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Abstract: Directional ionic migration in ultra-thin metal-oxide semiconductors under applied electric
fields is a key mechanism for developing various electronic nanodevices. However, understand-
ing charge transfer dynamics is challenging due to rapid ionic migration and uncontrolled charge
transfer, which can reduce the functionality of microelectronic devices. This research investigates
the supercapacitive-coupled memristive characteristics of ultra-thin heterostructured metal-oxide
semiconductor films at TiO2-In2O3/Au Schottky junctions. Using atomic layer deposition (ALD), we
nano-engineered In2O3/Au-based metal/semiconductor heterointerfaces. TEM studies followed by
XPS elemental analysis revealed the chemical and structural characteristics of the heterointerfaces.
Subsequent AFM studies of the hybrid heterointerfaces demonstrated supercapacitor-like behavior
in nanometer-thick TiO2-In2O3/Au junctions, resembling ultra-thin supercapacitors, pseudocapac-
itors, and nanobatteries. The highest specific capacitance of 2.6 × 104 F.g−1 was measured in the
TiO2-In2O3/Au junctions with an amorphous In2O3 electron gate. Additionally, we examined the
impact of crystallization, finding that thermal annealing led to the formation of crystalline In2O3

films with higher oxygen vacancy content at TiO2-In2O3 heterointerfaces. This crystallization pro-
cess resulted in the evolution of non-zero I-V hysteresis loops into zero I-V hysteresis loops with
supercapacitive-coupled memristive characteristics. This research provides a platform for under-
standing and designing adjustable ultra-thin Schottky junctions with versatile electronic properties.

Keywords: atomic layer deposition; heterostructured metal oxides; charge-storage dynamic;
supercapacitors; scanning capacitance microscope; memristors

1. Introduction

Semiconductor nanoelectronic devices are continuously advancing to meet the grow-
ing demand for low-power electronic functional systems. Atomic layer deposition (ALD)
is a powerful technique for the conformal deposition of semiconductor oxide films, pro-
viding highly precise thickness control over geometrically complex substrates [1,2]. ALD
is a precise tool for heterointerface engineering of ultra-thin heterostructured metal-oxide
semiconductors, which are used in various electronic nanodevices. It enables the design
and fabrication of functional semiconductor heterointerfaces with two-dimensional (2D)
characteristics [1]. Additionally, this technique facilitates the functionalization, doping, and
growth of nanostructures for energy storage and nanoelectronic applications, such as super-
capacitors [2]. ALD is also effective for designing and fabricating ultra-thin semiconductor
heterostructures with atomically sharp two-dimensional interfaces [3,4]. This advanced
thin-film fabrication technique has enabled the creation of a wide range of atomically thin
heterostructured semiconductors. Particularly, plasma-enhanced atomic layer deposition
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(PE-ALD) facilitates low-temperature growth of amorphous, crystalline, and metastable
phases with desired properties, due to using high-energy ionized plasma [5–7].

This fabrication technique provides the platform for fabrication of ultra-thin semi-
conductors allowing precise control over the migration of electrical charges through elec-
tronically modulated heterointerfaces [8]. Additionally, PE-ALD offers a broad selection
of materials for the deposition of semiconductor components, enabling tunable electronic
characteristics. PE-ALD is acknowledged as a highly capable technique with atomic-scale
precision, ideal for developing large-area heterostructured films. This method enables
the functional creation and engineering of ultra-thin heterointerfaces in electronic sys-
tems, making such advancements practically achievable. The precise design of ultra-thin
heterostructured semiconductor materials opens extensive opportunities for modulating
the electronic structure of nanoelectronic devices [9]. In particular, a conceptually sim-
ple structure—an ultra-thin semiconductor layer sandwiched between two conductive
channels—can exhibit the outstanding functionalities [10,11].

Despite significant developments, there is still a lack of proper understanding regard-
ing the modulation of charge transfer phenomena in the electron channels of semiconductor
resistive switching layers [12]. Controlling storage and transfer in these few-nanometer-
thick electron channels is the primary mechanism for designing various electronic systems.
In particular, the development of hybrid nanoelectronic adjustable gates significantly en-
hances device performance, paving the way for the fabrication of atomically thin sensors,
neural receptors [13], nanobatteries [14], supercapacitors [15], memristors [16], and artificial
synaptic junctions [17,18]. Among the various characteristics of nanoelectronic gates, the
capacitive-coupled memristive behavior of sandwiched ultra-thin semiconductor layers is
the origin of intriguing properties and phenomena, which require further exploration to be
fully understood. ALD provides the opportunity to fundamentally design programmable
heterointerfaces and integrate them into functional devices. It also offers a supplementary
mechanism for investigating low-power charge transfer phenomena in ultra-thin electronic
channels. Furthermore, the effects of the characteristics of ALD films, including crystallinity
and heterointerface characteristics, should be investigated to understand the mechanism of
charge transfer in heterostructured metal-oxide semiconductors. It is worth mentioning
that the low-temperature ALD process results in the growth of mostly amorphous or a mix-
ture of amorphous and crystalline structures. Therefore, it is technically and scientifically
important to investigate the influence of electron gates at metal/semiconductor hetero-
junctions and to elaborate on the charge transfer mechanisms in ultra-thin metal-oxide
nanoelectronic devices.

