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The HfO2 ferroelectric–metal heterojunction
and its emergent electrostatic potential:
comparison with ZrO2 and SiO2

Maria Helena Braga *abc and Antonio Nuno Guerreiroabc

Transistors have been protagonists in the electronic device world since 1948. As miniaturization

occurred, new materials, architectures, and fabrication strategies advanced. However, the choice of

materials relative to getting the best chance to minimize Boltzmann’s tyranny does not yet rely on

predicting how the materials work together in heterojunctions. Herein, we show how conductors, Al and

Cu, and insulators, ZrO2 and HfO2, in a 2D horizontal contact cell, such as Cu/HfO2/Al, align their

surface potentials and, consequently, their chemical potentials besides their electrochemical potentials

or Fermi levels, either at the interface or at the individual surfaces away from the interface, depending

on the impedance at the interface. The materials show that they are connected and responsive as a

system within a cm range. HfO2 may behave as a ferroelectric at nanoparticle sizes or when doped with

Zr4+ in HfO2–ZrO2 mixtures. Herein, we show that the mm-sized loose particles of HfO2 with their stable

crystalline structure can equalize their surface potentials and, consequently, their chemical potentials

with the metals’ counterparts at the heterojunctions, at OCV, or in a closed circuit with a 1 kO resistor

load, which has only been demonstrated before with ferroionics and ferroelectric glasses. The ability to

propagate surface plasmon polaritons (SPPs) at THz-frequencies was also observed, superimposing the

equalization of the surface potentials along the materials’ interfacial cross-sections. The mm-sized HfO2

shows a high capacity for polarizing, increasing its dielectric constant to 4105, while characterized in

Cu/HfO2/Al and Cu/HfO2/Cu cells by scanning Kelvin probe (SKP) with the probe at different heights,

cyclic voltammetry (CV or I–V), and electrical impedance spectroscopy (EIS). Using ab initio simulations,

the optimized crystalline structure and electrical, electrostatic, and thermal properties of HfO2 were

determined: electron localization function (ELF), band structure, Fermi surface, thermal conductivity, and

chemical potential vs. the number of charge carriers. We highlight that emergent ferroelectric and topo-

logic plasmonic transport was distinctly observed for HfO2 in a horizontal-like cell containing two metal/

HfO2 heterojunctions without electromagnetic pump application.

Introduction

Germanium (Ge) and gold (Au) were the semiconductors and
metals used in the first transistors but silicon (Si) began to
replace Ge as the material of choice in the late 1950s and early
1960s. The shift toward Si was driven by its superior thermal
stability and greater abundance, which made it more practical
for a broader range of applications, including high-temperature
environments. Silicon dioxide (SiO2), an insulating material in

semiconductor devices,1 also gained traction during this per-
iod. The critical development that facilitated the widespread
adoption of SiO2 was the invention of the MOSFET (metal-
oxide–semiconductor field-effect transistor) in 1959. The MOS-
FET technology utilized a layer of SiO2 to insulate the gate
electrode from the underlying semiconductor channel, typically
Si, allowing for more precise control over the flow of electricity
by modulating the voltage applied to the gate.

Hafnium dioxide (HfO2) began to be used in transistors
around the mid-2000s. Hafnium(IV) oxide was first utilized
by Intel in 2007 as a substitute for silicon oxide in field-effect
transistor.2 It was introduced as a gate insulator material in
semiconductor devices, particularly metal-oxide–semiconduc-
tor field-effect transistors (MOSFETs). This development was
part of the broader effort to find alternatives to silicon dioxide
(SiO2) due to the latter’s limitations in scaling and leakage
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currents as transistor sizes continued to shrink. Problems with
the well-known Boltzmann tyranny may be overcome since
HfO2 and HfO2–ZrO2 are ferroelectric and polarize sponta-
neously at a specific temperature, allowing for an easy and fast
switch (subthreshold swing, SS o 60 mV dec�1).

The transition to using the ferroelectric HfO2 and other
materials with high dielectric constants e0r

3,4 marked a signifi-
cant technological advancement in the semiconductor industry
since e0r HfO2ð Þ ¼ 20� 30 at room temperature,5 and e0r SiO2ð Þ ¼
3:9 ref. 6. It is worth noting that the dielectric constant of HfO2

can be significantly influenced by factors such as temperature,
crystal orientation, film thickness, doping, and processing
conditions.7 The dielectric constant may also vary with frequency,
especially in the terahertz and microwave ranges. HfO2 as a ferro-
electric helped enable the continued scaling of integrated circuits
according to Moore’s law by reducing gate leakage, allowing for
thinner gate oxides without increased leakage, thereby improving
the overall performance and efficiency of electronic devices.

