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Polaronic and Electrochemical Signatures in Group IVB (Ti,
Zr, Hf) Oxides: Unified SKP-DFT Insights for Tunable
Transport in Energy and Electronic Devices

Beatriz Moura Gomes, Jiilia Holtz, Maria Luis Pinto, and Maria Helena Braga®

Understanding interfacial energetics and transport mechanisms in transition
metal oxides is key to unlocking their potential in microelectronics, memory,
and energy harvesting and storage. Here, a unified electrochemical potential
scale is established for the group IVB oxides TiO,, ZrO,, and HfO,, combining
spatially resolved scanning Kelvin probe microscopy with hybrid and density
functional theory (DFT) simulations. These results show good agreement
between DFT-predicted absolute chemical potentials and experimental surface
potentials across multiple electrode configurations and surface terminations.
ZrO, exhibits unexpected emergent behavior under open-circuit conditions,
forming ordered potential patterns suggestive of internal charge separation
and O’ transport. TiO, shows dynamic sensitivity to contact polarity and
termination, while HfO, reveals elevated, orientation-dependent potentials
linked to spontaneous ferroelectricity. Complementary temperature-dependent
conductivity and Hall effect measurements expose thermally activated
polaronic transport (Fréhlich model), in all three oxides, including sharp
transitions and topological conduction thresholds in HfO,. Simulated charge—
discharge cycles further demonstrate field-tunable conductivity and mobility.
These findings redefine these oxides as active electrochemical materials,

1. Introduction

Titanium dioxide (TiO,), zirconium diox-
ide (Zr0O,), and hafnium dioxide (HfO,)
are Group 4 of the transition metal ox-
ides in which the metal cations—Ti*",
Zr**, and Hf**—share a common tetrava-
lent oxidation state and exhibit significant
chemical similarities. These oxides can be
employed across various sectors, includ-
ing energy, environmental, biomedical, and
electronic applications,['*] A fundamen-
tal understanding of their electronic struc-
ture, optical response, and surface prop-
erties is essential for rationally design-
ing solid-state devices, particularly where
these materials serve as active layers,
interfaces, or dielectric components.[®8]

TiO, exhibits tunable optical, electri-
cal, and catalytic properties.*'2] In en-
ergy and optoelectronic applications, TiO,
nanostructures are widely used in ultravi-

not merely inert dielectrics, and provide a predictive framework for rational
interface design in reconfigurable electronics and ion—electron hybrid devices.
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olet UV photodetectors due to their rela-
tively wide bandgap and high photoelec-
tric efficiency.’¥ In the biomedical field
TiO, composites enable flexible electron-
ics and bone tissue engineering by stimu-
lating osteogenic differentiation via surface
potentials.'*13] In consumer and industrial products, TiO, UV
blocking makes this oxide a common additive in sunscreens.*]
Its UV protection properties are valuable in the textile industry
for self-cleaning fabrics!'’! and protective coatings. 8]

ZrO, is a stable ceramic material with a dielectric constant
of approximately e, ~ 16 and low leakage current, making it
a strong candidate for metal-oxide semiconductor devices.l!*]
Its structural and chemical stability supports applications in
energy and environmental technologies. Nanostructured ZrO,
is often used to increase surface area for catalysis, sensing,
and battery electrodes.[?22] In biomedical applications, its bio-
compatibility and mechanical strength (compressive resistance
~2000 MPa) make it suitable for dental implants and orthopaedic
prosthetics.[2*]

HfO, features a high dielectric constant (e, ~ 20-30),
thermal and chemical stability, and can exhibit ferroelec-
tric behavior.?*! Its orthorhombic ferroelectric phase is
crucial in developing non-volatile memory devices such
as ferroelectric field-effect transistors and complementary
metal-oxide-semiconductor CMOS.[>%] HfO, is also used

[14,15
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Table 1. Electronic properties, chemical potential, and applications of the group IVB of oxides TiO,, ZrO, and HfO,. RT: room temperature. DFT: density
functional theory; FR: fully relaxing all atom; FIL: layers are fixed to bulk atomic positions; GW: a class of many-body perturbation theory methods;
HSEO06: Heyd—Scuseria—Ernzerhof hybrid functional; LCAO: orthogonalized linear combination of atomic orbitals. If the surface potential, ¢; = 0, the

workfunction WF = — fi; = —u;, where y; is the chemical potential of species i.
Group IVB -rio2
Ocxides
4 Titanium Dioxide Zirconium Oxide Hafnium Oxide

Crystal Structure: Rutile Tetragonal P4,/mnm; RT

Bandgap (experimental/simulated):
2.1eV (exp., rutile P42/mnm) (36l
3.2 eV (exp., anatase 14, /amd)3’]

1.6 eV [sim. rutile (110) surface, FR model](38]

3.6 eV (HSEO6)

Chemical potential:
—7.9 eV (exp. anatase 14, /amd)[*]

—4.51 eV (exp. poly-crystalline, sputtered)[4’]

Crystal Structure: Monoclinic P2, /c; RT

Bandgap (experimental/simulated):
3.59-3.93 eV (exp., monoclinic P2, /c)10]
4.51 eV (sim., monoclinic P2, /c)[*1]

all orthogonalized LCAO simulation —[41]