The present study investigates the design and fabrication of adjustable Schottky
junctions, where the heterointerface between an Au substrate and a TiO2 semiconductor
component is modified by incorporating an additional ultra-thin semiconductor interlayer.
TiO2 is a well-known semiconductor with recognized memristive characteristics [19,20],
where ionic migration is the primary mechanism of charge transfer and resistive switching,
resulting in distinctive resistive switching behavior with a zero I-V curve configuration. In
this study, PE-ALD was employed to deposit In2O3 channels as a gate material between
the Au substrate and TiO2. In2O3 is one of the interesting metal-oxide semiconductors
with rich electronic structure. The significant electronic characteristics of In2O3 provides
various opportunities for application of In2O3 in transparent infrared optoelectronic sys-
tems, storage systems, and batteries [21]. Particularly, In2O3 doping and its heterointerface
engineering provides the opportunity for development of transparent thin conductive
films, with superior chemical stability for various types of photonic and energy applica-
tions [22]. High-temperature thermal ALD of In2O3 films can lead to unwanted reactions
and precursor decomposition, resulting in pore formation or island growth of the films.
Consequently, thermal annealing restricts the successful conformal deposition of In2O3
films in high aspect ratio structures and causes thickness non-uniformities. To address these
issues, we utilized a previously developed PE-ALD recipe for the deposition of ultra-thin
In2O3 films in the present study [23].
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We specifically examined the impact of crystallinity on the charge transfer mechanism
at the heterointerfaces, focusing on both crystalline (c) and amorphous (α) structures of
In2O3 films. To observe the I-V hysteresis and C-V characteristics of TiO2-In2O3/Au Schot-
tky junctions, we employed conductive atomic force microscopy (c-AFM) and scanning
capacitance microscopy (SCM). The versatile and precise c-AFM measurements demon-
strated the role of the electric channel in the supercapacitive-coupled memristive behavior
of the TiO2-In2O3 heterostructure. We observed a transition from fully supercapacitive
states in amorphous In2O3 (α) channels at the TiO2-In2O3 heterointerfaces to memris-
tive states in crystalline In2O3 (c) channels. A specific capacitance of 2.6 × 104 F.g−1 was
measured via SCM in studies of In2O3 (α)-TiO2 heterostructures. Therefore, this study
provides foundational knowledge and evidence for the development of tunable TiO2-
In2O3/Au heterojunctions, aimed at modulating adaptable electronic channels for desired
solid-state applications.

2. Materials and Methods

To fabricate the heterostructured semiconductor films, 150 nm Au crystalline film was
deposited by electronbeam evaporation technique on Si/SiO2 substrate. The 150 nm CVD
SiO2 film was deposited on Si substrate to prevent the current leakage from the Au film
to the Si substrate. The 10 nm-thick Cr film was used as the adhesion layer between the
Au and Si/SiO2 sublayers. PE-ALD was used to deposit ~5.0 nm-thick indium oxide films
over Au electrodes. The b-diketonate tris (2,2,6,6-tetramethyl-3,5-heptanedionato) indium
(III), [In-(TMHD)3], as indium precursors, and O2 plasma as the reactant were used for
the deposition of In2O3 in a N2 atmosphere at 150 ◦C. A typical PE-ALD cycle is a 20 s
process including 5 pulse times for both precursors, reactant and plasma, followed by a
5 s evacuation time after each pulse. The in situ ellipsometry was employed to monitor
the growing thickness of In2O3 film (SE, J. A. Woollam M-2000). To this aim, samples were
deposited on the 5.0 in diameter Si/SiO2/Au wafers, and the ellipsometry thickness map
of the ALD films was monitored and measured after the PE-ALD process to confirm the
thickness uniformity of the ALD films. Finally, the wafers were diced into 1 cm2 square
samples for the following materials characterization and electrical measurement studies. In
one group of samples, the as-deposited In2O3 films were later thermally annealed under
a controlled atmosphere (N2 atmosphere for 10 min at 450 ◦C at a rate of 60 ◦C min−1).
After the thermal treatment, the 19.0 nm-thick TiO2 films were deposited via PE-ALD
(tetrakis dimethylamino titanium and O2 plasma) over the indium oxide films. In the
PE-ALD process of TiO2, the TDMAT and O2 plasma durations were set at 0.1 s and
0.6 s, respectively. X-ray photoelectron spectroscopy (XPS, Thermo Scientific theta probe,
MA, USA) was employed to analyze the chemical states and to measure the valance
band maximum (VBM) of heterostructured TiO2- In2O3 films on Au substrates. High-
resolution X-ray diffraction (HR-XRD, (SmartLab, Rigaku) was employed to investigate the
structure of ALD films before and after thermal treatments. The nanostructural analysis
was performed by transmission electron microscope (TEM, JEM-ARM 200F-NEOARM).
The lamella samples of heterointerfaces were fabricated by a precise focused ion beam
system (FIB focused ion beam—Crossbeam 540). The chemical analyses of atomically
thin heterointerfaces were performed by the energy dispersive spectrometer (EDS) of a
TEM machine.

AFM (Park-NX10) was employed in pin-point mode. In the c-AFM studies, the ALD
films were investigated by the Cr-Pt-Ir tip of c-AFM machine, featuring a radius curvature
of approximately 15.0 nm, a stiffness of 0.20 Nm−1, and a resonance frequency of 25.0 kHz
during measurements. The I-V characteristics of the hybrid interfaces were subsequently
measured by nano-positioning the conductive cantilever probe at a fixed location on the
surface of 2D films. Samples were kept in an inert Ar atmosphere before c-AFM studies,
followed by electrical measurements under flow of Ar gas in the enclosed measurement
chamber of the AFM machine. The current maps of thin films were monitored during in situ
characterization of the dynamic charge transfer. To investigate the supercapacitive character-
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istics of the TiO2-In2O3/Au films, scanning capacitance microscope (SCM) was employed,
which is a powerful AFM technique for the characterization of semiconductor devices.

