordinates of its particles. The constants in the mathematical equations are
typically obtained either from ab initio or semi-empirical quantum calculations or by fitting
a mathematical model to experimental data. There are many force fields available in the
literature. Potentials that are usually used for interaction forces are: Buckingham, Lennard-
Jones, and Born–Mayer–Huggins. Typical expression for a force field contains two parts:
intramolecular terms (repulsive and Van der Waals interactions) and intermolecular terms
(bond stretching, angle bending, and dihedral and improper torsions). Currently, there
are a lot of force fields available for calculations. The most popular ones are: CHARMM,
AMBER, GROMOS, OPLS, COMPASS, DREIDING, etc. [78]. It is important to parametrize
the force field for complex works. Moreover, to develop a new force field, it is required
to model the system energy and select a function. A data set has to be selected in order
to determine all the parameters of the function. Finally, optimizing the parameters and
validating the final set of parameters will take place [56].

Utsuno et al. studied the tin doping mechanism in indium oxide structure and its
effects on ITO conductivity using MD. First, Sn is substituted for In, then oxygen atoms and
Sn atoms are relaxed. Moreover, additional oxygen is required to provide a charge balance.
As such, Sn potential energy derived by MD provides information regarding the behavior
of substituted Sn and interstitial oxygen [79]. Lorenzoni et al. also used MD to simulate the
nanoscale morphologies of ITO and organic conductive molecules (Iridium complex Tris
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DPBIC (3-phenyl-1H-benzimidazol-1-yl-2(3H)-ylidene)-1,2-phenylene)). Their goal was to
study the charge injection mechanism at the interface of the metal/organic complex [63].
They performed a two-step, top-down simulation approach. The first step was MD simula-
tions of a nanoscale molecular aggregation phenomenon at the organic/electrode interface.
MD simulations consisted of a combination of equilibrium and non-equilibrium approaches.
The equilibrium approach was achieved by a run of 100 ps at 300 K for each of the DPBIC
molecules when the molecules are in contact with the surface of the ITO. In the non-
equilibrium approach, a total of 1 ns run was performed on the system. Here, the organic
molecules were equilibrated on the surface of the ITO at different temperatures at different
times. They compared kinetic and thermodynamically-controlled growth conditions. For
this purpose, they studied the distance between the center of the DPBIC molecule and
the surface of the ITO and the orientation angle of the molecule with respect to the slab
of the ITO under each condition. Results of angular orientation suggest that preferred
orientations are obtained at 0◦ and 180◦.

2.1.2. First-Principal Quantum Calculations

The first principle studies are based on quantum mechanics by solving the Schrödinger
equation of many body systems [53]. They use the interaction among nucleus and electrons
to study the physical and chemical properties [80–82]. Some calculations are based on the
Hartree–Fock self-consistent field approach and solving the Schrödinger equation without
implying empirical parameters [83]. On the other hand, density functional calculation
contains some empirical parameters and fittings. They are based on the number density
of particles and electron density that are obtained by finding the ground state energy
during solving the Schrödinger equation [84]. To investigate the surface properties of
the ITO, the calculated electron density distribution on the surface of materials (surface
states) is used to compare with experimental surface characterizations [23,65,66,69,85,86].
In DFT methods, the only electron density is considered among all the aspects of electron-
based properties [82]. As such, a lower computational cost is possible. DFT is performed
to characterize catalytic and, especially, electronic properties of the ITO such as charge
transfer rate and electronic work function modification [23,87–89].

2.1.3. Quantum Computational Packages

First-principle studies on ITO has been conducted mostly by using the Vienna ab
initio simulation package (VASP) [89–92]. Other chemical software such as quantum
espresso (QE) [93], Spanish initiative for electronic simulations with thousands of atoms
(SIESTA) [94], and DMol3 [95] are also used. Harrel et al. [96] used QE to simulate the (001)
plane of ITO in rhombohedral structure to study the effects of hydroxylation, calculating
the electronic structure performed using periodic boundary conditions, k-point simulating
of the first Brillouin zone and plane wave basis set. DFT calculation and geometry optimiza-
tion of the ITO structure with QE package were also used by Lorenzoni et al. [63]. They
studied the electronic coupling and injection rates between ITO and an organic biomolecule.
Oxidation of the ITO surface was also conducted by Zhou et al. [21]. The model was based
on choosing a crystalline surface with (110) orientation. Electronic structure simulation
was performed using the SIESTA package. In contrast to VASP and QE that is based on
plane waves, SIESTA is based on a linear combination of atomic orbitals (LCAO) method.
In their work, the VASP package was also used to compare the accuracy for some of the
parameters. Calculating cohesive energy indicated no significant difference between using
two packages [21]. Another significant paper that calculated the electronic and optical
properties of bulk ITO has used Dmol3 package [65]. By changing the dopant level, Brewer
et al., investigated the changes in optoelectronic properties.

As far as our research shows, QE is the most used package after VASP for the DFT
calculation of the ITO. It seems that the calculations are performed at a faster rate in
VASP. A comparison can be based on calculating silicone supercell with 31 atoms using
VASP 5.3.3 and QE 5.0.1. Running with 16 cores and 8 cores, VASP is 6% faster than
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QE in both cases [97]. VASP comes with a pseudopotential library and is proprietary
software. On the other hand, QE has very good support. It is license-free and accessible
to everyone. One of the main disadvantages of QE is the need for large computational
resources (too much RAM) for calculations. For calculations of vibrational properties,
QE contains implementations of density functional perturbations theory (DFPT), whereas
VASP uses another third-party software. There are many third-party packages for post-
processing that support VASP [98]. Among those, atomic simulation environment (ASE)
is the most popular one. ASE is software written in the python language. The program is
used to analyze atomistic simulations. In ASE, the energy, force, stress and other physical
properties are calculated using a force field with the same interface. The role of ASE is to
provide modules for the computational works, including, but not limited to, optimization
and MD calculations [99]. VASP supports more functionals than other software. VASP
has its own pseudopotentials (PPs) that include some ultrasoft pseudopotential support.
It also uses norm-conserving and Bloechl PAW pseudopotentials. Moreover, ill-behaved
PP are easily spotted and can be replaced by improved potentials. There are well-tested
PPs for VASP, whereas proper PP for others must be chosen as there are many for the
same element [98,100,101]. SIESTA is another license-free package that uses localized basis
sets. Similar to SIESTA, DMol3 is based on localized basis sets either. In packages with
localized basis sets, additional approximations are added. However, studies have shown
that the parameters calculated using both techniques are pretty much similar. Moreover,
performing simulations using basis sets is faster and cheaper than using plane waves [102].

2.2. Electronic Structures
2.2.1. Modeling the Surface

To construct the ITO structure in the form of bulk and thin film, typically indium oxide
(32 indium and 48 oxygen atoms) unit cell containing 80 atoms (16 In2O3) is selected [103].
This is consistent with experimental results performed for identifying the indium oxide
crystal structure [104]. Based on the percentage of tin atoms derived from experiments
which is 4.3% to 14%, between 1 to 12 atoms of In are substituted by Sn atoms [105]. Gener-
ally, to maintain the electroneutrality of the ITO, extra oxygen atoms will be incorporated
into the system [87].

Determining crystal structure and crystalline surface orientation is based on the exper-
imental work to find the most abundant slab. The X-ray diffraction (XRD) analysis of ITO
reveals that all the films are polycrystalline with a body-centered cubic (BCC) structure. For
a higher tin doping level, rhombohedral (rh) structure emerges as well. The highest intensity
is attributed to (222) and (001) planes for BCC and rh, respectively [106–108]. These planes
are predominant among all the reflection planes for the orientation of the ITO. However, to
simulate the slab model of the ITO with BCC crystal structure, (111) and (100) are chosen as
the most thermodynamically stable surfaces in most of the studies [64,66,88,91,96,109,110].
As such, computational works have to be performed to investigate the differences between
cleaving the cubic crystal along different surfaces.