Chemical potential:
-3.1+0.1eV (673 K, negatively polarized
sample)!46]

Crystal Structure:
Monoclinic P2, /c; RT
Bandgap (experimental/simulated):
5.1eV (exp. nanocrystalline)(#?]
5.75 eV (exp. as prepared)!*3] and 5.5 eV (exp.
calcinated)[]

1.22 eV [sim. rutile (110) surface, FIL model](*®] Simulated (this work) 5.76 eV (sim. monoclinic P2, /c)144]
1.82 eV (sim. DFT, anatase)(*°] 3.3 eV (DFT) 5.5 eV (sim. amorphous hafnia)l4]
3.4 eV (sim. GW, anatase)°] 5.0 eV (HSEO06) Simulated (this work)
Simulated (this work) 4.6 eV (DFT)
1.8 eV (DFT) 6.2 eV (HSE06)

Chemical potential:
—4.83 eV (TiN on HfO,)[*]
—4.00 eV Ni(001)/HfO, (001)48]

—4.23 eV (exp. poly-crystalline annealed)!’] —3.8to 5.8 eVI¥] Simulated (this work)
Simulated (this work) —3.8 eV Ni(001)/ZrO, (001)148] -4.95 eV
—4.75 eV (101),—4.51 eV (100) Simulated (this work) SKP (this work)
SKP (this work) —-4.69 eV —4.86 eV
—4.87,—-4.49, and —4.09 eV SKP (this work)
-4.76 eV
Applications: Applications: Applications:
o Optoelectronics (UV photodetectors)! 3] o Electronics (thin films for semiconductors o Electronics (thin films, high-k dielectric for

[19,20,53,54]

o Photocatalysis (pollutant degradation, water and capacitors), capacitors and transistors, neuromorphic

purification),[12] o Energy technologies (electrolyte for fuel cells,
[2122]

computing, topologic insulators,|42426:27,58-63]

o Electronics (flexible electronics, piezoelectric oxygen sensors) o Energy (supercapacitors, Hydrogen Evolution

composites, memristors),[1415:5051] o Catalysis and gas sensors(>*] Reaction HER catalysis, Tunnel Oxide Passivated

[2,64-66]
)

e Sunscreen (UV-blocking nanoparticles)!6] e Refractories (thermal shock- resistant Contact solar cells efficiency via passivation)

o Textiles (UV protection, antibacterial fabrics)'7] ceramics) (%6 o Optics (anti-reflection and high-power laser coating,

e Biomedical applications (dental and hip transparent ferroelectric capacitors for smart

devices),[2267]

e Coatings (durable pigments with zirconia/alumina
layers),[152] prosthetics),[2357]

e Food additive (historically as E171, now declining
due to regulations)[?]

o Biomedical (radiosensitizers for tumor therapy)(3]

o Heterostructures based devices!®3!

in anti-reflection coatings due to its optical and mechanical
robustness.?%] In high-power laser systems, HfO, coat-
ings on ytterbium-doped yttrium aluminum garnet crystals
can endure high fluences, even underwater, sometimes out-
performing air-based coatings.[””) In biomedicine, HfO,:Cu
nanocapsules act as radiosensitizers, achieving 77.9% tumor
inhibition via X-ray-triggered cuproptosis without detectable
toxicity.3l

This study focuses on a comparative analysis of TiO,, ZrO,,
and HfO, (Table 1). Their shared tetravalent cations and
structurally similar frameworks make them ideal for electro-
chemical benchmarking.?-**] Differences in key properties—
such as polarizability, ferroelectricity, and potential energy-level
alignment—offer valuable insights into surface-dependent be-
haviors that influence device performance.>32-°l This study
combines experimental data, which includes scanning Kelvin
probe (SKP) (micro: um-SKP and nano nm-SKP), sheet resis-
tance, and Hall effect analyses, with computational simulations.

Adv. Funct. Mater. 2025, 09853 €09853 (2 of 12)

2. Results and Discussion

The DFT-calculated band structure (Figure 1a, left) confirms the
semiconducting nature of TiO,, with a direct bandgap between
1.8 eV (DFT) and 3.6 eV (HSE06), depending on the functional.
The HSE06 value is consistent with rutile and anatase poly-
morphs, albeit 1.8 eV is underestimated as expected from DFT.
The constant-energy surface at —2 eV (Figure 1la, right) maps
anisotropic occupied states deep in the valence band, reflecting
orbital directionality and potential conduction anisotropy under
external fields.

We have introduced a novel technique,!®®*7! for determining
the absolute chemical potential by measuring the surface chemi-
cal potential of a cell with a wide gap (4-5 mm) where the dielec-
tric in study is placed as a powder in the gap, in contact with two
metals with a chemical potential bias. In the middle of the cell
gap, the surface chemical potential of the oxide is approximated
to their Fermi level or electrochemical potential, ji; = u; + z;eq;

69-71
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where ; is the absolute chemical potential of the dielectric pow-
der, z; mobile species valence, e the charge of an electron, and
¢, the surface potential of the species i, herein an oxide. If ¢; =
0, the workfunction WF = — j; = —pu;. The theoretical work func-
tions (WF) were converted to electrochemical potentials or abso-
lute chemical potentials (if surface potentials are negligible), by
aligning the vacuum level with the standard hydrogen electrode
(SHE), using the convention —4.44 eV = 0 V versus SHE.