3. Results
3.1. Materials Characterization

The precise design of electronic channels fundamentally affects the performance
of nanoelectronic devices. Indium oxide is a well-known transparent conducting oxide
(TCO) with a network of polyhedral structures [24]. The fundamental characteristics of
the electronic band structure of a TCO semiconductor originate from the interaction of
metal–oxygen pairs [24]. The microstructural characteristics of indium oxide govern its
electronic properties, particularly the mechanisms of charge transfer and charge storage
in ultra-thin metal-oxide films. It is worth mentioning that the considerable increase in
non-lattice oxygen following the annealing process is expected to result in increased con-
ductance of the system. The transition from amorphous to crystalline structure alters the
charge transport regimes in the InOx film. In amorphous InOx nanostructures, localization
is the primary transport mechanism. As the structure transitions from fully amorphous to
mixed amorphous/crystalline, and finally to fully crystalline, the charge transport mech-
anism changes accordingly. Initially, localization dominates in the amorphous structure,
then transitions to hopping, multi-phase percolation, scattering, and ultimately to bulk
conductivity in the fully crystalline structure. In the present study, the amorphous In2O3
(α) and crystalline In2O3 (c) channels were employed as ultra-thin channels for the TiO2
resistive switching layer (Figure 1a). The amorphous In2O3 has a non-periodic and mostly
distorted polyhedral structure [25]. The composition and bonding structures of cations
in indium oxide determine the characteristics of electron localization and the parameters
of variable range hopping [25]. The limit of carrier mobility is determined by the robust-
ness of In-O bonding chains in the nanostructure of amorphous oxide semiconductors. In
amorphous indium oxide, the nearest In-O bonds are clearly defined in short-range order,
while longer-range order is missing. In amorphous InOx, the polyhedral structures are
linked together either at their edges, corners, or faces [24]. In edge-sharing, two oxygens
are shared between two polyhedral structures, while in corner-sharing, the polyhedral
structures share one oxygen atom between two corners. In the least common structures,
polyhedrons share three or more oxygen atoms, forming a face-sharing configuration [23].
The non-shared polyhedral indium oxide is another possible structural coordination of
In-O bindings (Figure 1b). The structural distortion in this amorphous semiconductor
oxide originates from the weak ionic bonding between atomic oxygens and the spheri-
cal s-orbitals of the indium atoms [24–26]. The stoichiometric characteristics of oxygen
atoms determine the generation of free electrons in amorphous In2O3. Particularly, the
metal/oxygen ratio governs the formation of structural defects at metal-oxide structures at
their band edges. Previous studies confirmed that a crystalline-to-amorphous transition is
accompanied by a reduction in In-O coordination, where over 25% of the indium atoms
have a coordination number of five or less [24]. Therefore, the concentration and degree
of localization of conduction defects caused by the oxygen stoichiometric characteristics
play an important role in the charge transfer mechanism in indium oxide. Figure 1c depicts
the O 1s XPS spectrum of the as-deposited In2O3 film after 30 s of ion milling (18.26%).
The peak at 529.3 eV corresponds to In-O bonding in the lattice of the In2O3 structure
(81.6%), while the peak at 530.2 eV is assigned to non-lattice oxygen in the amorphous
In2O3 structure [27,28]. We further investigated the O 1s spectrum of the In2O3 film after
rapid thermal annealing (Figure 1d). The samples were ion milled to reach the In2O3/Au
heterointerfaces. Consequently, the intensity of characteristic peaks of non-lattice oxygen
at 531.3 eV is considerably higher than that of the lattice oxygen. After the deposition of
TiO2 films at 150◦C, XPS measurements were conducted again. Consequently, the O 1s
spectra of TiO2-In2O3 (α) and TiO2-In2O3 (c) heterostructured films were investigated. The
results are respectively presented in Figure 1e,f. The characteristic O 1s peaks of lattice
oxygen and non-lattice oxygen are observed at 529.8 eV and 530.5 eV, respectively, in



Coatings 2024, 14, 880 5 of 21

heterostructured films. Notably, both peaks represent similar O 1s XPS characteristics at
the same measurement depth, confirming the analogous chemical states at the TiO2-In2O3
(α) and TiO2-In2O3 (c) heterostructures.
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Figure 1. (a) Illustrates the atomic-scale graphical representation of the TiO2- In2O3/Au heterostruc-
ture; (b) the atomic-scale graphical depiction of polyhedral In-O-In bonds within the amorphous
In2O3 structure. Additionally, it presents the O 1s XPS spectra of (c) as-deposited In2O3; (d) the
annealed In2O3; (e) the as-deposited TiO2-In2O3; and (f) In2O3 (annealed)-TiO2 films. (g) The Au 4f
XPS spectra of In2O3/Au heterointerfaces, before and after thermal annealing.

The XPS results confirm the alteration of chemical states at the In2O3/Au heteroin-
terfaces after thermal annealing at 450 ◦C. The increased values of structural vacancies
are attributed to the interaction between the sublayer and the In2O3 ultra-thin film. The
interaction between the Au sublayer and the ultra-thin In2O3 film was investigated using
the XPS method. Figure 1g represents the Au 4f XPS spectra of the In2O3-Au heterointer-
faces before and after thermal annealing. Two distinct peaks corresponding to elemental
Au0 and metal cationic Au3+ were detected in the XPS results (Figure 1g). We further
investigated the collective data of the Au 4f and In 3d spectra before and after thermal
annealing at the In2O3/Au heterointerfaces. The comparison of the collective data shows
the composition at the In2O3/Au heterointerfaces. Before thermal annealing, the collective
amounts of 1.54 at. % of Au0, 1.26 at. % of Au3+, and 5.3 at. % of In were characterized at
the heterointerfaces [29,30]. After thermal annealing, these collective values changed to
0.21 at. %, 0.18 at. %, and 0.21 at. %, respectively, for metallic Au (Au0), Au3+, and In. It
is worth mentioning that we neglected the amounts of adsorbed gases and carbonaceous
residue. The recognizable shift of Au 4f to higher binding energies after thermal anneal-
ing confirms the alteration of the oxidation state of Au atoms at the heterointerfaces. We
further investigated the Au 4f spectra of TiO2-In2O3/Au heterojunctions before and after
thermal annealing. A similar shift of Au 4f peaks to higher binding energies was observed.
These observations can be attributed to the elemental distribution and the substitution of
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atoms by vacancies at the In2O3/Au heterojunctions or one of the sublattices. It can also
be attributed to the crystallographic reorientation of sublayer Au granular films and the
mutual elemental diffusion at In2O3/Au heterointerfaces during the annealing process.
Therefore, we precisely observed the heterointerfaces using a high-resolution transmission
electron microscope and XPS techniques.