The surface model in the ITO unite cell is terminated either with In/Sn or O atom. The
first case is metal terminated, and the second one is called oxygen terminated. Based on the
experimental work, the ITO surface is oxygen terminated. The reason is that the topmost
ITO surface is often treated with ozone and oxygen plasma in the fabrication process of the
ITO. Moreover, the surface model typically contains 3 to 6 alternating layers. The number
of layers to be relaxed in the case of surface modification does not affect the adsorption of
molecules on the surface. This is due to the very small difference in the calculated adsorption
energies after the relaxation of different layers [21]. For example, it is shown that the difference
in the calculated adsorption energies between relaxations of the top two and four layers
is less than 0.06 eV [103]. The interlayer space between slabs is chosen to be more than
10 Å [64,68,87,103,106]. To provide this space, the distance between slabs needs to be more
than the lattice constant of the ITO. Considering the BCC structure, the experimental value
for the lattice parameter of the ITO with 10 wt% tin is 10.1288 Å [108,111–113]. Therefore,
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any distance less than the measured values for the lattice parameter will not provide
a realistic interlayer space between slabs. The Sn doped atoms are randomly placed
between the slabs. The above-mentioned vacuum space provides a thickness of less than
5 nm for the ITO structure. Due to the exponential increase in the computational time
by increasing the number of atoms, a limit of 3 nm for the thickness is used. Finally,
to have a proper convergence for the structure, a cut-off energy between 300 to 500 eV
is considered [23,30,52,62,69,86,87,114]. Using the above parameters, the geometry and
crystallographic parameters would be in good agreement with the experimental data.

2.2.2. Calculating Surface Energy

There are several approaches to estimate the energy of a material based on its electron
distribution by splitting the energy into several functionals [115]. One approach is the
local density approximation (LDA), which approximates the exchange-correlation energy
in DFT. Two main aspects of LDA are: (1) exchange-correlation energy per particle only
depends on the local density or electronic density at each point in space, and (2) LDA
is derived from core-electron interaction of homogeneous electron gas (HEG) systems.
HEG is a model where electrons interact in a solid system where positive charges of
the solid are uniformly distributed in the space. As such, LDA assumes that the contri-
bution of each point on the total exchange-correlation energy only depends on its own
density. The total exchange-correlation energy is calculated by the sum of energy for
each point. Overall, LDA underestimates the band gaps and bond lengths of solids and
overestimate the binding energies [102]. Another way is to include the gradient of the
exchange into the system [116]. E.g., the exchange-correlation energy can be described by
Perdew–Burke–Ernzerhof (PBE) functional, which belongs to the class of generalized gra-
dient approximation (GGA) functionals [70,117]. In terms of exchange-correlation, GGA
is more accurate than LDA. PBE is popular due to providing reliable results. It provides
reasonable bond lengths and angles within 0.02 Å and 2 degrees, respectively [117]. On
the other hand, unlike exchange hybrid correlation functionals, PBE (and any GGA) is
known to underestimate the highest occupied molecular orbital and the lowest unoccupied
molecular orbitals (HOMO–LUMO) gaps. Therefore, hybrid approximations such as B3LYP
are better suited for calculating electrical and optical properties [118,119]. B3LYP includes
exchange as well as GGA corrections. Hybrid functionals are generated by incorporating
the Hartree–Fock (HF) exchange in the GGA functional. The disadvantage of hybrid func-
tionals such as B3LYP is their high cost compared to GGA’s that can use a plane wave basis
set such as those in VASP. Therefore, currently, they cannot reasonably be used for the calcu-
lation of having heavy atoms such as Sn [120–122]. The projected augmented wave (PAW)
is used to combine the PBE and plane waves. In PAW, all electrons scattering properties
are reproduced over a wide range of energies [123,124]. The obtained results are in good
agreement with experimental results on the ITO in all above-mentioned DFT studies.

3. Effects of Surface Modification on the Structural Properties of ITO

Various experimental and theoretical studies have probed surface modification of the
ITO with organic and inorganic molecules. The focus of researchers has been on enhancing
the optoelectronic properties of the ITO. The work function, density of states and band gap
of the ITO are the main parameters investigated by scholars. In this section, we describe the
interactions between molecules and ITO surface atoms. By analyzing the effects of different
parameters on optoelectronic properties, the mechanisms that affect these properties will
be explained. Moreover, the effects of different molecules on the properties of the ITO are
compared with each other. This will result in optimizing the modification mechanism and
determining the compound that has the highest impact on the ITO properties.

3.1. Effects of Surface Modification on Work Function

Indium tin oxide as a transparent conductive oxide (TCO) is widely used in optoelec-
tronic devices such as light-emitting diodes (LED) because of its high electrical conductivity



Nanomaterials 2022, 12, 155 7 of 24

and good transparency in invisible light [125–127]. Modification of these materials is of
interest to tune the electrical properties such as surface work function. ITO has a work
function in the range of 3.2–4.9 eV [128,129]. Increasing the effective surface work function
leads to improved charge injection to, or collection from, an organic layer [46,63,88,109].
One method to tune the work function of electrodes is the modification of the surface
using organic materials such as carboxylic acids, phosphonic acids (PAs), tetrafluorote-
tracyanoquinodimethane (F4TCNQ), and silanes. Modifying the surface affects the work
function by increasing the oxygen vacancies on the surface of the ITO. On the other hand,
the hole-injection mechanism is enhanced in the interface due to increasing oxygen vacan-
cies. In addition, the reduction of the barrier between the Fermi level in the ITO and HOMO
level of the organic biomolecule increases the conductivity. There are various binding mech-
anisms for the adsorption of organic molecules on the surface of different transition metal
oxides [26]. Different mechanisms are based on the degree of hydrogen bonding and the
amount of oxygen bound to the surface. In each mechanism, the orientation of the modifier
and subsequently the net surface dipole at the interface changes. As such, the surface
work function is changed [54,91,109,130]. For ITO thin films, several parameters in surface
morphology such as dipole moment, active surface sites, geometry, and grain boundaries
affect the electrical and optical properties of the film. Table 1 provides different parameters
and their effects on the work function of ITO studied so far.

Table 1. Different parameters affecting work function of ITO in the presence of functional groups.

Modifiers Experimental/
Computational Method Description References

1 Providing
M-terminated surface Computational Vacancy decreases the work function [21]

2 Providing
O-terminated surface Computational Vacancy does not change the work function [21]

3 OH Computational The OH coverage increases the work function [21]

4 Crystallographic
structure Computational In BCC structure, vacancy decreases the work function [21]

5 Carboxylic acid Experimental and
computational By increasing dipole moment, the work function increases [23]

6 Carboxylic acid Experimental Chain length does not affect the work function [23]

7 Carboxylic acid Experimental Work funtion changes by varying the amount and
orientation of alliphatic groups [23]

8 Phosphonic acid Experimental and
computational

By decreasing the dipole moment, the work function
increases [46]

9 PA-F4TCNQ computational Doping increases the work function of PA-F4TCNQ -ITO [54]
10 F4TCNQ Computational Doping increases the work function of F4TCNQ-ITO [54]

11 PA-DAE Experimental and
computational Doping increases the work function of PA-DAE-ITO [89]

12 Cl doping Computational By increasing Cl coverage, the work function increases [91]
13 F doping Computational By increasing F coverage, the work function increases [91]
14 UV exposure Experimental Work function decreases by exposure time [131]
15 Air exposure Experimental Work function increases by exposure time [131]
16 O2 exposure Experimental Work function increases by exposure time [131]

3.1.1. Parameters Affecting Work Function
3.1.1.1. Nature of Organic Molecules’ Dipole Moments

To study the relationship between the work function and the surface modification, DFT
calculations have been used in several studies [8,23,46,47,72,73,108–111]. Depositing a thin
film of organic or inorganic material on a conductive metal oxide substrate has been shown
to affect the effective surface work function. For instance, by functionalizing the surface
of the ITO with phosphonic acid, when the direction of the dipole moment is defined
to be positive along the positive z-axis (as shown in Figure 1), all molecules present a
negative dipole moment (Figure 1). In such an orientation, the calculated potential changes
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across the organic monolayer are negative [22,46]. Hotchkiss et al. have designed and
synthesized a series of fluorinated benzyl PAs [46] to tune the work function by adjusting
molecular dipole in different configurations relative to the ITO surface. They selected
VASP to perform DFT calculations with the PBE exchange-correlation functional and PAW
method. The plane wave basis set with the energy cut-off of 300 eV was used in their
simulations. DFT study of the ITO interface and chemisorbed 3,4,5-trifluorophenyl PA
molecules has also been performed by Timpel et al. [54]. The calculation was performed
using VASP, GGA exchange-correlation PBE functional, PAW method, the plane wave basis
set with the 300 eV energy cut-off, and 10−6 eV total energy convergence.
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These results indicate that attaching a dipolar organic molecule with a negative pole
directed away from the surface increases the electrostatic potential energy in the interlayer
region and increases the local work function. The opposite is true if the negative pole
points toward the surface. On the other hand, experimental works have been performed
to investigate the effects of surface treatment using O2, N2, oxygen plasma, or ozone on
the ITO work function. Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelec-
tron spectroscopy (XPS) indicate the change in the work function and the change in the
chemical composition of the ITO surface. Removing carbon contamination by cleaning
the surface using oxygen plasma increases the work function significantly according to
UPS measurements. Based on XPS results, using the plasma induces a dipole layer on the
surface of the ITO, which leads to increasing the work function of the ITO [132–140].