The material properties of HfO2 include robust chemical
and thermal stability, substantial resistance to moisture,8,9

Fig. 1 The first configurations of the W. Shockley bipolar transistor (adapted from W. Shockley, Electrons and Holes in Semiconductors, New York,
D. Van Nostrand, 1950)31 in comparison with Cu/ZrO2/Al and Cu/SiO2/Al cells; (a) p–n–p double junction without applied bias; (b) p–n–p double junction
with applied bias; (c) corresponds to the electrostatic potential of (a); (d) corresponds to the electrostatic potential of (b); (e) surface topography and SKP
1D and 3D surface potential of a Cu/ZrO2/Al cell in closed circuit with a 1000 O resistor showing apparent similarities to (c) and (d), (f) with a Cu/SiO2/Al
cell at open circuit voltage OCV, and in particular in (g) showing the energy of an electron in a p–n–p–n cell; (h) standard hydrogen electrode SHE vs.
absolute physical scale, where E = 0 eV, for electrons at rest in a vacuum. Note: the shape of the surface potential corresponding to (c) and (d), and the
red/green curve in (g) do not depend on the semiconductor character of the materials; the surface potential depends on the relative chemical potential
of the materials in electrical contact in the cell, on the insulator character (i.e., dielectric, semiconductor, electrolyte, ferroelectric, and topologic
insulator), and on the density of states (DOS) of the conductors determining the capacity of bending and equalizing the potentials not only at the interface
but away from it, at the edges and in pockets and ‘‘docks’’. Materials like ZrO2, SiO2 ref. 32 and 33, and SnO2 ref. 32 will not allow equalization of the
surface chemical potentials of Cu8Al even in a closed circuit, with the cell corresponding to an asymmetric potential quantum well with the height related
to the internal impedance, as shown in (c) and (d).
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minimal gate voltage fluctuation, and elevated gate capaci-
tance.7,10,11 Specific attributes of hafnia include a large band
gap of about 5.7 eV (4.6 eV calculated herein by simulation),
high heat of formation of 1135 kJ mol�1, high density of
approximately 10.9 g cm�3 (calculated herein by simulation),
and low thermal conductivity of 1.5 W (m K)�1 ref. 10 and 12–14,
which was calculated herein by simulation: 0.7 W (m K)�1. The
optical transparency of hafnia spans from 300 to 10 000 nm across
the electromagnetic spectrum.15

HfO2’s applications are extensive,4,16–19 ranging from di-
electrics,7 transistors,11 and semiconductors19–21 to memor-
ies,10 optoelectronics,16 optical coatings,12 microwave filters,22

pyroelectric generators,23 energy storage devices including
capacitors,4,24 solar cells,25 ceramics,26 microfluidic devices,27

and even in biological contexts.28

Hafnium dioxide has been explored as a ferroelectric along-
side Bi2Se3 in topological insulator-based field-effect transis-
tors2,16,29 and ferroelectric field-effect transistor FeFET
neuromorphic computing devices.30

Curiously, W. Shockley’s 1950 schematics representing the
electrostatic potential or the energy of an electron in bipolar
transistors p–n–p or p–n–p–n (Fig. 1) shows a very similar shape
to the surface potential of Cu/ZrO2/Al (Fig. 1e) while connected
to a 1000 O resistor in closed circuit and to a Cu/SiO2/Al cell
(Fig. 1f) at OCV. In the p–n junction of the bipolar transistor in
Fig. 1a and b, the surface potential Fig. 1c and d is directly
reflected on the vacuum surface. The surface potentials of the
two dissimilar metals disjointed by the insulator ZrO2 are
stable even when the circuit is closed with a resistor load
(Fig. 1e and f), showing a bias between metal and insulator
surface potential, very similar to the p–n junction; however, the
experimental SKP surface potential of the Cu/ZrO2/Al cell could
have been influenced by surface artifacts.

As hypothesized and demonstrated previously,32,34–37 the
surface potential depends much more on the chemical potential
than on the type of material. It depends on the capacity of the
materials to polarize, transport charges, transmit surface plasmon
polaritons (SPP),38 and accommodate a wide range of potentials by
bending their surface chemical potential, creating patterns; in
other words, it depends on the emergent properties of the
materials in heterojunctions. The surface potential is contingent
upon several factors, including the relative chemical potential of
the materials in electrical contact within the cell, the nature of the
insulator (dielectric, semiconductor, electrolyte, ferroelectric, and
topologic insulator), and the density of states DOS of the con-
ductors. These factors are crucial in determining the capacity for
bending and equalizing surface potentials at the interface and
extending away from it in areas such as edges, pockets or bowls,
and ‘‘docks’’.