Regarding the capability of plasma-enhanced ALD (PE-ALD) for conformal wafer-
scale deposition of ultra-thin heterostructured semiconductors, it is crucial to characterize
the material properties of the heterointerfaces developed in our setup. Characterizing these
heterointerfaces in ultra-thin heterojunctions is fundamentally important for understand-
ing the mechanisms of charge-storage dynamics and memristive characteristics in these
functional semiconductor devices. To this end, the material structure and chemical compo-
sition of TiO2-In2O3 heterointerfaces were investigated using high-resolution transmission
electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), and Raman spectroscopy. Figure 2 represents the results of TEM studies on the
TiO2-In2O3 heterointerfaces. Figure 2a depicts a typical high-magnification cross-sectional
view of the heterojunctions. It appears that the ALD process resulted in wafer-scaled con-
formal deposition of heterostructured metal-oxide films on an Au substrate (Figure 2a). The
TEM studies demonstrate an ultra-thin heterostructured film characteristic of amorphous
In2O3 ALD film before the annealing process. Figure 2b shows a high-resolution image of
the as-deposited ALD films with an ultra-smooth, sharp heterointerface, which is charac-
teristic of amorphous metal-oxide films. The corresponding SAED patterns from the ALD
films represent halo diffusive patterns (Figure 2b), indicating the semi-amorphous nature of
the as-deposited ALD film. We further investigated the cross-sectional TEM image of TiO2-
In2O3 heterointerfaces (Figure 2c), where distinguishable borders are observed between the
crystalline In2O3 (c) and amorphous TiO2 structures. In this sample, the In2O3 films were
annealed. Subsequently, the top-layer TiO2 film was deposited on crystalline In2O3 (c). It is
worth mentioning that TiO2 is the main amorphous component of the heterointerfaces and
is intentionally deposited in an amorphous structure [31,32].

Amorphous metal-oxide semiconductors, with their visible-light transparency and
high bandgap, have tremendous applications in supercapacitors, memristors, and artificial
synaptic systems [31,32]. The heterojunction between Au and metal-oxide heterostructures
considerably affects the generated charge-storage/trapping phenomenon. A high Schottky
barrier at metal/semiconductor heterointerfaces can effectively support and store charge
carriers at low voltage for low-energy electronic systems. From another perspective, an
ultra-thin crystalline low-resistance electron gate may improve the conductivity of the
Au/TiO2 Schottky junctions. The collected SAED patterns from the heterostructured films
show the presence of characteristic rings of crystalline structures, corresponding to the
crystalline planes of (112), (222), and (440) of the In2O3 ultra-thin film [33]. The high-
resolution HR-TEM images depict the sharp heterointerface between the Au and In2O3
crystalline film and distinguish the transformation from crystalline In2O3 into the adjacent
amorphous TiO2 film (Figure 2c). An EDS analysis was employed to further characterize
the chemical composition at the heterointerfaces. Figure 2d depicts the EDS map of the
main components of the ALD films. The elemental separation at the heterointerfaces
confirms the formation of sharp heterointerfaces. To further investigate the elemental
composition, the EDS elemental line scan was employed to demonstrate the distribution of
the Au (substrate), In, Ti, Pt (lamella support layer), and O elements at the TiO2-In2O3/Au
heterojunctions (Figure 2e). The study on the elemental distribution at the Au, In2O3, and
TiO2 heterointerfaces depicts the elemental distinction between the Au (substrate), In2O3,
and TiO2 heterojunctions. Partial diffusion of indium and titanium is observed at the TiO2-
In2O3 heterointerfaces, with indium and titanium diffusing into each other. Therefore,
we employed XPS studies to further investigate the oxidation states of elements at the
TiO2-In2O3 heterointerfaces.
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Figure 2. The HR-TEM images and chemical analysis of the heterointerface characteristics: (a) The
low-magnification and (b) high-magnification cross-sectional TEM image and SAED pattern from the
TiO2-In2O3 (α) heterointerfaces; (c) high-magnification cross-sectional TEM image and SAED pattern
from the TiO2-In2O3 (c) heterointerfaces; (d) the EDS map elemental analysis accompanied by the
(e) EDS line elemental analysis of the TiO2-In2O3 heterointerfaces; (f) the Raman spectra of In2O3

films before and after thermal annealing. (g) The XRD pattern of as-deposited amorphous In2O3 film.
(h) The XRD pattern of annealed crystalline In2O3 film.

We further investigated the Raman spectra of 5.0 nm In2O3 films before and after
thermal annealing. The Raman study of the as-deposited film shows a broad spectrum
without any distinguished peaks (Figure 2f). The lack of characteristic vibration peaks of
In-O bonds in the 5.0 nm thin transparent In2O3 films can be attributed to the absence
of well-aligned crystalline metal-oxide structures. In contrast, the Raman study of the
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annealed In2O3 films reveals the presence of characteristic Raman peaks of In-O bonding at
the corresponding wavenumbers of 137, 484, and 514 cm−1 [34,35]. High-resolution X-ray
diffraction (HR-XRD) analysis provides further evidence on the nature of as-deposited and
thermally treated In2O3 films. The HR-XRD spectra of the 5.0 nm-thick as-deposited In2O3
film on an Au substrate (Figure 2g) showed only the characteristic peaks of crystalline Au
planes (111) and (200), corresponding to XRD card No. 01-071-3755 [36,37]. In contrast,
the XRD measurement of the thermally annealed In2O3 film revealed (Figure 2h) a new
peak at 47.2◦, corresponding to the (431) peak of In2O3 (ICPDS #06-0416) [38,39]. These
XRD measurements, accompanied by TEM results, confirm the development of crystalline
structures in ultra-thin In2O3 films after thermal annealing. Therefore, it is expected that the
characteristics of the Au/TiO2 heterointerface are altered by employment of an ultra-thin
In2O3 electronic gate. Therefore, we investigate the XPS spectra of TiO2-In2O3/Au hetero-
junctions before and after thermal annealing. Figure A1 represents the surface morphology
of In2O3 films before and after thermal annealing. According to the AFM measurements,
the roughness of In2O3 films increased slightly from 450 pm (as-deposited In2O3 films) to
860 pm after thermal annealing (Table A1).