3.1.1.2. Coverage Density and Adsorption Site

DFT calculations have been used on self-assembled monolayers of phosphonic acid
chemically bound to the surface of the ITO [110]. VASP method with a GGA exchange-
correlation functional of PBE and PAW were used for calculations. Plane wave basis sets
with 300 eV cut-off and total convergence of 10–6 eV for self-consistent iterations were
used. The effects of coverage density or number of molecules per surface and adsorption
geometries of phosphonate moiety (PO2−

3 ) on the surface, the work-function changes of the
interface and the change in density of states have been studied. The surface area of the unit
cell was designed in such a way that four different adsorption sites were provided in the
unit cell. In this case, the number of PA molecules per surface varied between one to four.
This coverage density provides a range from 2.8 × 1013 to 1.1 × 1014 molecules cm−2. The
optimum sites were selected for a configuration to have the most uniform distribution at
the highest coverage and to provide direct access for the phosphonate moieties to the In/Sn
surface atoms. The change in work function is related to charge transfer at the PA-ITO
interface. Figure 2a shows the results related to the charge density difference for different
geometries and coverages. PA coverage density and binding geometry strongly influence
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the work function of the ITO surface. For coverage density higher than three molecules per
surface, PA adsorption geometry on the ITO is independent of PA charge density. However,
the average adsorption energy per molecule is nearly independent of surface coverage for
any number of molecules per surface. Thus, intermolecular interactions among organic
molecules do not affect the binding strength between the PA molecules and ITO, and the
work function depends on the dipole on the surface. The results in Figure 2 show the
depletion of electrons from the ITO surface and the accumulation of electrons around Cl
and F adatoms. Irradiating DAEs with UV light at different wavelengths provides two
different isomers and changes the molecule structure from an open loop to a closed loop.
Charge density exhibits a similar distribution for both the open and closed forms.
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Figure 2. (a) Green: site 1, density coverage n = 1, Purple: site 4, n = 1, Light blue: site 2, 4,
n = 2, Orange: site 1, 2, n = 2, Yellow: site 2, 3, 4, n = 3, Dark Blue: site 1, 2, 3, n = 3. For n = 1,
we can see an increase in the electron density near the P atoms in the PA molecules and a decrease
near the surface of In atoms bonded to PA. For n = 3 the magnitude of a dipole is increased, and
different configurations for the higher coverage densities have less impact on the charge density.
(b) Two different modes of modification of ITO with PA-F4TCNQ. I: F4TCNQ is adsorbed on top of
carbazole-PA and indirectly binds to ITO, and II: direct binding of F4TCNQ to ITO. A sharp decrease
in electronic charge density in configuration II indicates the charge transfer from ITO to F4TCNQ is
higher than ITO to PA. (c) Charge density difference for Cl-ITO and F-ITO systems. r = 0 Å refers
to the bottom of the ITO slab and for the highest hydrogen atom in the top layer of the ITO r = 9 Å.
(d) Charge density difference for Open and Closed systems.

3.1.1.3. Geometry and Bonding Mode

To investigate the effects of organic molecules with different dipole sizes on work func-
tion, Timpel et al., in another study, investigated the hole or electron injection mechanism
on the surface of the ITO [54]. Their model was based on an ITO slab, t-butyl-carbazole-
substituted phosphonic acid molecules, which were chemisorbed as a monolayer on the
surface, and F4TCNQ molecules were selected as a layer for physiosorbed binding to
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ITO. They designed two adsorption modes for binding F4TCNQ to PA-modified ITO:
(1) F4TCNQ is adsorbed on top of the carbazole-PA molecule and indirectly binds to ITO
and (2) direct physiosorbed binding of F4TCNQ to ITO. The reported binding energy
between PA and F4TCNQ to the ITO is 1.6 eV and 0.98 eV, respectively. The charge transfer
diagram between ITO and F4TCNQ for two configurations, as well as in the absence and
presence of PA, is shown in Figure 3.
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The changes in the charge transfer rate by moving from the surface of the ITO toward
the biomolecules are illustrated in Figure 3. The distance (r) is defined in such a way that
r = 0 Å is the bottom layer of the ITO slab which in total contains three layers of atoms, and
for the topmost atom in the third ITO layer r is 9 Å. In configuration I, the width of the PA
monolayer on the surface of the ITO is 5.5 Å. The distance between the topmost atoms in
PA and F4TCNQ is 3.69 Å. In configuration II, the distance between the topmost atom in the
F4TCNQ and the top oxygen atom in the ITO is 3.2 Å. Calculating the charge transfer at the
interface for two configurations (Figure 3a) clearly illustrates that the charge transfer rate is
higher in configuration II, where PA and F4TCNQ form a monolayer on the surface of the
ITO. In this case, F4TCNQ is on the surface of the ITO with physiosorbed binding besides
the PA, which is adsorbed on the surface with chemisorb binding. Figure 3b compares the
binding of F4TCNQ to the surface of the ITO in the presence and absence of PA. It indicates
that the physiosorbed-based binding of F4TCNQ to the surface of the ITO in the absence of
the PA has almost the same effect on the charge transfer rate as to the case where F4TCNQ
is on the surface in the presence of chemisorbed binding of the PA (configuration II). In
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addition, the results from comparing the charge transfer rate between the ITO surface and
F4TCNQ and PA separately shows higher charge transfer rate occurs when F4TCNQ is
adsorbed on the surface of the ITO.

The following can justify the difference in the charge transfer rate among the ITO
surface and various organic molecules:

• Nature of binding modes between different molecules and the surface. Chemisorb-
and physisorb-binding modes have different effects on the interface dipole moment.
In this case, absorption of PA on the surface of the ITO takes place through the
hydrogen binding between hydroxyle groups on the surface and phosphonate moiety
(PO2−

3 ) [110]. On the other hand, F4TCNQ is adsorbed through charge reorganization
or charge transfer between the molecule and the surface. F4TCNQ is a p-type dopant
with a strong electron-accepting ability. Its LUMO level is −5.2 eV which is very close
to the HOMO level of many semiconductors. This makes doping feasible by charge
transfer from the semiconductor materials to the dopant molecule [141].

• Change in electrostatic potential energy at the interface. Interface potential energy is
defined as a bond dipole energy [142]. When F4TCNQ is directly bound to the ITO, the
potential energy is much higher than the adsorption energy between PA and ITO [143].
Strong electrostatic interaction between F4TCNQ and the surface of the ITO induces a
significant electron transfer between the F4TCNQ molecule and the surface of the ITO.

• Change in geometry and structure. The geometry of the F4TCNQ molecule and surface
of the ITO is also dependent on the bond dipole. The cyano groups of the F4TCNQ are
strongly twisted. Moreover, the electron distribution of the ITO could vary strongly
with such changes in the geometry. This could result in a higher charge transfer rate
for the case of physisorb-based binding of F4TCNQ to the surface of the ITO [144].

In another study, Wang et al. [89] modified the surface of ITO using PA with the
incorporation of diarylethenes (PA-DAEs). DAEs can alter between two different isomers
while being irradiated at different UV light wavelengths. Illuminating light (UV), changes
the molecule structure from an open loop to a closed loop. This changes the electronic
properties of the organic molecule. They used the same parameters of DFT calculation used
in the previous works performed to study the modifications of the ITO surface with PA
explained in the previous section. The DFT calculated work functions for open and closed
forms are different. However, this difference reduces when the coverage density of the
organic molecule is increased. This is due to the differences in depolarization effects for
the two forms [145]. On the other hand, using closed or open form provide similar results
for charge transfer and charge density difference (Figure 2c). Their results also suggest
that charge transfer is mostly between the ITO and PA. No significant charge transfer takes
place between the ITO and DAE or PA and DAE.