Certain materials like ZrO2, SiO2 ref. 32, 33 and 38, and SnO2

ref. 32, insulators with no unique electrical properties, exhibit
limitations in equalizing their surface chemical potentials in
a Cu/insulator and insulator/Al in a Cu/insulator/Al cell, or
Cu/insulator and insulator/Zn in a Cu/insulator/Zn cell,32,34,37

even within a closed circuit with a resistor load. This disparity
in the results for an asymmetric potential quantum well is

associated with the cell’s internal impedance (Fig. 1d–g).
Hence, in the latter cases, independently of the electrochemical
potential equalization, the equalization of the surface and
chemical potentials (Fig. 1h) occurs at the interface metal1/
insulator and a point away from the interface insulator/metal2

in the bulk metal2, independently of the nature of metal1 and
metal2. Aluminum is especially prone to bending its surface
potential and to assuming a wide range of potentials due to its
DOS configuration, as shown previously.36

Hereafter, it is highlighted that the emergent character of a
horizontal cell containing two dissimilar HfO2–metal hetero-
junctions where ferroelectricity and topologic transport are
observed at room temperature in HfO2 is not expected in the
single monoclinic allotrope.

Results and discussion

Hafnium dioxide exhibits several crystalline forms; the most
stable is the monoclinic phase P21/c (Fig. 2a), which is stable
below 1700 1C. When temperatures rise between 1700 1C and
2600 1C, hafnia transitions to the P42/nmc tetragonal phase.
At temperatures exceeding 2600 1C, it converts to the Fm%3m
cubic phase.2,12,39 Altering the particle size to nanometer
powders can stabilize different phases at room temperature.
For example, reducing the particle size to approximately 10 nm
can stabilize the tetragonal and cubic phases.40 The ortho-
rhombic Pca21 phase of HfO2 is the ferroelectric phase, and it
is typically stabilized in thin films by doping and strain. The
ferroelectric orthorhombic phase is often stabilized during the
annealing process in thin films of doped HfO2. The annealing
temperatures typically range from 400 1C to 600 1C, but the
exact temperature depends on the deposition method, the type
of dopant (e.g., Zr, Si, Y, Al), and other processing conditions
like film thickness. However, the monoclinic and the tetragonal

Fig. 2 Structure of hafnium oxide (monoclinic phase P21/c); (a) crystalline
structure; (b) electron localization function (ELF) of a (001) slice; ELF = 1
and ELF = 1

2 corresponding to the localized and electron gas; (c) total local
potential of a surface (001) of HfO2.
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allotropes may also become ferroelectric by recurring doping,
strain, and nanosized alternatives.

For the HfO2–ZrO2 system, other phases may show ferroelectric
properties,41–43 such as the rhombohedral Hf(Zr)1+xO2 ref. 43.

The electron localization function (ELF) and the 3-
dimensional (3D) and 2D total local potential of a surface
(001) of HfO2 are shown in Fig. 2b and c. The electronic band
structure of HfO2 (Fig. 3a) and the surface in the Brillouin zone
at E = �2.5 eV near the Fermi surface in Fig. 3b show the
insulator character as expected.

The work function was calculated from the average potential
of the surface in Fig. 3c, taking into account the definition of
work function: WF(HfO2) = 5.36 eV (Fig. 3c), which corresponds
to the chemical potential m = +0.92 V (SHE) where m(SHE) = 0 V
is defined as �4.44 eV in the absolute physical scale in Fig. 1h.
The total average potential was simulated for a surface (001) in
Fig. 2c by performing the average of the total chemical poten-
tials integrated over 10 Å. The potential difference (V vs. Al0)
versus the number of charge carriers (+ for electrons, � for
holes) is shown in Fig. 3c and d.