The XPS spectra of heterostructured ALD films before and after thermal annealing
were investigated and are presented in Figure 3. We measured the XPS spectra of elemental
titanium and indium at both the surface (1.0 nm depth) and the TiO2-In2O3 heterointerfaces
of the ALD films (5.0 nm depth). Figure 3a shows the In 3d5/2, In 3d3/2, Ti 2p3/2, and Ti
2p5/2 peaks at 443.6 eV, 451.03 eV, 458.07 eV, and 463.84 eV, respectively. These spectra
were collected from the 1.0 nm depth of as-deposited TiO2-In2O3 heterostructured films
after the initial Ar milling process. Subsequently, we examined the same sample after
further ion milling to reach the TiO2-In2O3 heterointerfaces (Figure 3b). For this purpose,
we developed In2O3 (5.0 nm)-TiO2 (5.0 nm) ALD films. When XPS measurements were
performed at the heterointerfaces (5 nm), the intensity of the In 3d5/2 and In 3d3/2 peaks
increased significantly. However, the Ti 2p3/2 and Ti 2p1/2 peaks were deconvoluted into
two individual peaks, corresponding to ionic Ti3+ and Ti4+. The Ti3+ peaks at 456.8 eV
and 462.2 eV indicate the presence of titanium sub-oxides [40,41], while the Ti4+ peaks
at 458.4 eV and 464.1 eV are attributed to TiO2 [40,41] (Figure 3b). This confirms that
the Ti element exists in different oxidation states at the TiO2-In2O3 heterointerfaces. We
further analyzed the ratio of valence states of titanium oxide films based on their intensity.
The results confirm that the Ti3+ valence state of titanium sub-oxides has a considerable
presence at the TiO2-In2O3 heterointerfaces (Figure 3b). Additionally, we observed that
the VBM values are the same for both amorphous and crystalline In2O3 films (Figure 3c).
To understand the effect of the crystalline state of the In2O3 film on the heterointerface
characteristics, XPS studies were performed on TiO2-In2O3 (c) films. Figure 3d,e show the
characteristic XPS peaks of Ti 2p and In 3d of the heterostructured films at the surface
(1.0 nm depth) and at the heterointerfaces (5.0 nm depth), respectively. Similar to the as-
deposited TiO2-In2O3 films, the surface characteristics of the TiO2-In2O3 films clearly show
evidence of the Ti4+ oxidation state, while the heterointerfaces exhibit the XPS characteristics
of both Ti3+ and Ti4+ (Figure 3d vs. Figure 3e). The presence of structural vacancies in the
annealed In2O3 film (Figure 1d) can provide favorable conditions for the atomic elemental
and vacancy exchange at the vicinity of heterointerfaces. The following measurement of
VBM of as-deposited and annealed TiO2-In2O3 heterointerfaces (Figure 3f) confirm the
considerable shift of VBM from 1.0 eV to 2.48 eV after thermal annealing of In2O3/Au
films. This tangible difference between the VBM of TiO2-In2O3 (α) and TiO2-In2O3 (c)
heterostructures originates from the developed two-dimensional heterointerfaces between
amorphous and crystalline In2O3 with the TiO2 film.
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3.2. Supercapacitive and Charge-Storage Dynamics

Due to the considerable decrease in the dimensions of nanodevices, conventional
methods for characterizing their chemical and electrical properties are neither effective
nor precise. Traditional techniques, such as one-dimensional capacitance-voltage (C-V)
measurements, do not provide accurate results for observing charge transfer phenomena
and supercapacitive characteristics in ultra-thin films and 2D heterointerfaces. To achieve
efficient and reliable results, scanning capacitance microscopy (SCM) was employed to
image surface characteristics and observe charge transfer mechanisms and electronic phe-
nomena with high spatial resolution [42,43]. SCM falls in the category of scanning probe
microscopy (SPM) techniques. The working mechanism of this non-destructive AFM tech-
nique is presented in Figure 4a. A typical scanning capacitance microscope specifically
monitors variations in spatial capacitance and maps localized charges and electric defects
with nanoscale resolution. One of the main applications of SCM is the investigation of
charge trapping and detrapping phenomena in ultra-thin metal-oxide layers in two dimen-
sions [44,45]. Consequently, the metal-oxide semiconductor/Au heterojunctions in this
study were investigated using SCM.