3.1.1.4. Bond Length and Charge Transfer Rate

The effects of halogenation of ITO on its work function was studied by Hung et al. [91].
Their focus was to understand the origin of the high work function of chlorinated ITO.
They defined three adsorption sites: top site, above a metal atom, bridge site is between
two adjacent metal atoms and a hollow site which is at the center of the quadrilateral grid.
The work function is dependent on surface coverage, the geometry of the bonding and
adsorption sites. At low coverage density, the most stable geometry is for the top site and
increasing the coverage density shifts the bridge site to the most stable site. It also increases
the potential energy step since the number of diploes increases as such work function is
linearly increased in this case. They suggested that electronegativity and the atomic size of
the halogen are two factors that must be considered simultaneously to explain the change
in the dipole. The charge density difference for the Cl-ITO system indicates a depletion of
electrons from the ITO surface and the accumulation of electrons around the Cl atom. This
is due to a surface diploe layer induced by charge transfer in the system. They repeated
the calculations using fluorine (F) instead of Cl. Although F is the most electronegative
and reactive element, however, the change in charge density difference and work function
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when doping ITO with F is lower compared to the Cl-ITO system (Figure 2d). The reason is
the lower diploe moment in the F-ITO system. Dipole moment is related to the number
of charges and the distance between the charges. The charge distribution depends on the
difference in electronegativity of the atoms. The distance is related to the size of the adatom
and the surface metal atom. Since F has a smaller atomic radius than F, therefore the
charge-transfer distance is smaller for the F-ITO system. This effect overcomes the Fermi
level or electrochemical potential of the ITO. Consequently, the charge transfer distance is
the main parameter for evaluating the change in work function.

3.2. Effects of Surface Modification on Potential Energy

The vacuum potential energy change is one of the components determining work func-
tion when ITO is modified by an organic molecule. Effects of coverage density, size, bond
length, and charge transfer on potential energy investigated in different studies [66,110].
Vacuum potential is directly proportional to the dipole moment. Based on the work by
Li et al., the potential energy has similar behavior with the charge difference density at
various coverage densities and geometry. Figure 4 shows the change in potential at different
sites and having different geometries. Details are explained in Section 3.1.1.2. For lower
coverage densities, vacuum potential or bond dipole depends on the site of adsorption.
In summary, the existence of two opposite dipole moments across the interface results in
canceling out each other at a geometry. The lowest potential is obtained in this case. On the
other hand, the highest potential corresponds to an equivalent single dipole moment.
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two molecules per unite cell and at sites 1, 2, and 2, 4. (d) for 3 molecules per unit cell and at two
different configurations of 1, 2, 3 and 2, 3, 4.

Effects of the size on interface dipole similarly provide the same results that were
explained for charge transfer rate and charge density differences. Figure 5a shows the po-
tential energy for two different configurations when the ITO is modified with PA-F4TCNQ.
The vacuum potential step occurs due to the dipole moment at the interface. In configu-
ration 1, the step is the sum of two different dipole moments, and in configuration 2, it is
the net dipole moment of the combination of PA and F4TCNQ. Since the charge transfer
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rate is higher in the second mode, therefor the potential energy is also higher in this case.
In addition, the system goes to saturation sooner in mode 2. In Figure 5b, the effect of
halogenation on potential is represented. The vacuum potential has the same pattern as
the work function. As it is clear, modifying ITO with Cl induces a larger step in the system
compared to F. The reason is explained in Section 3.1.1.4. dipole moment, which is related
to the magnitude of the charge transfer rate and the distance between the charges in ITO
and electronegative element is higher in the case of Cl compared to F.
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3.3. Effects of Surface Modification on the Density of State

To study the electrons and holes in the ITO with organic molecules on the surface, the
density of states (DOS) of molecules were analyzed [66,89]. Hong et al. [66] studied the
energy alignment of HOMO and LUMO levels of the PA-F4TCNQ on the surface of ITO.
They stated that adsorbing F4TCNQ results in shifting the HOMO level in the carbazole-PA
molecule up to the ITO Fermi level. Figure 6 shows the DOS for the PA-ITO system and
PA-F4TCNQ modified on ITO. in both cases, there exists a shift in the valence band. The
shift is larger when the F4TCNQ is directly bound to the ITO. Their results also suggest
that the LUMO energy of the F4TCNQ is aligned with the ITO Fermi level. Shift in HOMO
level of carbazole-PA, plays the major role regarding charge injection mechanism at the
interface of ITO-PA-F4TCNQ. On the other hand, alignment of LUMO level in F4TCNQ
results in the formation of a hole transport layer.
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Wang et al. [68] analyzed the valence electron region of the ITO modified by PA-DAE.
Based on the UPS characterization, a change in DOS of the system is observed by using
DAE open and closed form. Their results indicate a shift in HOMO level when the DAE is
illuminated using UV light.

3.4. Effects of Surface Modification on Catalytic Properties

In this section, we explain the catalytic properties of nanostructured ITO after surface
modification. Nanostructured materials have applications in different fields such as energy
storage, sensing, and biosensing, green chemistry, drug delivery, etc. [146–149]. Nanostruc-
tured ITO, due to its electrocatalytic properties, is a promising material in chemical sensors
and the early-stage detection point of care biosensors [17,137]. Most of the experimental
works are based on thin-film ITO. The reason is the application of thin-film in catalytic
properties. Nanostructured ITO thin film can be produced by coating a layer of ITO in the
range of less than a micron. Properties of the deposited film, such as topography, morphol-
ogy, grain size, etc., affect the catalytic behavior of the ITO [150]. Increasing sensitivity,
providing high surface area, and therefore improving the limit of detection are some of
the aspects of using nanostructured ITO with a thickness of less than 200 nm. According
to experimental work, atomic force microscopy (AFM) images taken from ITO thin film
indicate that grain and pore size of the ITO film increase by increasing the thickness of
the deposited film [151]. X-ray diffraction patterns for samples with different thicknesses
indicate that by increasing the thickness, the lattice constant decreases while grain size
increases. Better crystallinity is also achieved in the case of higher film thickness [51]. The
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conductivity of the ITO thin film has a direct relation with the thickness. Studies show that
increasing thickness up to 100 nm increases the conductivity of the ITO thin film [152,153].

3.4.1. Effect of Thickness on Properties

The electrical resistivity of the ITO films at different thicknesses was calculated using
DFT simulations by Liu et al. [87]. The calculations were performed by employing VASP.
400 eV cut-off plane wave basis set and energy threshold of 10−4 eV. GGA exchange-
correlation functional of PBE and PAW method was used to investigate the electronic
properties and core-electron interactions. DOS results for different thicknesses are shown
in Figure 7. The DOS peak for the valence band is higher for all three peaks than the
conduction band. The reason for the smaller DOS of 1 nm thickness ITO in the conduction
band is due to partial hybridization of the antibonding orbitals. The electrical resistivity of
the films was also calculated computationally. They showed that the thinner layer has a
higher resistivity. Higher resistivity at a lower thickness of the ITO is attributed to the strain
effect. The average strain is increased with decreasing the thickness. This results in a shorter
bond length and a lower free-electron path that ultimately results in higher resistivity.
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The transmittance of ITO at the temperature of T = 300 K was also investigated
using the DFT method [87]. The transmittance was calculated based on the relation be-
tween reflectance (R), adsorption coefficient (α) and thickness of the film (t). According to
Equation (1) [87], the transmittance can be defined as:

T = (1 − R)e−αt (1)

Based on Figure 8, the largest transmittance in the visible region (<780 nm) is for the
thickness of 1 nm. Considering the wavelengths of >780 nm, which is in the range of near
infra-red region (NIR), the lowest thickness has the smallest transmittance. As such we
can conclude that for ultra-thin ITO films (most probably for thin films under 10 nm), the



Nanomaterials 2022, 12, 155 16 of 24

transmittance depends on the size but shows two different behaviors in visible and NIR
regions. It increases with increasing the thickness in the NIR region and shows reverse
behavior in the visible light region [87].
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According to Liu et al. [87], the bandgap of 1 nm ITO is about 0.8 eV, which results in
the semiconducting nature of the ITO thin film. The ITO with a thickness of 2 nm has a
band gap of 0.1 eV. For ITO with 3 nm thickness, they indicate that the band gap is very
narrow due to extra bond occupations near the Fermi energy.