Micro-SKP measurements of Cu/TiO /Al junctions reveal
substantial variability in surface potential depending on electrode
connection and the sampled surface termination. In Figure 1b,
with Cu connected to the um-SKP, a surface potential of +0.43 V
versus SHE is measured, closely matching the DFT-predicted ab-
solute chemical potential of +0.31 V versus SHE for the (101)
surface (Figure 1c). This suggests that the dominant exposed
facets are low-energy terminations with stable electrochemical
alignment.

The difference in shape between first and subsequent trials, is
likely due to the n-type semiconductor character, owing to oxygen
vacancies introducing donor levels, allowing transport of elec-
trons to the Cu due to the spontaneous need of aligning the Fermi
levels, g; and i where g; — == W+ zge(d; — b)) and y;, iy
are the absolute chemical potentials, z; mobile species valence,
and ¢;, ¢, are the surface potentials of species i and j (TiO, and Cu
or Al). ze is the charge exchanged or the charge stored at an elec-
trical double layer capacitor (EDLC) formed at the interface. In
this case, if electrons are available at the conduction band of TiO,
due to impurities, finite temperature, or trapped polarons, they
will likely tunnel to the Cu electrode, which has a lower chemical
potential. Band bending may also allow electron tunneling from
the Al side to the TiO, to align the TiO, /Al Fermi levels.

In a second configuration (Figure 1d), also with Cu connected
to the SKP, the potential drops to +0.05 V, which corresponds
to the calculated value for the (100) surface (+0.07 V, Figure 1le).
This likely results from differences in local crystallographic orien-
tation or stoichiometry of the powder, reinforcing the sensitivity
of TiO,’s surface energetics to subtle morphological factors.

When the polarity is reversed — with Al connected to the SKP
(Figure 1f) — a negative surface potential of —0.35 V versus SHE
is observed. This inversion underscores the role of electrode work
function and interface asymmetry in determining Fermi level
alignment and highlights the influence of interfacial dipoles or
built-in fields, or even injection of electrons from the Al to TiO,.
Together, Figure 1b,d,f demonstrate TiO,’s electrochemical tun-
ability and confirm the pm-SKP method as a sensitive probe of
surface potential influenced by termination, contact direction,
and local surface structure.

The simulated conductivity response at 227 °C (500 K) under
cyclic charge and discharge (Figure 1g) reveals sharp, reversible

www.afm-journal.de

modulations, pointing to field-sensitive conduction mechanisms
such as carrier trapping/detrapping or shallow defect activation.
These features align with TiO,’s well-documented memristive
behavior,[*>172] and suggest that charge transport is dynamically
modulated by internal rearrangement under electrical stress. The
temperature-dependent electrical properties of TiO, and Al,O,
(Figures S1 and S2, Supporting Information) exhibit relatively
flat trends in sheet resistance and charge carrier concentration,
along with lower mobilities, compared to ZrO, and HfO,. This
contrast highlights key phenomena that are further interpreted
using the plasmonic Frohlich model, which accounts for differ-
ences in lattice polarizability.

Finally, the spatially resolved SKP profiles (Figure 1b,d,f) show
quasi-flat potential distributions that vary with electrode con-
tact. The observed stabilization or flattening over time (in repeat
scans) suggests reversible equilibration of surface charges or de-
fects — likely involving oxygen vacancies or shallow donors —
under static electric fields. This internal redistribution underlies
the material’s capacity to evolve toward electrochemical equilib-
rium across different configurations, through the electrical con-
tact with electrodes, in an open circuit cell.

In summary, Figure 1 supports a model where TiO, behaves as
a versatile electrochemical interface, with measurable potential
shifts and transport responses that depend on surface orienta-
tion, electrode coupling, and external field conditions. The close
agreement between DFT-predicted and SKP-measured chemical
potentials strengthens the case for using these complementary
tools to design and tune functional oxide materials for memory,
catalysis, and energy applications.

Figure 2 presents a detailed analysis of the electronic structure,
electrochemical potential, and charge transport behavior of zir-
conium oxide (ZrO2), integrating DFT predictions with spatially
resolved SKP mapping and Hall effect measurements.

The DFT-calculated band structure (Figure 2a, left) confirms
ZrO,’s status as a wide-bandgap insulator, with E, between 3.3 eV
(DFT) and 5.0 eV (HSE06), depending on the chosen functional.
The constant-energy surface at -2 eV (Figure 2a, right) visualizes
the anisotropy of deep valence states, offering insights into the
nature of localized states and potential defect interactions.

SKP measurements across a Cu/ZrO,/Al configuration
(~4.5 mm gap, Cu connected to the probe) yield a surface poten-
tial of +0.32 V versus SHE, in excellent agreement with the DFT-
predicted absolute chemical potential of +0.25 V for the (101) sur-
face (Figure 2c). This consistency validates the application of SKP
to powder-based oxides and suggests that surface potential is sta-
tistically dominated by low-energy, stable terminations.