Figure 4a depicts a typical scheme of the SCM during the evaluation of the charge trans-
fer phenomenon in the AFM tip/TiO2-In2O3/Au heterojunctions. Upon the application
of voltage to the Pt-coated AFM tip, a metal-oxide semiconductor (MOS) capacitor-based
system is developed. This MOS capacitor is composed of two parallel capacitors in a series.
In Figure 4a, the contact point between the probe tip and the sample forms a MOS structure,
which can be viewed electrically as a system where the capacitance of the oxide film (Cox)
on the semiconductor surface is connected in parallel with the capacitance of the electron
channel. The charge transfer phenomenon in the TiO2-In2O3 heterostructured films can
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be determined by the carrier depletion/concentration at the heterointerfaces. Considering
the polarity of the samples in our setup, the heterostructured film acts as the main oxide
layer, and the AFM tip/TiO2 or the In2O3/Au heterointerfaces act as the depletion layers
(Figure 4a,b).
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When the AFM tip is in the negative voltage state (with Au in the positive voltage
state), a depletion layer forms just below the AFM probe, adjacent to the AFM tip/TiO2
semiconductor heterointerfaces (Figure 4a). The corresponding three-dimensional (3D)
current map of the heterostructured semiconductor film is presented in Figure 4b. This
current map is measured under a constant AFM tip voltage of −1.0 V. The dark pinholes in
the current map indicate the formation of filamentary current channels, initiated from the
AFM tip towards the Au substrates through TiO2-In2O3 film. By changing the direction
of the electric field, the size of accumulated layers decreases considerably (Figure 4c). In
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this state, the largest depletion regions form adjacent to the In2O3/Au heterointerfaces.
Figure 4d depicts the 3D current map of this system, where the current filaments are
ignited, generated, and expanded from the In2O3/Au heterointerfaces and then reach
the AFM tip (Figure 4c). Here, the capacitance of the In2O3/Au heterointerfaces (CIn)
plays the main role in controlling the charge transfer through the metal/semiconductor
heterojunction. When the In2O3/Au gate has a low capacitance value (small CIn) and the
AFM tip is in the negative voltage state, the charge accumulation reaches its minimum
level (Figure 4a). However, when the In2O3/Au gate has a large capacitance value (large
CIn) and the AFM tip is in the positive voltage state, the charge accumulation reaches its
maximum level (Figure 4c). Therefore, we used the latter conditions to evaluate the charge
accumulation state in the AFM Pt tip/TiO2-In2O3 (α)/Au heterojunction. We particularly
chose the as-deposited amorphous In2O3 (α), which has higher resistance for charge
transfer compared to crystalline In2O3. Figure 4e shows the results of the I-V curves for the
mentioned heterojunctions. The formation of an electrical double layer capacitor (EDLC) is
clearly observed in the I-V graph of the AFM Pt tip/TiO2-In2O3 (α)/Au heterojunction. The
increase in applied voltage is accompanied by the expansion of the I-V loops, confirming
the supercapacitive behavior of the developed heterojunction. The scan rate increased
gradually from 100 mV.s in ±1 V measurement range to 1100 mV.s in ±10 V in cyclic
measurement range.

Therefore, we conducted a set of experiments to measure the specific capacitance of
the developed heterojunction at various current densities (Figure 4f). We measured the
current densities based on the developed current filaments between the AFM tip and Au
sublayer films, passing through the TiO2-In2O3 heterostructure. It was observed that the
specific capacitance of the AFM Pt tip/TiO2-In2O3 (α)/Au heterojunction declined from the
maximum value of 2.6 × 104 F.g−1 to a constant value of 2.1 × 103 F.g−1. We realized that
the lower thickness of the TiO2 film does not necessarily provide higher specific capacitance,
but it may increase the power consumption of the devices for possible applications.

We further investigated the I-V cyclic characteristics (Figure 5) and charge transfer
mechanism in TiO2-In2O3 heterojunctions. To this aim, we measured the I-V characteristics
of In2O3 (α), In2O3 (c), and TiO2-In2O3 (c) heterojunctions. Here, the thermally annealed
In2O3 film was employed as the electron gate at the TiO2-In2O3/Au heterojunction. The
phase transformation from the amorphous to crystalline state alters the mechanism of
charge transfer [46,47]. As discussed in the previous section, localization is expected to be
the main mechanism of charge transfer in amorphous In2O3 films. Upon the structural
transition from the amorphous to the crystalline state, the charge transfer mechanism
changes from localization to hopping, multi-phase percolation, scattering, and ultimately
to bulk conductivity in the fully crystalline In2O3 (c) structure. Therefore, we employed
conductive atomic force microscopy (c-AFM) to monitor charge transfer at the AFM Pt
tip/TiO2-In2O3 (c)/Au heterojunction.