3.4.2. Oxygen and Hydroxyl Functional Groups

In nanostructured metal oxide materials, surface properties such as reactivity are
significantly important compared to properties of bulk material. Based on the synthesis
process, the surfaces can be metal or oxygen terminated and, in some cases, a combination
of both. In a study performed by Zhou et al. [21], it is shown that oxidation of the ITO
surface takes place when the surface is metal-terminated. In other words, metal terminated
ITO is unstable when exposed to O2. As such, the oxygen atom covers the whole surface
and provides a metal oxide terminated surface. These surfaces are unstable while exposed
to oxygen and/or water molecules. Small activation barriers are required for the chemisorp-
tion binding between the surface atoms and O2 or H2O molecules. Based on the results,
O2 chemisorption is the dominant reaction at low surface coverage and generates surface
dimers. Increasing the number of dimers on the surface changes the metal terminated to
the oxygen-terminated surfaces. Thus, the chemisorption of oxygen atoms on the surface
substitutes with the dissociative chemisorption process of water. Hydroxyls form on the
surface of the ITO due to the dissociative chemisorption of H2O.
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3.4.3. Carboxylate Functional Groups

In a study performed by Chen et al. [88], it was shown that modifying the ITO with
trimesic acid (TMA) leads to the formation of carboxylate groups on the TMA-modified
ITO nanoparticles. They performed computational results to find the preferred adsorption
configuration of TMA on the ITO. Vertical adsorption is reported to be the most kinetically
favorable. Direct modification of ITO is thermodynamically favorable in this case as well.
Based on the DFT calculations, the TMA molecule binds to the ITO (111) surface with an
upstanding configuration employing dissociative chemisorption effect. This effect leads to
the formation of a covalent bond between oxygen in the carboxylate group of TMA and
indium on the ITO surface. Hydrogen bonding also forms due to the interaction of hydron
in the carboxylate groups with the nearest oxygen atom. The formation of carboxylate
functional groups provides a catalytic-active molecule. The ability of high charge transfer
makes the TMA-ITO able to participate in redox reaction and optoelectronic applications.

Rittich et al. [23] investigated the effects of carboxylic acid self-assembled monolayers
on the work function of ITO. Based on their results, functionalization of the ITO with
amino acids decreases the work function significantly. Carboxylic acid decreases the barrier
energy, while the transparency and other properties are not affected. The reduction is due
to variation in the type of spacer and head groups of the carboxylic acid. They also studied
the effects of spacer chain length on the wok function and concluded that there is no change
in work function by increasing the chain length of the molecule. This demonstrates that
coupling between anchor and head group provided by the spacer has a direct relation with
delocalized electron and consequently on work function.

4. Conclusions and Prospects

Indium tin oxide is an interesting metal oxide for researchers due to its unique optical
and electrical properties. Its surface and structural properties in different forms, such as
thin-film and nanocomposite, have been investigated in both experimental and theoretical
works. Based on different studies, it is shown that the best method to characterize the
properties of the ITO theoretically is using DFT and that using VASP is faster than other
packages for these studies. Choosing the parameters such as geometrical structures and
energies based on the experimental data results in a good agreement between theoretical
and experimental results.

Modification of the ITO surface with organic molecules is an interesting approach
toward enhancing its surface properties through charge transport between the surface of
the ITO and the organic layer. Among different molecules functionalized on the surface of
the ITO so far, it is reported that F4TCNQ has the strongest effects on the surface properties
of the ITO. It is shown that physisorption binding of the F4TCNQ in the presence and
absence of PA affects the charge density extremely and, ultimately, the work function of the
ITO. Studies are explaining the role of the dipole moment of organic molecules as the main
factor on properties of the ITO in detail. It is shown that coverage density and binding
geometry are two main parameters affecting the dipole. However, the studies conducted
so far do not provide any insights toward the effects of changing the surface properties
on the underneath layers in the ITO structure. As such, a potential field of study is to
investigate the properties of ITO in bulk structure due to surface modification. Covering
this gap will let us know how the effects on the surface gradually affect the properties and
transformations under the surface.

On the other hand, reports indicate that the electrical properties of the ITO surface
change by modifying the surface of the ITO with inorganic molecules such as halogens
as well. In this case, the two main parameters affecting properties such as charge density
and work function are the magnitude or number of charges and the distance between the
charges. The first parameter depends on the difference in electronegativity of the atoms.
The second is due to the size of the adatom and the surface metal atom. The larger these
two parameters are, the larger the dipole moment would be, which results in a higher work
function. Studies have also been performed on the effects of parameters such as chain
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lengths and aromaticity of hydrocarbons on structural properties of functionalized ITO. It
is reported that intermolecular interaction is not significantly affecting the dipole moments.

Catalytic properties of the ITO, along with its other physical properties, significantly
change with the surface modifications. Based on our review, the formation of various
functional groups such as oxygen, hydrogen, and carboxylate functional groups on the
surface of nanosized ITO results in increasing catalytic activities of the ITO. In this case,
surface modification influences the ITO surface properties such as reactivity. In the case of
optoelectronic properties of ultrathin film ITO, computational results of band gap and DOS
of the ITO after surface modification are in good agreement with the experimental data.
Increasing the hydroxylation on the surface of the nanostructured ITO induces the shift in
DOS toward the valence band. Moreover, ultrathin films with 1 nm thickness have a larger
band gap and transmittance in the visible light region compared with that of 2 and 3 nm
ITO films. However, there is still a gap in theoretical studies of optoelectronic properties of
the nanostructured ITO as a function of film thickness. The effect of size on the properties
of the nanostructured ITO could be an attractive topic for researchers to study.
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chemical properties of an ITO-coated lossy-mode resonance optical fiber sensor by electrodeposition of PEDOT:PSS. Opt. Mater.
Express 2019, 9, 3069. [CrossRef]

50. Sezemsky, P.; Burnat, D.; Kratochvil, J.; Wulff, H.; Kruth, A.; Lechowicz, K.; Janik, M.; Bogdanowicz, R.; Cada, M.;
Hubicka, Z.; et al. Tailoring properties of indium tin oxide thin films for their work in both electrochemical and optical label-free
sensing systems. Sens. Actuators B Chem. 2021, 343, 130173. [CrossRef]

51. Cleary, J.W.; Smith, E.M.; Leedy, K.D.; Grzybowski, G.; Guo, J. Optical and electrical properties of ultra-thin indium tin oxide
nanofilms on silicon for infrared photonics. Opt. Mater. Express 2018, 8, 1231–1245. [CrossRef]

52. Bai, L.N.; Wei, Y.P.; Lian, J.S.; Jiang, Q. Stability of indium–tin-oxide and its optical properties: A first-principles study. J. Phys.
Chem. Solids 2013, 74, 446–451. [CrossRef]

53. Rabe, K.M. First-Principles Calculations of Complex Metal-Oxide Materials. Annu. Rev. Condens. Matter Phys. 2010, 1, 211–235.
[CrossRef]

54. Timpel, M.; Li, H.; Marco Vittorio, N.; Wegner, B.; Frisch, J.; Hotchkiss, P.; Marder, S.; Barlow, S.; Brédas, J.-L.; Koch, N. Electrode
Work Function Engineering with Phosphonic Acid Monolayers and Molecular Acceptors: Charge Redistribution Mechanisms.
Adv. Funct. Mater. 2018, 28, 1704438. [CrossRef]

55. Vanommeslaeghe, K.; Guvench, O.; MacKerell, A.D., Jr. Molecular mechanics. Curr. Pharm. Des. 2014, 20, 3281–3292. [CrossRef]
[PubMed]

56. González, M.A. Force fields and molecular dynamics simulations. JDN 2011, 12, 169–200. [CrossRef]
57. Moraitakis, G.; Purkiss, A.G.; Goodfellow, J.M. Simulated dynamics and biological macromolecules. Rep. Prog. Phys. 2003, 66, 383.