A second trial (Figure 2d—e) shows uniform surface potential
distributions in both 3D and 2D SKP maps, reinforcing the re-
producibility and electrochemical stability of the ZrO, interface.

Figure 1. Titanium oxide’s electrical and potential properties. a) left: electronic band structure simulated using DFT functional; DFT underestimates the
energy of the bandgaps E, of semiconductors [e.i. 1.8 (DFT) < E; (eV) < 3.0 (HSEO6)]; right: constant-energy surface that traces all the wavevectors k for
which the electron energy E(k) = —2 eV and the corresponding Brillouin zone. It lies below the Fermi surface in energy and represents a deeper occupied
state; to the right the Brillouin zone for the primitive tetragonal;l’3! b) um-SKP of a Cu/TiO, /Al with a %5 mm gap with the Cu connected to the SKP
showing an average surface potential of +0.43 V (SHE) similar to the absolute chemical potential of +0.31V (SHE) obtained by DFT in c); d) um-SKP
of a Cu/TiO, /Al with a &5 mm gap with the Cu connected to the SKP showing an average surface potential of +0.05 V (SHE) similar to the absolute
chemical potential +0.07 V (SHE) obtained by DFT in e); f) um-SKP of a Al/TiO,/Cu with a &5 mm gap with the Al connected to the SKP showing an
average surface potential of -0.35 V (SHE); g) simulated electrical conductivity versus charge and discharge at 227 °C (500 K). SHE: standard hydrogen
electrode; WF: work function.
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Like all the other trials in Figure 2b, it also shows an all-solid-state
electrolyte discharge behavior where positive charge accumulates
at the interface with the cathode (herein, Cu).[®! In Zr0,), it likely
indicates the O°~ hop to the Al electrode side; leaving Zr** De-
hind. However, the stripes pattern, evident in both 3D and 2D
graphs (Figure 2d-e) and previously observed in the HfO,,[?*
highlights the transport in the open circuit Cu/ZrO, /Al cell lead-
ing to emergent phenomena throughout the cell to accommodate
the initial difference in Fermi levels. This transport may also con-
figure a field dependent Poole-Frenkel’s in a metal, /ZrO, /metal,
cell;”3] the same lattice polarizability that leads to Froh-
lich polarons also influences trap screening in Poole-Frenkel
conduction.

Even if Zirconium dioxide is generally classified as a wide-
bandgap n-type semiconductor under most conditions, herein in
the cell at OCV analyzed by um-SKP, it behaves as a p-type semi-
conductor or a discharging mode electrolyte,’>’4 In this case,
as shown in Figure 2b, oxygen vacancies introduce donor lev-
els, contributing free electrons to the conduction band, which are
likely exchanged with Cu and or Al to align the Fermi levels in the
OCV cell, resulting in ZrO, becoming positively charged. The 2D
SKP-experiment includes a positively charged wider strap (light
color + band in Figure 2e) and then an orderly thin alternate be-
tween negatively and positively charged regions in ZrO,. When
the circuit is closed with a 1000 Q resistor (Figure 2f), the SKP
response remains stable, indicating equilibrium-like conditions
and a low-leakage dielectric profile.

The log-conductivity versus temperature plot (Figure 2g)
shows a distinct transition between ~3 °C and 47 °C, consis-
tent with activation of carriers from shallow defect states or lo-
calized polaron hopping. Supporting this, experimental Hall ef-
fect data (Figure 2h—i) confirm a temperature-driven increase
in carrier concentration, with a steep rise between 3 °C (nega-
tively charged), 26 °C (positively charged), and 47 °C (negatively
charged) — precisely where conductivity increases. This correla-
tion indicates that charge transport in monoclinic ZrO, is gov-
erned not only by carrier mobility but also by the thermally ac-
tivated release of trapped carriers or the ionization of oxygen va-
cancies. The extracted sheet carrier concentration is ~#—2.3 x 1010
cm™2, corresponding to a charge density of —3.7 nC cm=? or 0.61
pg cm™? of oxygen released. These vacancies act as donor states,
leaving behind localized negative charges. Notably, this value lies
well within the measurable range of the Hall effect system, show-
ing a clear window spanning from -3 x 10'° to +3 x 10'° cm2.
The presence of charge carriers at these magnitudes suggests that
thermally activated electrons are excited from donor levels into
the conduction band and are subsequently swept away, leaving
behind an equal concentration of positively charged oxygen va-
cancies (denoted V4 in Kréger—Vink notation).

www.afm-journal.de

Overall, ZrO, exhibits robust and reproducible electrochem-
ical potential behavior and temperature-sensitive conduction
characteristics, even in undoped or polycrystalline form. The
tight alignment between SKP and DFT establishes a reliable ref-
erence potential for ZrO,, while the temperature-dependent Hall
data highlight its latent conductivity modulation, relevant for in-
terface engineering, sensors, or field-effect architectures.

It is highlighted that n-type ZrO, semiconductor has applica-
tions in gate dielectrics, refractory coatings, and oxygen sensors
(especially with n-type conduction due to oxygen vacancies).

Figure 3 explores the structural, electronic, and transport prop-
erties of hafnium oxide (HfO,), combining ab initio simulations
with SKP measurements, atomic force microscopy (AFM) imag-
ing, and both experimental and simulated charge transport data.