Fig. 3 Electrical and potential energies for HfO2 (monoclinic phase P21/c). (a) The electronic band structure (indirect band gap) showing a gap energy of
4.62 eV. (b) A surface with E = �2.5 eV in the Brillouin zone, approximately the energy of the Fermi surface. (c) The total energy potential of the (001)
surface in Fig. 2c where the average potential was integrated over 10 Å, showing a work function, WF = 5.36 eV corresponding to the chemical potential
of m = +0.92 V (SHE). (d) The chemical potential of HfO2 versus Al0, where the Al0 chemical potential is EC(HfO2) � m(Al0) = 0.27 V above the minimum
energy of the conduction band EC(HfO2), leading to HfO2 likely being reduced by the Al to a 15 mA h g�1 maximum electronic capacity until the chemical
potentials of Al and HfO2 equalize. The charge carriers in HfO2 are holes, h+. From Cu to HfO2, there are no expected substantial electronic transfers as
the valence band of HfO2, as an insulator, is expected to be nearly filled at room temperature, as highlighted by the density of charge carriers being
8 � 1018 holes cm�3 at OCV, indicating a residual probability of electrons occupying the EC(HfO2). (e) 1D interpretation of (d), showing absolute chemical
potentials for Cu/HfO2/Al and the conductor and valence bands energies for HfO2 for the relative positions of the cell tested by SKP. Note: if the band gap
energy of HfO2 is 5.7 eV, then EC 4 m(Al) (dashed line in (d)), and the reduction of HfO2 is related to a Schottky barrier of 0.27 V = EC � m(Al) overcome
upon charge.
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Ferroelectric and topological insulator

HfO2 is a ferroelectric that has been substituted for SiO2 in
transistors. Usually, it must be doped, for example, with Zr4+, or
reduced into nano-dimensions to reveal its ferroelectric
character.19 The allotrope known to be polar is the orthorhom-
bic Pca21. Nevertheless, it is well known that the monoclinic
phase (P21/c) in pure HfO2 is the most stable bulk phase under
standard experimental conditions. It shows a lower dielectric
constant and, therefore, a reduced ferroelectric character.
However, herein, we show emergent features where the most
stable HfO2 bulk phase under standard experimental condi-
tions in a cavity Al/HfO2/Cu cell shows markedly ferroelectric
properties. At mm-sizes, HfO2 has the advantage of not being
hygroscopic.8,9

SKP studied the most stable configuration of commercial
HfO2 in a Cu/HfO2/Al cell (Fig. 4). This cell measures the
species’ surface potentials, equal to the absolute chemical
potentials in bulk in equilibrium (Methods eqn (8)). Not only
have the ferroelectric properties been observed, but topologic
conduction features have also been observed, favored by SPP

propagation through the cell’s surface and the ferroelectric
character of HfO2.

The capacity of HfO2 to polarize is clear, with two positive
regions separated by a more negatively charged region (Fig. 4a
and b). Notably, the Cu-side of HfO2 corresponds to the more
positively charged region of HfO2, which agrees with the prob-
ability of the Al to transfer electrons (by tunneling) to HfO2 to
its almost empty conduction band EC(HfO2) corresponding to a
maximum capacity of 15 mA h g�1 (Fig. 3d and e). Note that if
the energy of the band gap of HfO2 is 5.7 eV, then EC 4 m(Al),
and the reduction of HfO2 is not as likely to occur sponta-
neously due to the contact with Al corresponding to a Schottky
barrier of 0.27 V. In Fig. 4b, the positively polarized regions are
also aligned along the line with a slope of 45.5 V m�1,
corresponding to a constant electric field.

Another exciting feature that corroborates the insulator
character and, simultaneously, the metallic character with the
transport of surface delocalized electrons in HfO2 is that the
amplitude of the transmitted wave through the aluminum is
approximately the same (DV) as in HfO2. However, the wave-
length (Dx) is double that of the incident wave. The transmitted

Fig. 4 Topography and surface chemical potentials for a Cu/HfO2/Al cell showing the same surface chemical potentials for the two heterojunctions and
the two electrodes away from the interfaces characteristic of a ferroelectric.32,34,37 (a) and (b) 3D surface and analysis of the surface chemical potential of
the Cu/HfO2/Al at OCV showing an alignment of the surface chemical potentials of Cu/HfO2 and HfO2/Al at +0.28 V(SHE); Cu may not exchange
electrons with HfO2, but Al may align diagonally in a wavy-like surface potential through positive polarization from the Cu/HfO2 interface at 7.5 mm to the
cell’s extremity at the Al, at 22.5 mm, an alignment through 15.0 mm corresponding to a constant electric field of 45.5 V m�1; SKP analysis shows apparent
propagation of the SPP from the HfO2 to the Al, likely from the Cu to the Al through the HfO2 surface; the transmitted wave has a similar amplitude (DV)
and doubles the wavelength (Dx) of the incident wave propagating on the surface of the oxide; it is worth noting that the electrode connected to the SKP
is Cu. (c) and (d) Electron transport from the SKP to Cu leading to the equalization of the surface chemical potentials Cu/HfO2 and HfO2/Al at �0.13 V at
OCV; the surface potential of HfO2 equalizes with the Al away from the interface at 0.29 V; then, the Al potential drops to 5 V(SHE) because of the
interface with epoxy resin. Note: in (a) and (b), the SKP was performed with the probe-tip at 100 mm and (c) and (d) at 150 mm from the cell. The minimum
potential in (b), 0.93 V(SHE), agrees with the absolute chemical potential calculated in Fig. 2c, 0.92 V(SHE).
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wave is shown in Fig. 4a and b. ct(x) = Tci(x), where ci(x) is the