[CrossRef]
58. Karplus, M.; McCammon, J.A. Molecular dynamics simulations of biomolecules. Nat. Struct. Biol. 2002, 9, 646–652. [CrossRef]

[PubMed]
59. Cheatham, T.E., III; Kollman, P.A. Molecular dynamics simulation of nucleic acids. Annu. Rev. Phys. Chem. 2000, 51, 435–471.

[CrossRef]
60. Walsh, T.R. Pathways to Structure–Property Relationships of Peptide–Materials Interfaces: Challenges in Predicting Molecular

Structures. Acc. Chem. Res. 2017, 50, 1617–1624. [CrossRef]
61. Walsh, T.R.; Knecht, M.R. Biointerface Structural Effects on the Properties and Applications of Bioinspired Peptide-Based

Nanomaterials. Chem. Rev. 2017, 117, 12641–12704. [CrossRef]
62. Warschkow, O.; Ellis, D.E.; González, G.B.; Mason, T.O. Defect Structures of Tin-Doped Indium Oxide. J. Am. Ceram. Soc. 2003, 86,

1700–1706. [CrossRef]
63. Lorenzoni, A.; Mosca Conte, A.; Pecchia, A.; Mercuri, F. Nanoscale morphology and electronic coupling at the interface between

indium tin oxide and organic molecular materials. Nanoscale 2018, 10, 9376–9385. [CrossRef]
64. Brewer, S.H.; Franzen, S. Calculation of the electronic and optical properties of indium tin oxide by density functional theory.

Chem. Phys. 2004, 300, 285–293. [CrossRef]
65. Li, H.; Winget, P.; Bredas, J.-L. Surface modification of indium-tin-oxide via self-assembly of a donor-acceptor complex: A density

functional theory study. Adv. Mater. 2012, 24, 687–693. [CrossRef]
66. Odaka, H.; Shigesato, Y.; Murakami, T.; Iwata, S. Electronic Structure Analyses of Sn-doped In2O3. Jpn. J. Appl. Phys. 2001, 40,

3231–3235. [CrossRef]
67. Tripathi, M.N. Effect of doping of tin on optoelectronic properties of indium oxide: DFT study. AIP Conf. Proc. 2015, 1665, 90048.

[CrossRef]

http://doi.org/10.1063/5.0021826
http://doi.org/10.1038/s41598-017-10994-8
http://doi.org/10.1002/adma.200500863
http://doi.org/10.3390/ma12020266
http://doi.org/10.1016/j.bsbt.2016.11.003
http://doi.org/10.1002/adma.200900502
http://doi.org/10.1016/j.colsurfb.2017.11.004
http://doi.org/10.1038/s41524-020-0288-7
http://doi.org/10.1364/OME.9.003069
http://doi.org/10.1016/j.snb.2021.130173
http://doi.org/10.1364/OME.8.001231
http://doi.org/10.1016/j.jpcs.2012.11.008
http://doi.org/10.1146/annurev-conmatphys-070909-103932
http://doi.org/10.1002/adfm.201704438
http://doi.org/10.2174/13816128113199990600
http://www.ncbi.nlm.nih.gov/pubmed/23947650
http://doi.org/10.1051/sfn/201112009
http://doi.org/10.1088/0034-4885/66/3/203
http://doi.org/10.1038/nsb0902-646
http://www.ncbi.nlm.nih.gov/pubmed/12198485
http://doi.org/10.1146/annurev.physchem.51.1.435
http://doi.org/10.1021/acs.accounts.7b00065
http://doi.org/10.1021/acs.chemrev.7b00139
http://doi.org/10.1111/j.1151-2916.2003.tb03543.x
http://doi.org/10.1039/C8NR02341G
http://doi.org/10.1016/j.chemphys.2003.11.039
http://doi.org/10.1002/adma.201103009
http://doi.org/10.1143/JJAP.40.3231
http://doi.org/10.1063/1.4918028


Nanomaterials 2022, 12, 155 21 of 24

68. Naghdi, S.; Rhee, K.Y.; Hui, D.; Park, S.J. A review of conductive metal nanomaterials as conductive, transparent, and flexible
coatings, thin films, and conductive fillers: Different deposition methods and applications. Coatings 2018, 8, 278. [CrossRef]

69. Brewer, S.H.; Franzen, S. Optical properties of indium tin oxide and fluorine-doped tin oxide surfaces: Correlation of reflectivity,
skin depth, and plasmon frequency with conductivity. J. Alloys Compd. 2002, 338, 73–79. [CrossRef]

70. Jambrina, P.G.; Aldegunde, J. Biomolecules. In Tools for Chemical Product Design, 1st ed.; Martín, M., Eden, M., Chemmangat-
tuvalappil, N., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; Volume 39, pp. 583–648.

71. Vallee, A.; Humblot, V.; Pradier, C.-M. Peptide interactions with metal and oxide surfaces. Acc. Chem. Res. 2010, 43, 1297–1306.
[CrossRef] [PubMed]

72. Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Michael Brown, W.; Crozier, P.S.; in’t Veld, P.J.; Kohlmeyer, A.;
Moore, S.G.; Nguyen, T.D.; et al. LAMMPS—A flexible simulation tool for particle-based materials modeling at the atomic, meso,
and continuum scales. Comput. Phys. Commun. 2021, 271, 108171. [CrossRef]

73. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible, and free. J. Comput.
Chem. 2005, 26, 1701–1718. [CrossRef]

74. Phillips, J.C.; Hardy, D.J.; Maia, J.D.C.; Stone, J.E.; Ribeiro, J.V.; Bernardi, R.C.; Buch, R.; Fiorin, G.; Hénin, J.; Jiang, W.; et al.
Scalable molecular dynamics on CPU and GPU architectures with NAMD. J. Chem. Phys. 2020, 153, 44130. [CrossRef] [PubMed]

75. Jo, S.; Kim, T.; Iyer, V.G.; Im, W. CHARMM-GUI: A web-based graphical user interface for CHARMM. J. Comput. Chem. 2008, 29,
1859–1865. [CrossRef] [PubMed]

76. Case, D.A.; Aktulga, H.M.; Belfon, K.; Ben-Shalom, I.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cisneros, G.A.; Cruzeiro,
V.W.D.; Darden, T.A. Amber 2021; University of California Press: Berkeley, CA, USA, 2021.

77. Hollingsworth, S.A.; Dror, R.O. Molecular Dynamics Simulation for All. Neuron 2018, 99, 1129–1143. [CrossRef] [PubMed]
78. Oostenbrink, C.; Villa, A.; Mark, A.E.; van Gunsteren, W.F. A biomolecular force field based on the free enthalpy of hydration and

solvation: The GROMOS force-field parameter sets 53A5 and 53A6. J. Comput. Chem. 2004, 25, 1656–1676. [CrossRef]
79. Utsuno, F.; Yamada, N.; Kamei, M.; Yasui, I. Tin Doping Mechanism in Indium Oxide by MD Simulation. Korean J. Ceram. 1999, 5,

40–43.
80. Harrison, N.M. An Introduction to Density Functional Theory. In Computational Materials Science NATO Science Series III, 1st ed.;

Catlow, C.R.A., Kotomin, E.A., Eds.; IOS Press: Amsterdam, The Netherland, 2017; Volume 187, pp. 45–70.
81. Johansson, M.P.; Kaila, V.R.I.; Sundholm, D. Ab Initio, Density Functional Theory, and Semi-Empirical Calculations. In Biomolecular