Figure 5a shows the cyclic I-V curves of c-AFM Pt tip/In2O3 (α)/Au heterojunction
at 1st, 20th, and 100th cycles of measurements. The current level in the positive applied
voltage does not change considerably, while a gradual increase in current was observed at
negative applied voltage. This difference can be attributed to the characteristics of Pt/In2O3
and In2O3/Au heterojunctions. When the positive voltage is applied at the c-AFM tip,
the electron accumulation layer is formed at c-AFM Pt tip/In2O3 (α) heterointerfaces,
while the electron depletion region is formed at the Pt tip/In2O3 (α) heterointerfaces at
negative applied voltage. The following measurements of heterointerface resistance of the
c-AFM Pt tip/In2O3 (α)/Au heterojunction showed the gradual decrease in heterojunction
resistance by the increase in cycles of measurements (Figure 5b). The observed decrease
in heterojunction resistance can be attributed to the gradual formation and the size ex-
pansion of conductive channels in amorphous In2O3 (α) film. We further investigate the
I-V characteristics of crystalline In2O3 (c) at two different ranges of voltages of ±1 V and
±10 V (Figure 5c,d). The considerable increase in current level from pA in In2O3 (α) to nA
scales in In2O3 (c) can be related to the improved level of conductance in crystalline films
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compared with that of amorphous films. This is particularly meaningful when the level
of currents increased to hundreds of nA when the applied voltage increased from ±1V to
±10 V during cyclic I-V measurements (Figure 5c,d). This confirms that the applied voltage
has direct impact on the increase in level of conductivity of heterojunctions.
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memristors (85th and 100th cycles). (j) The variation of HRS to LRS ratio vs. the applied voltage.
(k) The 3D current map the TiO2-In2O3 (c) heterostructured thin film, investigated at various constant
applied voltages.
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Figure 5e–i shows the typical cyclic I-V curves of the c-AFM Pt-coated tip/ TiO2-In2O3
(c)/Au heterojunction at various cycle measurements. The measurements were performed
inside an enclosed chamber, under the flow of Ar inert gas to prevent the undesired reaction
of the atmospheric humidity with surface of metal-oxide semiconductors during the c-AFM
measurements. The initial cycles of the I-V curve for this heterojunction displays a non-zero
I-V hysteresis (Figure 5e), which is similar to the faradic pseudocapacitance behavior of
ultra-thin metal-oxide films [14,48]. As the cycles progress, there is a transformation from
faradic pseudocapacitance (Cycles 1 and 25 in Figure 5e,f) to nanobattery-like capacitance
(Cycle 50, Figure 5g) and eventually to resistive switching memristive behavior (Cycles
85 and 100 in Figure 5h,i). Correspondingly, the current level increases from 20 pA in the
first cycle to 10 nA in the 100th cycle. We further investigate the effect of applied voltage
on the current levels in high-resistance state (HRS) and low-resistance state (LRS) of the
TiO2-In2O3 (c)-based memristor. The variation of HRS to LRS ratio vs. the applied voltages
for c-AFM Pt tip/TiO2-In2O3 (c)/Au heterojunctions is presented in Figure 5j. The increase
in applied voltage was accompanied by the gradual increase in HRS to LRS ratio. The
highest HRS to LRS ratio of 2.0 k was measured when the compliance current of the device
was set at 10.0 nA (Figure 5j). Compared with the supercapacitive characteristics of TiO2-
In2O3 (α) heterojunctions, the TiO2-In2O3 (c) heterointerfaces showed the gradual changes
of charge-storage and transfer mechanisms. The gradual shift of the non-zero I-V curves
(pseudocapacitors) into memristors depicts the change of mechanism of charge transfer at
heterointerfaces. The phenomenon of “non-zero crossing I-V hysteresis curves” arises from
various factors, including the polarization of ferroelectric or piezoelectric domains, the
involvement of additional capacitance effects, and the formation of nanobatteries within
the heterojunctions during the cyclic I-V measurements [49,50]. As the number of I-V cycles
increases, the shapes of the I-V graphs change. The generation of an electromotive force in
heterojunctions is accompanied by redox reactions at the heterointerfaces. This internal
driving force, which resembles a nanobattery, generates additional internal current within
the system, resulting in the observation of non-zero I-V curves. This electrical behavior is
physically similar to the characteristics of metal-oxide memristor materials coupled with
a pseudocapacitor or a nanogenerator battery [32,40]. As the number of cycles increases,
the stored charges in the TiO2-In2O3 (c)/Au heterointerface increase until there is a full
transition from non-zero to zero-crossing I-V cyclic behavior (Cycle 75). The subsequent I-V
cyclic behavior of the heterojunctions is similar to the performance of a memristor device.
This behavior appears to occur due to the accumulation and storage of charge carriers in
the TiO2-In2O3 (c) heterojunctions or at the electron channels at the metal/semiconductor
heterointerfaces. Therefore, we observed that the structure of the In2O3 gate film directly
alters the charge-storage mechanism in TiO2-In2O3/Au heterojunctions.

Figure 5k presents the 3D current maps of the AFM Pt-coated tip/TiO2-In2O3 (c)/Au
heterojunction at various applied voltages on c-AFM Pt-coated tip: 1.0, 3.0, 5.0, 7.0, and
10.0 volts. In each measurement, the applied voltage on the c-AFM tip was constant. It
is observed that the gradual increase in applied voltage is accompanied by an increase
in the filamentary current formed between the Au sublayer and the c-AFM probe tip.
The filamentary current increased from 250 pA at an applied voltage of 1.0 V to a few
nA at an applied voltage of 7.0 V. Increasing the applied voltage to 10.0 V resulted in a
filamentary current exceeding 10 nA, which is the measurement threshold of the AFM
device (Figure 5k). Additionally, it was observed that the increase in applied voltage was
accompanied by an increase in the size and dimension of the filamentary currents. In detail,
the conductive atomic force microscopy (c-AFM) analysis provides information on the
filamentary currents formed during measurements. These currents are collected for image
analysis, where specialized software measures the average diameter of the filamentary
currents. The graphical indices in Figure 5k depict this gradual alteration in the dimensions
of the filamentary currents. A typical filamentary current has an average diameter of
20.0 nm at an applied voltage of 1.0 V. With an increase in applied voltage, the diameter of
a filamentary current increases significantly. A typical diameter of a filamentary current is
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50.0 nm at an applied voltage of 7.0 V and finally reaches 75.0 nm at an applied voltage
of 10.0 V (Figure 5k). At this stage, the dielectric layer is almost broken and can no longer
function as a charge-storage or capacitor layer. Figure A2 (Appendix A) graphically depicts
the magnitude and size of the filamentary currents expanded in TiO2-In2O3 ultra-thin
films during the c-AFM measurements. The results clearly show that the filamentary
currents are formed, expanded, and deteriorated in the heterostructured oxide films. From
an applied voltage of 1.0 V to 7.0 V, the current magnitude increases from a few hundred
pA to several nA.