incident wave, and T ¼ kt ctðxÞj j2

ki ciðxÞj j2
ref. 44, where kt and ki are the

wavevectors of the transmitted and incident waves, respectively,
with k = 2p/l where l = Dx (Fig. 4b). For the waves at the
interface of HfO2/Al at OCV (Fig. 4b), the incident wavevector is
ki,HfO2/air = 16.5 cm�1, and the transmitted wavevector is
kt,Al/air = 8.3 cm�1 corresponding to f (HfO2/air) = 0.08 THz
(Table 1) and f (Al/air) = 0.04 THz, which relates to the resonant
frequency of molecular rotations and electrons spin flip with

essential applications in quantum computing. Microwave
SPPs are designated spoof surface plasmons. THfO2=Al ¼
kt ctðxÞj j2

ki ciðxÞj j2
¼ 0:5, where |ct(x)|2 = |ci(x)|2 = 0.04 V. This equation

is fundamental in understanding wave-particle duality and the
behavior of particles at barriers or interfaces. It quantifies the
likelihood of a particle or wave passing through a potential
barrier. The transmission coefficient for electromagnetic waves
at an interface can also be calculated regarding the two materi-
als’ electromagnetic impedances (Z1 and Z2). The transmission

Table 1 Characteristics of the surface plasmon polaritons (SPP) in HfO2

Polariton type T (1C) lP (mm) oP/2p (THz) Spectrum Ref.

HfO2 metallic cavity surface-induced 36 3800 0.08 Far-infrared to microwave This work (SKP, Fig. 4b)

Fig. 5 Surface chemical potentials for a Cu/HfO2/Al cell in a closed circuit while connected to a resistor load of 980 O, showing equalization of the
surface chemical potentials for both heterojunctions with HfO2; the SKP probe-tip was positioned 100 mm from the cell during the analyses; (a)–(d) three
consecutive SKP analysis showing the apparent propagation of the SPP from the Cu to the Al through the HfO2 surface. After closing the circuit through a
resistor load of 980 O, the cell shows emergent phenomena characterized by plasmonic stripes parallel to the y-axis, traveling across the x-axis, which
are significant in (c);46,47 (e) unidirectional propagation of SPP48 transporting a current of electrons through Cu, and an electromagnetic wave with k

-
p

through the air, inducing a magnetic field, H leading to a quasi-coherent striped pattern on the surface of the Cu and the interface HfO2/Al. Right: The
image of the actual horizontal cell. Notably, in (c), negatively polarized polarons alternate with positive ones on the surface of the Cu and HfO2/Al
interface. It is worth noting that even with the resistor of 980 O, the cell’s bulk potential increases with time from 0.10 to 0.31 V, highlighting the capacity
for transmitting SPP from Cu through HfO2 to Al. It is also noteworthy that Cu’s surface potential fully aligns with the surface potential of the Cu/HfO2 and
HfO2/Al interfaces and with the Al extreme edge (27.5 mm) at �0.11 V.
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coefficient (T) in terms of impedances is given by T ¼ 2Z1

Z1 þ Z2

in ref. 45, where Z1 is the impedance of the incident medium
(HfO2) and Z2 is the impedance of the metal (Al). The formula
describes the fraction of electromagnetic energy transmitted
from the HfO2 medium to Al. A relationship between the
impedances of Al and HfO2 is established as follows:

THfO2=Al ¼
2ZHfO2

ZHfO2
þ ZAl

) ZAl ¼ 3ZHfO2
, where Al is not con-

nected to the SKP and has no contact with Cu, thus posing a
higher impedance despite being a metal. Another reason might
be the fast topologic conduction in HfO2 or the impedance
arising from the oxide layer Al2O3, formed on the surface of Al,
hindering the Al electrode’s conductive behavior and possibly
contributing to a decrease in its surface potential.