Simulations Methods and Protocols; Monticelli, L., Salonen, E., Eds.; Humana Press: Totowa, NJ, USA, 2013; pp. 3–27.
82. Orio, M.; Pantazis, D.A.; Neese, F. Density Functional Theory. Photosynth. Res. 2009, 102, 443–453. [CrossRef]
83. Kulkarni, A.K.; Knickerbocker, S.A. Estimation and verification of the electrical properties of indium tin oxide based on the

energy band diagram. J. Vac. Sci. Technol. A 1996, 14, 1709–1713. [CrossRef]
84. Bretonnet, J. Basics of the density functional theory. AIMS Mater. Sci. 2017, 4, 1372–1405. [CrossRef]
85. Isiyaku, A.K.; Ali, A.H.; Nayan, N. Structural optical and electrical properties of a transparent conductive ITO/Al-Ag/ITO

multilayer contact. Beilstein J. Nanotechnol. 2020, 11, 695–702. [CrossRef]
86. Gheidari, A.M.; Soleimani, E.A.; Mansorhoseini, M.; Mohajerzadeh, S.; Madani, N.; Shams-Kolahi, W. Structural properties of

indium tin oxide thin films prepared for application in solar cells. Mater. Res. Bull. 2005, 40, 1303–1307. [CrossRef]
87. Liu, X.; Wang, L.; Tong, Y. Optoelectronic Properties of Ultrathin Indium Tin Oxide Films: A First-Principle Study. Crystals 2021,

11, 30. [CrossRef]
88. Chen, Z.; Zhang, Q.; Huang, L.; Li, R.; Li, W.; Xu, G.; Cheng, H. Surface Modification of ITO Nanoparticles by Trimesic Acid: A

Combined Experimental and DFT Study. J. Phys. Chem. C 2014, 118, 21244–21249. [CrossRef]
89. Wang, Q.; Diez-Cabanes, V.; Dell’Elce, S.; Liscio, A.; Kobin, B.; Li, H.; Brédas, J.-L.; Hecht, S.; Palermo, V.; List-Kratochvil, E.J.; et al.

Dynamically Switching the Electronic and Electrostatic Properties of Indium–Tin Oxide Electrodes with Photochromic Monolayers:
Toward Photoswitchable Optoelectronic Devices. ACS Appl. Nano Mater. 2019, 2, 1102–1110. [CrossRef]

90. Tripathi, M.N.; Shida, K.; Sahara, R.; Mizuseki, H.; Kawazoe, Y. First-principles analysis of structural and opto-electronic
properties of indium tin oxide. J. Appl. Phys. 2012, 111, 103110. [CrossRef]

91. Huang, P.-R.; He, Y.; Cao, C.; Lu, Z.-H. The origin of the high work function of chlorinated indium tin oxide. NPG Asia Mater.
2013, 5, e57. [CrossRef]

92. Hyla, A.S.; Winget, P.; Li, H.; Risko, C.; Brédas, J.-L. Work function reduction by a redox-active organometallic sandwich complex.
Org. Electron. 2016, 37, 263–270. [CrossRef]

93. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo, I.; et al.
QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys. Condens.
Matter 2009, 21, 395502. [CrossRef] [PubMed]

94. Soler, J.M.; Artacho, E.; Gale, J.D.; García, A.; Junquera, J.; Ordejón, P.; Sánchez-Portal, D. The SIESTA method forab initioorder-
Nmaterials simulation. J. Phys. Condens. Matter 2002, 14, 2745–2779. [CrossRef]

95. Delley, B. From molecules to solids with the DMol3 approach. J. Chem. Phys. 2000, 113, 7756–7764. [CrossRef]
96. Harrell, J.; Acikgoz, M.; Lieber Sasson, H.; Visoly-Fisher, I.; Genova, A.; Pavanello, M. Models of Surface Morphology and

Electronic Structure of Indium Oxide and Indium Tin Oxide for Several Surface Hydroxylation Levels. J. Phys. Chem. C 2018, 122,
584–595. [CrossRef]

http://doi.org/10.3390/coatings8080278
http://doi.org/10.1016/S0925-8388(02)00217-7
http://doi.org/10.1021/ar100017n
http://www.ncbi.nlm.nih.gov/pubmed/20672797
http://doi.org/10.1016/j.cpc.2021.108171
http://doi.org/10.1002/jcc.20291
http://doi.org/10.1063/5.0014475
http://www.ncbi.nlm.nih.gov/pubmed/32752662
http://doi.org/10.1002/jcc.20945
http://www.ncbi.nlm.nih.gov/pubmed/18351591
http://doi.org/10.1016/j.neuron.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30236283
http://doi.org/10.1002/jcc.20090
http://doi.org/10.1007/s11120-009-9404-8
http://doi.org/10.1116/1.580324
http://doi.org/10.3934/matersci.2017.6.1372
http://doi.org/10.3762/bjnano.11.57
http://doi.org/10.1016/j.materresbull.2005.04.007
http://doi.org/10.3390/cryst11010030
http://doi.org/10.1021/jp5063447
http://doi.org/10.1021/acsanm.9b00094
http://doi.org/10.1063/1.4719980
http://doi.org/10.1038/am.2013.33
http://doi.org/10.1016/j.orgel.2016.06.034
http://doi.org/10.1088/0953-8984/21/39/395502
http://www.ncbi.nlm.nih.gov/pubmed/21832390
http://doi.org/10.1088/0953-8984/14/11/302
http://doi.org/10.1063/1.1316015
http://doi.org/10.1021/acs.jpcc.7b10267


Nanomaterials 2022, 12, 155 22 of 24

97. Larsson, P. Quantum Espresso vs. VASP (Round 2). Available online: https://www.nsc.liu.se/~{}pla/blog/2013/02/19/qevasp-
part2/ (accessed on 19 August 2021).

98. Giannozzi, P.; Cavazzoni, C. Large-scale computing with Quantum Espresso. Nuovo Cim. C 2009, 32, 49–52.
99. Hjorth Larsen, A.; Jørgen Mortensen, J.; Blomqvist, J.; Castelli, I.E.; Christensen, R.; Dułak, M.; Friis, J.; Groves, M.N.; Hammer, B.;

Hargus, C.; et al. The atomic simulation environment—a Python library for working with atoms. J. Phys. Condens. Matter 2017, 29,
273002. [CrossRef] [PubMed]

100. Romero, A.H.; Allan, D.C.; Amadon, B.; Antonius, G.; Applencourt, T.; Baguet, L.; Bieder, J.; Bottin, F.; Bouchet, J.;
Bousquet, E.; et al. ABINIT: Overview and focus on selected capabilities. J. Chem. Phys. 2020, 152, 124102. [CrossRef]

101. Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-wave Method. Phys. Rev. B 1999, 59, 1758.
[CrossRef]

102. Poulet, G.; Sautet, P.; Artacho, E. Comparison between plane-wave and linear-scaling localized basis sets for structural calculations
of microporous molecular sieves. Phys. Rev. B 2003, 68, 75118. [CrossRef]

103. Minibaev, R.F.; Bagatur’yants, A.A.; Bazhanov, D.I.; Knizhnik, A.A.; Alfimov, M.V. First-principles investigation of the electron
work function for the (001) surface of indium oxide In2O3 and indium tin oxide (ITO) as a function of the surface oxidation level.
Nanotechnologies Russ. 2010, 5, 185–190. [CrossRef]

104. Marezio, M. Refinement of the crystal structure of In2O3 at two wavelengths. Acta Crystallogr. 1966, 20, 723–728. [CrossRef]
105. Kim, H.; Gilmore, C.M.; Piqué, A.; Horwitz, J.S.; Mattoussi, H.; Murata, H.; Kafafi, Z.H.; Chrisey, D.B. Electrical, optical, and

structural properties of indium–tin–oxide thin films for organic light-emitting devices. J. Appl. Phys. 1999, 86, 6451–6461.
[CrossRef]

106. Senthilkumar, V.; Vickraman, P.; Jayachandran, M.; Sanjeeviraja, C. Structural and optical properties of indium tin oxide (ITO)
thin films with different compositions prepared by electron beam evaporation. Vacuum 2010, 84, 864–869. [CrossRef]

107. Devi, P.; Chatterjee, M.; Ganguli, D. Indium tin oxide nano-particles through an emulsion technique. Mater. Lett. 2002, 55, 205–210.
[CrossRef]

108. Thirumoorthi, M.; Thomas Joseph Prakash, J. Structure, optical and electrical properties of indium tin oxide ultra thin films
prepared by jet nebulizer spray pyrolysis technique. J. Asian Ceram. Soc. 2016, 4, 124–132. [CrossRef]

109. Hanson, E.L.; Guo, J.; Koch, N.; Schwartz, J.; Bernasek, S.L. Advanced Surface Modification of Indium Tin Oxide for Improved
Charge Injection in Organic Devices. J. Am. Chem. Soc. 2005, 127, 10058–10062. [CrossRef]