The DFT-predicted band structure (Figure 3a, left) reveals a
large bandgap in the range 4.6-6.2 eV, and the constant-energy
surface at—3 eV (Figure 3a, right) maps deep valence states, indi-
cating their potential influence on polarization and defect-driven
conduction.

SKP mapping and AFM characterization (Figure 3b,c) of loose
HfO, powders show an average surface potential of +0.42 V ver-
sus SHE, closely matching the DFT-calculated absolute chemical
potential of +0.51 V for the (101) surface (Figure 3d). This agree-
ment, observed across multiple trials,[?*] confirms the reliability
of SKP in characterizing electrochemical behavior even in granu-
lar systems with mixed orientations. Figure 3b shows the topog-
raphy does not match surface chemical potentials, as expected.

It is noteworthy that AFM with nm-SKP is not as reliable as
pum-SKP for determining the absolute chemical potential as the
statistics is much less efficient due to a much smaller analyzed
zone.

Temperature-dependent transport data (Figure 3e) reveal two
pronounced conductivity transitions — ~-85 and 20 °C —
with additional features on another run near -85, 20, 44 °C.
These are echoed in the mobility and charge concentration
curves (Figure 3f,g), suggesting that charge transport is gov-
erned by temperature-dependent polaron dynamics. The data
support a topological polaron conduction model, where polarons
form percolative networks (Frohlich model) that reconfigure or
freeze out at discrete temperature thresholds,?*7>771 The LO
phonon modes correspond to lattice vibrations in which ions
with opposite effective charges move in opposing directions
along the phonon wavevector ¢, generating long-range macro-
scopic electric fields in polar crystals. This Coulombic interac-
tion stiffens the restoring force, thereby increasing the phonon
frequency relative to the transverse optical (TO) modes. The
longitudinal-transverse optical (LO-TO) phonon splitting,[7879]
enhances long-range electron—phonon coupling giving rise to
temperature-dependent mobility through Fréhlich polaron and

Figure 2. Zirconium oxide’s electrical and potential properties. a) left: electronic band structure simulated using DFT functional; DFT underestimates
the energy of the bandgaps E; of semiconductors [i.e., 3.3 (DFT) < E, (eV) < 5.0 (HSEO6)]; right: constant-energy surface that traces all the wavevectors
k for which the electron energy E (k) = —2 eV and corresponding Brillouin zone. It lies below the Fermi surface in energy and represents a deeper occupied
state; to the right the Brillouin zone for the primitive monoclinic;l”3] b) um-SKP of a Cu/ZrO, /Al with a ~4.5 mm gap with the Cu connected to the SKP
showing an average surface potential of +0.32 V, SHE similar to the absolute chemical potential of +0.25 V, SHE obtained by DFT in c); 3D d) and 2D
e) um-SKP of the second trial in (b); f) um-SKP of a Cu/ZrO, /Al with a &5 mm gap with the Cu connected to the SKP and the circuit closed with an 1000
Q resistor, SHE; g) experimental log of the electrical conductivity versus temperature showing a transition between 3 and 47 °C; h) experimental Hall
effect charge carrier concentration versus temperature; i) experimental charge carrier concentration (ccc) obtained via Hall effect. Note: in (h) and (i)
negative mobility and ccc represent negatively charged species’ mobility and ccc.
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Figure 3. Hafnium oxide’s electrical and potential properties. a) left: electronic band structure simulated using DFT functional; DFT underestimates
the energy of the bandgaps E, of insulators [e.i. 4.6 (DFT) < E, (eV) < 6.2 (HSEO6)]; right: constant-energy surface that traces all the wavevectors k for
which the electron energy E(k) = —3 eV and corresponding Brillouin zone. It lies below the Fermi surface in energy and represents a deeper occupied
state; to the right the Brillouin zone for the primitive monoclinic;l”3l b) and c) AFM/nm-SKP of HfO, showing an average surface potential of 0.42 V,
SHE similar to the absolute chemical potential of 0.51 V, SHE obtained by DFT for a (101) surface in d); e) experimental determination of the sheet
resistance showing a transition at 20 °C and another at -85 °C; f) the same transition is observed in the experimental mobility data; g) experimental Hall
effect concentration of charge carriers as a function of the temperature h) simulated charge mobility versus temperature charged and discharge HfO,;
i) simulated electrical conductivity versus charge and discharge at 227 °C (500 K). Note: in (g) negative ccc represents negatively charged species.
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Figure 4. Comparison between simulated bandgap and the average of the experimental absolute chemical potential for TiO,, ZrO,, and HfO, powder
measured via scanning Kelvin probe (SKP). a) simulated bandgap versus atomic number; b) average experimental absolute chemical potential versus
atomic number. Each data point represents an independent measurement on identically prepared samples (powder), with consistent trends observed
across the group VB oxides. Note: y(x) and its respective correlation R factor result from linear fitting of the data.

confirms the polar nature of ZrO, and HfO, and the presence
of long-range Coulomb interactions which drive Poole—Frenkel
transport in devices. It is noteworthy that the charge carrier
concentration (~-10'! cm~2, n-type semiconductor) in Figure 3g
agrees with leakage-free devices with different thicknesses of
HfO, at.[®]

Hall carrier concentration data (Figure 3g) reinforce
temperature-dependent polaron dynamics picture, showing
strong thermally driven variations that align with conductivity
inflection points. To support this interpretation, simulations
using DFT and Boltzmann transport theory (Figure 3h) replicate
the hysteretic behavior of mobility under cyclic charge/discharge,
indicating that the observed phenomena are intrinsic to HfO,’s
structure and not artifacts of morphology or measurement.