Figure 6 schematically illustrates the mechanism of charge storage and transfer at the
c-AFM Pt tip/TiO2-In2O3 (c)/Au heterointerfaces after thermal equilibrium. The work
functions of Pt and Au conductive channels are assumed to be 5.1~5.9 eV and 5.1~5.4 eV,
respectively. UV–Vis measurements confirmed that the bandgaps of In2O3 (c) and TiO2
are 1.97 eV and 3.3 eV, respectively (Figure A3). The ∆Ec and ∆Ev at the TiO2-In2O3 (c)
interface are 3.89 eV and 2.2 eV, respectively, as detailed in Appendix B and Figure A4.
Figure 6a shows the energy band alignment of the c-AFM Pt-coated tip/TiO2-In2O3 (c)/Au
heterojunction under zero applied voltage. Charge trap centers in the TiO2 film are located
0.2 eV below the conduction band of TiO2 [51–53]. Given the ∆Ec of 2.2 eV at the TiO2-In2O3
(c) interface, the Ti-associated trap energy levels are 2.0 eV above the conduction band
of the In2O3 (c) film. The polarization of In2O3 (c)/Au has considerable impact on the
charge-storage dynamics at heterointerfaces. Considering the Schottky barrier height at the
interfaces between the Au and Pt electrodes with the TiO2 semiconductor, it is plausible
that carrier trapping in the TiO2 film primarily occurs through the exchange of electrons
with the Pt electrode under forward bias voltage. However, the presence of a significant
number of trapping sites at the Au/In2O3(c) interface determines the resistance value
and the switching mechanism of the memristor. Figure 6b depicts the occupation of Ti
trapping sites in the TiO2 film via transmitted electrons from the Pt electrode under forward
bias voltage. Once the trapping sites in the TiO2 films are saturated, charge carriers are
transmitted into the In2O3 (c)/Au interface. Upon applying a higher voltage, the set process
is completed, and the device remains in the low-resistance state (LRS) (Figure 6b,c).

In reverse bias voltage, the barrier height between the In2O3 (c)/Au interface and the
TiO2 amorphous film is too high (~1.97 eV); thus, the current flow under the applied bias
voltage occurs through the tunneling and thermionic emission (Figure 6d). By applying a
positive reversed bias voltage on the Au electrode, the voltaic generated charge carriers
try to pass the high-height Schottky barrier between In2O3 (c)/Au and amorphous TiO2
heterointerfaces (Figure 6e). This process can be longer and altered based on the operating
bias voltage and the amount of injected and stored charges in both heterointerfaces and TiO2
film. Considering the higher thickness of the TiO2 film (19.0 nm) compared to the In2O3 film
(5.0 nm), both Fowler–Nordheim (F–N) [54–56] and direct tunneling mechanisms [57–60]
are likely responsible for charge transfer (Figure 6e). In LRS state, the high-height Schottky
barrier induces high-barrier and extended storage capacity, i.e., the injection of electrons
from In2O3 (c)/Au into amorphous TiO2 film is inconsiderable. However, once the stronger
reverse voltage is applied on Au electrodes, or positive voltage on Pt electrodes, the Fermi
level of In2O3 (c)/Au heterostructure is pulled up above the trap levels in TiO2 film, and
then it facilitates the restoration of the HRS state (Figure 6e). When In2O3 (c)/Au is at
upward polarization, the electron accumulation occurs at In2O3 (c)/Au heterointerfaces. In
the downward polarization, the location of ionized oxygen vacancies are localized. It causes
a separation between the ionized oxygen vacancies and plasmonically generated electrons
that finally inhibit the recombination reactions (Figure 6e). The electron accumulation at
In2O3 (c)/Au heterointerfaces enables the electron/holes recombination at heterointerfaces,
where V2+

0 + 2e− → V0 .
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4. Conclusions

Understanding the mechanism of charge transport at ultra-thin metal-oxide semicon-
ductor hybrid interfaces provides fundamental information for the design and fabrication
of functional tunable nanoelectronic channels. This study focuses on the design, characteri-
zation, and evaluation of capacitive-coupled memristive behavior in ALD-developed ultra-
thin TiO2-In2O3/Au heterojunctions. The structure of the ultra-thin In2O3 film (5.0 nm)
directly impacts the charge transfer mechanism at In2O3/Au heterointerfaces. An as-
deposited amorphous In2O3 film provides the 2D hybrid interfaces with supercapacitive
characteristics. The TiO2-In2O3 (α)/Au heterojunctions with an amorphous indium oxide
electron channel exhibited a maximum specific capacitance of 2.6 × 104 F.g−1. The superca-
pacitive behavior of these heterointerfaces altered considerably after thermal annealing of
the In2O3 film. Using a crystalline In2O3 (c) film as the gate electrode at TiO2-In2O3 (c)/Au
heterointerfaces significantly changed the dynamics of charge transfer at these electronic
heterojunctions. The transformation of the charge transfer mechanism was accompanied by
a shift in the electronic gate’s behavior from supercapacitive to nanobattery-like and then to
pseudocapacitive performance. Finally, memristive behavior was observed after sequential
cyclic I-V hysteresis measurements. Therefore, the tunable modification of electronic char-
acteristics of In2O3 (c)/Au heterointerfaces through thermal annealing enables the design
of hybrid nanoelectronic devices with supercapacitive-coupled memristive functionalities.
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Appendix B. Calculation of Energy Band Alignment at Semiconductor Heterointerfaces

Based on Kraut’s method, the valence band offset (VBO) can be extracted by following
Formula (A1) [48,49]:

∆EV =
(

ETiO2
Ti2P − ETiO2

VBM

)
−

(
EIn2O3

In3d − EIn2O3
VBM

)
−

(
ETiO2

Ti2P − EIn2O3
In3d

)
(A1)

where EIn2O3
In3d is core level (CL) spectra of In 3d, EIn2O3

VBM is the valence band maximum (VBM)
of In2O3 (c), ETiO2

Ti2P is the CL of Ti 2P spectra, and ETiO2
VBM is the VBM of TiO2. To calculate the
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VBM, the XPS spectra of In2O3 (c) and TiO2 were used. To describe the integrated band
offsets of the TiO2-In2O3 heterojunction, the corresponding energy difference between
conduction bands can be calculated from Formula (A2):

∆EC = ETiO2
Bandgap − EIn2O3

Bandgap − ∆EV (A2)
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