110. Li, H.; Paramonov, P.; Bredas, J.-L. Theoretical study of the surface modification of indium tin oxide with trifluorophenyl
phosphonic acid molecules: Impact of coverage density and binding geometry. J. Mater. Chem. 2010, 20, 2630–2637. [CrossRef]

111. González, G.B.; Cohen, J.B.; Hwang, J.-H.; Mason, T.O.; Hodges, J.P.; Jorgensen, J.D. Neutron diffraction study on the defect
structure of indium–tin–oxide. J. Appl. Phys. 2001, 89, 2550–2555. [CrossRef]

112. Lacroix, B.; Santos, A.J.; Hurand, S.; Corvisier, A.; Paumier, F.; Girardeau, T.; Maudet, F.; Dupeyrat, C.; García, R.; Morales, F.M.
Nanostructure and Physical Properties Control of Indium Tin Oxide Films Prepared at Room Temperature through Ion Beam
Sputtering Deposition at Oblique Angles. J. Phys. Chem. C 2019, 123, 14036–14046. [CrossRef]

113. Shin, M.-G.; Hwang, S.-H.; Cha, H.-S.; Jeong, H.-S.; Kim, D.-H.; Kwon, H.-I. Effects of proton beam irradiation on the physical
and chemical properties of IGTO thin films with different thicknesses for thin-film transistor applications. Surf. Interfaces 2021, 23,
100990. [CrossRef]

114. Warschkow, O.; Miljacic, L.; Ellis, D.E.; González, G.B.; Mason, T.O. Interstitial Oxygen in Tin-Doped Indium Oxide Transparent
Conductors. J. Am. Ceram. Soc. 2006, 89, 616–619. [CrossRef]

115. Armiento, R. The Many-Electron Energy in Density Functional Theory, from Exchange-Correlation Functional Design to Applied
Electronic Structure Calculations. Doctoral Thesis, KTH Royal Institute of Technology, Stockholm, Sweden, September 2005.

116. Bassani, F.; Liedl, G.L.; Wyder, P. Encyclopedia of Condensed Matter Physics, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2005;
pp. 75–85.

117. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]

118. Muscat, J.; Wander, A.; Harrison, N.M. On the prediction of band gaps from hybrid functional theory. Chem. Phys. Lett. 2001, 342,
397–401. [CrossRef]

119. Surajo Abubakar, T.; Faragai, I.; Sumaila, Y.; Garba, S.; Durumin Iya, S.; Khamis, A. Simulation Analysis of Optical Properties of
Indium Tin Oxide. SLUJST 2020, 1, 66–72.

120. Arbuznikov, A.V. Hybrid exchange correlation functionals and potentials: Concept elaboration. J. Struct. Chem. 2007, 48, S1–S31.
[CrossRef]

121. Danovich, D.; Shaik, S.; Chen, H. Theoretical Toolkits for Inorganic and Bioinorganic Complexes: Their Applications and Insights.
In Comprehensive Inorganic Chemistry II, 2nd ed.; Reedijk, J., Poeppelmeier, K.B.T., Eds.; Elsevier: Amsterdam, The Netherlands,
2013; pp. 1–57.

122. Frisch, M.J.; Trucks, G.W.; Cheeseman, J.R. Systematic Model Chemistries Based on Density Functional Theory: Comparison with
traditional Models and with Experiment. In Recent Developments and Applications of Modern Density Functional Theory, 1st ed.;
Seminario, J., Ed.; Elsevier: Amsterdam, The Netherlands, 1996; Volume 4, pp. 679–707.

123. Lehtomäki, J.; Makkonen, I.; Caro, M.A.; Harju, A.; Lopez-Acevedo, O. Orbital-free density functional theory implementation
with the projector augmented-wave method. J. Chem. Phys. 2014, 141, 234102. [CrossRef] [PubMed]

https://www.nsc.liu.se/~{}pla/blog/2013/02/19/qevasp-part2/
https://www.nsc.liu.se/~{}pla/blog/2013/02/19/qevasp-part2/
http://doi.org/10.1088/1361-648x/aa680e
http://www.ncbi.nlm.nih.gov/pubmed/28323250
http://doi.org/10.1063/1.5144261
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevB.68.075118
http://doi.org/10.1134/S1995078010030055
http://doi.org/10.1107/S0365110X66001749
http://doi.org/10.1063/1.371708
http://doi.org/10.1016/j.vacuum.2009.11.017
http://doi.org/10.1016/S0167-577X(01)00647-4
http://doi.org/10.1016/j.jascer.2016.01.001
http://doi.org/10.1021/ja050481s
http://doi.org/10.1039/b921768a
http://doi.org/10.1063/1.1341209
http://doi.org/10.1021/acs.jpcc.9b02885
http://doi.org/10.1016/j.surfin.2021.100990
http://doi.org/10.1111/j.1551-2916.2005.00708.x
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1016/S0009-2614(01)00616-9
http://doi.org/10.1007/s10947-007-0147-0
http://doi.org/10.1063/1.4903450
http://www.ncbi.nlm.nih.gov/pubmed/25527914


Nanomaterials 2022, 12, 155 23 of 24

124. Jollet, F.; Torrent, M.; Holzwarth, N. Generation of Projector Augmented-Wave atomic data: A 71 element validated table in the
XML format. Comput. Phys. Commun. 2014, 185, 1246–1254. [CrossRef]

125. Jung, Y.-J.; Cho, S.-Y.; Jung, J.-W.; Kim, S.-Y.; Lee, J.-H. Influence of indium-tin-oxide and emitting-layer thicknesses on light
outcoupling of perovskite light-emitting diodes. Nano Converg. 2019, 6, 26. [CrossRef] [PubMed]

126. Liu, H.; Avrutin, V.; Izyumskaya, N.; Özgür, Ü.; Morkoç, H. Transparent conducting oxides for electrode applications in light
emitting and absorbing devices. Superlattices Microstruct. 2010, 48, 458–484. [CrossRef]

127. Tak, Y.-H.; Kim, K.-B.; Park, H.-G.; Lee, K.-H.; Lee, J.-R. Criteria for ITO (indium–tin-oxide) thin film as the bottom electrode of an
organic light emitting diode. Thin Solid Films 2002, 411, 12–16. [CrossRef]

128. Park, Y.; Choong, V.; Gao, Y.; Hsieh, B.R.; Tang, C.W. Work function of indium tin oxide transparent conductor measured by
photoelectron spectroscopy. Appl. Phys. Lett. 1996, 68, 2699–2701. [CrossRef]

129. Walsh, A.; Catlow, C.R.A. Structure, stability and work functions of the low index surfaces of pure indium oxide and Sn-doped
indium oxide (ITO) from density functional theory. J. Mater. Chem. 2010, 20, 10438–10444. [CrossRef]

130. Sharma, A.; Haldi, A.; Hotchkiss, P.J.; Marder, S.R.; Kippelen, B. Effect of phosphonic acid surface modifiers on the work function
of indium tin oxide and on the charge injection barrier into organic single-layer diodes. J. Appl. Phys. 2009, 105, 74511. [CrossRef]

131. Zhou, Y.; Shim, J.W.; Fuentes-Hernandez, C.; Sharma, A.; Knauer, K.A.; Giordano, A.J.; Marder, S.R.; Kippelen, B. Direct
correlation between work function of indium-tin-oxide electrodes and solar cell performance influenced by ultraviolet irradiation
and air exposure. Phys. Chem. Chem. Phys. 2012, 14, 12014–12021. [CrossRef] [PubMed]

132. Gliboff, M.; Li, H.; Knesting, K.M.; Giordano, A.J.; Nordlund, D.; Seidler, G.T.; Brédas, J.-L.; Marder, S.R.; Ginger, D.S. Competing
Effects of Fluorination on the Orientation of Aromatic and Aliphatic Phosphonic Acid Monolayers on Indium Tin Oxide. J. Phys.
Chem. C 2013, 117, 15139–15147. [CrossRef]

133. Warschkow, O.; Ellis, D.E.; González, G.B.; Mason, T.O. Defect Cluster Aggregation and Nonreducibility in Tin-Doped Indium
Oxide. J. Am. Ceram. Soc. 2003, 86, 1707–1711. [CrossRef]
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