The simulated mobility in Figure 3h, does not show the exper-
imentally analyzed transitions in Figure 3f. However, away from
these critical temperatures, the mobility of the negatively charged
species in Figure 1f, reaches 679 cm?(Vs)™! at -160 °C (113 K),
while simulated values for HfO, while charged at 2.7 V, show 760
cm?(Vs)~! at the same temperature, which is a good agreement
between experiments and simulations.

Finally, the simulated dynamic conductivity response at 227 °C
(500 K) (Figure 3i) demonstrates field-sensitive, reversible mod-
ulation — reinforcing the role of metastable internal configura-
tions and field-driven defect dynamics.

Altogether, HfO, emerges as a complex, highly tunable oxide,
exhibiting both ionic—electronic hybrid conduction and ferroelec-
tric character. The combination of elevated chemical potential,
strong DFT-SKP agreement and dynamic polaron transport re-
lated to long-range electron-phonon coupling highlights its suit-
ability for memory devices, transistors, topologic insulators based
devices and reconfigurable electronic interfaces.

A cross-comparison of TiO,, ZrO,, and HfO, reveals a coher-
ent trend in both their electronic band structure and surface po-
tential landscapes, unifying their electrochemical behavior on a
shared scale (Figure 4). The average absolute chemical potential,
as captured by SKP and supported by DFT, increases systemati-
cally from Ti to Hf, consistent with enhanced polarization and
atomic number. ZrO, serves as a benchmark of electrochemi-
cal stability with minimal variance across configurations, while
HfO, stands out due to its spontaneous ferroelectricity, leading

Adv. Funct. Mater. 2025, 09853 €09853 (8 of 12)

to elevated and orientation-sensitive surface potentials. TiO, ex-
hibits dynamic interfacial behavior influenced by surface termi-
nation and contact asymmetry. Importantly, all three oxides dis-
play temperature-responsive transport features, with transitions
attributed to shallow donor activation, polaron hopping, or defect
reconfiguration. The combined insights establish these materi-
als not merely as inert dielectrics but as tunable electrochemi-
cal interfaces, and the unified scale serves as a guide for rational
oxide integration in next-generation electronics and ion-electron
hybrid devices.

2.1. Emergent Applications

The oxides investigated in this study exhibited temperature-
responsive conductivity phenomena. This behavior can be har-
nessed for self-powered energy storage devices and thermal sen-
sors, where sharp conductivity variations, with temperature, en-
able the materials to function as intrinsic thermal thresholds
or switches requiring no external bias to detect or respond to
thermal stimuli.®" In energy storage applications, such materi-
als are valuable where steep conductivity gradients near ambient
or application-specific temperatures can enhance thermoelectric
performance, particularly in hybrid systems. In such cases, pola-
ronic transport may improve carrier mobility while maintaining
low lattice thermal conductivity.8!]

Titanium dioxide is a widely studied next-generation, wide-
bandgap (3.2-3.6 eV) n-type semiconductor, known for its strong
UV absorption and excellent performance in visible-blind UV
photodetectors.[®2] Zheng et al.®3] reported the scalable fabrica-
tion of self-powered TiO, nanowell-organic hybrid UV photode-
tectors with tunable performance characteristics. They synthe-
sized three types of inorganic-organic hybrid devices based on or-
dered TiO, nanowalls combined with p-type conductive polyani-
line (PANI), resulting in self-powered photodetectors with en-
hanced sensitivity, wavelength selectivity, fast response, and long-
term stability. In a related study, Ghosh et al.[®* developed a
broadband self-powered photodetector based on TiO,. The de-
vice exhibited strong photoresponse across a wide spectral range
(300-1100 nm) under zero-bias operation, demonstrating its po-
tential for highly sensitive detection in both visible and near-
infrared regions.!]

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Schematic representation of the interplay between Fréhlich polaron formation and Poole—Frenkel transport mechanisms in the polar oxides
ZrO, and HfO,. Lattice polarization, manifested by large longitudinal-transverse optical (LO-TO) phonon splitting, enhances long-range electron—
phonon coupling, giving rise to temperature-dependent mobility through Frohlich polarons,!”>] which may be harvested in one-electrode devices. Con-
currently, the presence of localized Coulombic traps enables Poole—Frenkel conduction, wherein applied electric fields reduce the trap potential barrier,
facilitating thermally assisted carrier release. These electric fields are inherently present in capacitors, batteries, or transistor-based architectures—i.e.,
chemical potential bias devices. The two mechanisms are interconnected, with lattice polarizability governing both polaron mobility and trap-assisted

transport dynamics.

Zirconium dioxide has also demonstrated strong potential for
being integrated in self-powered smart-sensor platforms. Silva
et al.®] fabricated a transparent Al/Si/SiO, /ZrO,/ITO stack in-
corporating a 5 nm ZrO, layer, which couples photovoltaic, py-
roelectric, and depolarization fields. This bias-free near-infrared
detector achieves a high responsivity of 3.4 A/W, detectivity of
1.2 x 10'° Jones, and sub-4 ps response times at 940 nm. Cho
et al.®) demonstrated that introducing Al,O; into ZrO,-based
metal-insulator-metal capacitors effectively suppresses leakage
currents. The resulting ZAZ (ZrO,/Al,0,/Zr0,) stack showed
improved dielectric performance, achieving enhanced capaci-
tance and reduced leakage compared to single-layer configura-
tions. Zheng et al.¥’] engineered a self-powered, broadband pho-
todetector by growing vertically aligned TiO, nanorod arrays on
Fluorine-Doped Tin Oxide glass, coating them with a discontin-
uous ZrO, nanoparticle shell, and integrating a metallic single-
walled carbon nanotube (SWCNT) network. The TiO,|ZrO, het-
erojunction facilitates effective charge separation via type-I band
alignment, while the SWCNT mesh ensures efficient charge
transport and enhances plasmonic absorption.®’]

Ferroelectric materials are highly suitable for self-powered sen-
sors and high-precision detection systems due to their intrinsic
and tunable polarization properties. Among them, HfO,-based
resistive switching memory offers several critical advantages, in-
cluding excellent scalability, fast switching, low power consump-
tion, and full compatibility with standard CMOS technology.®8]
These attributes make HfO, a strong candidate for high-density
and 3D-integrated memory architectures, particularly in neuro-
morphic computing applications, where artificial synapses are es-
sential for next-generation neural networks. Kumar et al. demon-
strated a high-performance, self-powered photosensing and re-
configurable pyro-photoelectric memory device using HfO,.®!
Their device functions as an infrared pyroelectric sensor with ul-
trafast response times (as low as 60 us) and a responsivity of up to
68 nA WLI8] Operating without an external power source, the
sensor uses surface heating from pulsed infrared light to induce
changes in spontaneous polarization, thereby generating a strong
and stable pyro-photocurrent.®”] In a related advancement, Peng
et al. developed a 30 nm-thick Ce-doped HfO, ferroelectric film
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exhibiting a high pyroelectric coefficient of ~894.7 uC m=2 K.
This enabled the detection of minute temperature variations as
small as 0.1 K.?%

Their findings highlight the potential of HfO,-based ferroelec-
tric materials in self-powered sensors capable of precise tem-
perature and light detection, offering promising emergent prop-
erties for integrated, multifunctional sensing platforms,?* in
agreement with the polaronic topologic transport demonstrated
herein.

In summary, we propose a mechanism to harvest, store and
switch energy from group IVB oxides, especially, ZrO, and HfO,
(Figure 5).

3. Conclusion

A unified electrochemical potential framework for TiO,, ZrO,,
and HfO,, established through the integration of scanning Kelvin
probe microscopy and first-principles DFT simulations is pre-
sented. The experimentally measured surface potentials correlate
closely with DFT-predicted absolute chemical potentials, validat-
ing the approach across distinct surface terminations and elec-
trode configurations.

The absolute chemical potential increases across the series—
from Ti to Hf—driven by enhanced polarization and relativis-
tic stabilization. TiO, exhibits dynamic surface behavior, sensi-
tive to termination and contact asymmetry. ZrO, displays emerg-
ing properties to accommodate different interfacial Fermi lev-
els, making it an ideal energy-storage application oxide. HfO,,
in contrast, demonstrates elevated and orientation-dependent po-
tentials consistent with its spontaneous ferroelectric character.

Complementary temperature-dependent conductivity and
Hall effect measurements show polaronic and defect-mediated
transport mechanisms in all three oxides although more accen-
tuated in ZrO, and HfO,, each exhibiting thermal transitions
linked to charge carrier activation and internal reorganization.
Simulated charge/discharge responses further show that these
materials support field-sensitive, reconfigurable conduction.

Altogether, this work establishes a predictive framework
for bandwidth and alignment, interfacial design, and oxide
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pairing in next-generation electronic, memory, and energy de-
vices. Beyond their roles as dielectrics, these oxides emerge as
electrochemically active interfaces—capable of tailored function-
ality, through atomic-scale control of structure, chemistry and
temperature.

4. Experimental Section

TiO, Titanium(IV) oxide rutile 99.9% metal basis, 3-6 mm sintered pieces
ball milled to <44 um, Thermo Scientific, was used in the Cu/TiO,/Al
epoxy cell gap for scanning Kelvin probe analysis, um-SKP, sheet resis-
tance, and Hall effect analyses (the latter two analyses are shown in the
Supporting Information).

ZrO, Zirconium(IV) oxide 99.7% metal basis excluding Hf, with Hf con-
tent <75 ppm, 325-mesh powder (<44 um), Thermo Scientific, was used
ina Cu/ZrO, /Al cell for um-SKP analyses, sheet resistance, and Hall effect
analyses.

HfO, Hafnium(IV) oxide 99% (metal basis excluding Zr) with Zr < 1.5%
from Thermo Scientific with a 325-mesh screen (< 44 um diameter) was
deposited on a glass slide using absolute ethanol and dried prior to anal-
ysis by atomic force microscopy and scanning Kelvin probe microscopy
(SKPM), nm-SKP.

Methods—Mlicrometric-Resolution Scanning Kelvin Probe (um-SKP) and
Nanometric-Resolution Scanning Kelvin Probe (nm-SKP):  Scanning Kelvin
Probe Microscopy (SKPM) was performed using two different devices
to achieve both micrometric and nanometric precision. Micrometric-
resolution SKPM (um-SKP) was conducted using a Biologic SKP-M470
system equipped with U-SKP-370/1 tips. All measurements were carried
out within a dry box. The oxide powders analyzed —TiO, and ZrO, —
were examined in a Cu/oxide/Al epoxy cell configuration. For all measure-
ments, the tip-to-sample distance was maintained at 100 um. Nanometric-
resolution SKPM (nm-SKP) was performed using an Oxford Instruments
MFP-3D Origin® atomic force microscope (AFM). This analysis em-
ployed a laser-driven ASYELEC-01-R2 tip, with a resonant frequency of
~75 kHz. The tip was composed of silicon with a reflective Ti/lr coat-
ing and had a spring constant of 2.8 N.m~'. Topography measurements
were conducted in tapping mode, where the tip gently oscillates over the
sample surface to collect high-resolution surface data. Simultaneously,
SKPM data were acquired to map the surface potential distribution. The
oxide analyzed via this method was HfO,. These measurements were
performed on a glass slide to compare the results with previously re-
ported data for the same material analyzed using the Biologic SKP-M470
system.[24]

Methods—Sheet Resistance and Hall Effect Analyses: Hall effect mea-
surements were conducted using the Linseis HCS 1 system, equipped
with two neodymium magnetic circuits on a movable sled. Samples were
mounted with edge contacts, and a perpendicular magnetic field of +0.7
and 0 T was applied. A constant current (1 nA to 125 mA) passed through
the sample, and the resulting Hall voltage, generated orthogonal to both
the current and magnetic field, was precisely measured with high sensitiv-
ity, from -160 to 160 °C. It was highlighted that each temperature is equili-
brated for a heating/cooling rate of ~0.5 °C min~', therefore emulating
ideal thermodynamic cooling/heating.

For sheet resistance analysis, uniformly thick samples were prepared
and measured using the Van der Pauw method with four collinear con-
tacts. Current and voltage were applied across different contact pairs in
multiple configurations to ensure accuracy. Sheet resistance R,was deter-
mined using the formula R, = %f, with correction factor f, and the Van der

Pauw relation e~ #R1/Rs 4 g=7R2/Rs = 1 Al tests were performed under
controlled conditions, with the chamber evacuated to 1072 bar and flushed
with nitrogen gas (4-5 L min~") to reduce noise, temperature fluctuations,
and unwanted reactions.

Methods—Simulation Methods: ~ First-principles calculations were per-
formed using density functional theory (DFT) in conjunction with the
generalized gradient approximation (GGA) and an exchange-correlation
functional approach such as Perdew—Burke—Ernzerhof (PBE),[°'l B3LYP
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(Becke,[®2] 3-parameter!®!] Lee—Yang—Parr®]l) and HSE (Heyd-Scuseria—
Ernzerhof).[®] The Perdew—Burke—Ernzerhof (PBE) functional is a gen-
eralized gradient approximation (GGA) that incorporates the local elec-
tron density and its gradient, while B3LYP is a hybrid functional combin-
ing GGA with a fixed fraction of exact Hartree-Fock exchange. In con-
trast, HSEO6 is a range-separated hybrid functional that includes short-
range exact exchange, offering improved accuracy for solid-state calcu-
lations with reduced computational cost compared to fully nonlocal hy-
brid functionals.[>>] These simulations were designed to extract various
physical and electronic characteristics similar to what was reported.[24]
Calculations were conducted using the VASP6 (Vienna Ab initio Simula-
tion Package) implementing both standard DFT and the hybrid functional
HSEO6. Simulation parameters included a plane-wave energy cutoff of 400
or 500 eV, reciprocal space sampling, and a k-point spacing between 0.1
to 0.3 A” . The oxides were first optimized for their crystal structures at
room temperature (Table 1), by relaxing the atomic positions and allow-
ing the volume and shape to vary. Subsequently, various surfaces with dif-
ferent Miller indices were built with a minimum vacuum gap of 10 A, to
break cell periodicity and emulate the surfaces. Macroscopic average elec-
trostatic potentials were modeled within a 10 A radius. The work function
was determined by evaluating the difference between the surface poten-
tial maximum (where electrons are at rest) and the average potential value
calculated using the energy of the electron “localized” just before the in-
terface (negative) and the surface potential maximum (positive). Usually,
this average value is around zero, in our simulations, and corresponds to
the electrochemical potential or Fermi level.

Electronic properties such as band dispersions and density of states,
charge carrier concentrations, electrical conductivity, and mobility versus
chemical potential at different temperatures were also simulated for the
optimized bulk crystal structures. The total and average potential energies
of simulated surfaces, with different Miller indices, were also simulated
for chemical potential determination.
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