Fig. 4c and d show the interface Cu/HfO2 aligned with the
Cu potential on the left after the transport of electrons from the
SKP to the heterojunction (Cu/HfO2) and the subsequent equal-
ization with the surface potential of the heterojunction HfO2/Al,
and again with Al at �0.13 V(SHE). The surface potential of the
Al aligns with the epoxy potential on the right. However, before
that, the bulk surface potential of HfO2 aligns or equalizes with
the Al’s at 0.29 V, showing all the possible equalizations of the

surface potentials of the materials along 21.9 mm. The Cu’s
surface potential (0.3 mm; 0.29 V) aligns with the interface of
the Al/epoxy (18.4 mm; 0.29 V).

When the cell in Fig. 5 is connected to a resistor load of
980 O, SPP wave stripes charged alternately negative–positive
are transported from the Cu through the surface of the HfO2 to
the Al, as demonstrated in Fig. 5a–d, matching to solitons
reported in ref. 46 and 47. The latter phenomenon will likely
justify the cell’s bulk potential self-charge of +0.21 V (Fig. 5d),
even when the cell was connected to a resistor, 1842 O cmHfO2

.
Fig. 5a shows a reflected wave on the Al, similar to the one in
Fig. 5b and c; it looks as if two different phenomena are
superimposed and take place at different times: (1) the equal-
ization of the chemical potentials Cu, Cu/HfO2, HfO2/Al, Al at a
fixed value of �0.11 V (Fig. 5a and d) with waves at the interface
HfO2 and a bowl shape at the Al surface; (2) the characteristic
SPP with the transport of plasmons (electrons) through the
surface, including the insulator HfO2 (Fig. 5b and c) inducing a

magnetic field ~H, and wave propagation through the air/metal
interface characterized by

-

kp. Both give rise to a striped,
coherent pattern. This latter phenomenon in Fig. 5c and d is
the experimental materialization of the theoretical schematics
in Fig. 5e. In Fig. 5c, corresponding to (2) discussed herein, the

Fig. 6 Surface chemical potentials for Cu/HfO2/Al cells in a closed circuit while connected to a resistor load of B980 O; (a) showing equalization of the
surface chemical potentials for Cu/HfO2 with Al at �0.26 V and HfO2/Al with Al at 0.12 V with the SKP probe tip positioned 150 mm from the cell during
the analyses; (b) showing equalization of the surface chemical potentials for Cu/HfO2 with HfO2/Al and Al with the SKP probe positioned 200 mm away
from the cell during the analyses; (c) symmetric Cu/HfO2/Cu cell at OCV showing equalization of the chemical potentials at Cu (0 mm), Cu/HfO2, HfO2/
Cu, and Cu (22.5 mm) at �0.03 V with the plasmonic waves incident and transmitted in both Cu(s) being not attenuated or suffering a small attenuation
through the HfO2, which performs as a connection between both coppers, the first Cu connected to the SKP and the second Cu in electrical contact with
the first through the HfO2. The wavelength of the plasmonic waves on the surface of the Cu connected to the SKP is lCu,connection/air = 4482 mm, and in
the remaining Cu is lCu/air = 4301 mm, corresponding to 96% of the wavelength of the Cu connected to the SKP.
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SPP is less attenuated, f (Cu/air) = 0.824 THz for a wavelength of
lCu/air = 0.364 mm, and f (HfO2/air) = 0.923 THz for a wavelength
of lHfO2/air = 0.325 mm (89% of lCu/air) in a Cu/HfO2/Al cell in a
closed circuit with a 980 O resistor connected to the SKP by
the Cu.

It is worth highlighting that in Fig. 5, the SKP experiments
were performed with the probe tip 100 mm from the cell, with
no saturation of the potential (V), and with the cell in a closed
circuit with a resistor load, propitiating the connection of Cu
and Al through the external circuit.

Fig. 6a shows the same trend as Fig. 5a and 6b, however,
with a similar wavy phenomenon as shown in Fig. 5a and
slightly higher than in Fig. 6b, likely due to the distance
between the probe and the sample, which is 100, 150, and
200 mm, for Fig. 5a, 6a and b, respectively. Another possible
interference on the morphology of the surface potential is the
discharging time through the external resistor, as the SPP, even
if not observed when the SKP probe is at higher distances,
keeps being transported at the metal/air interface. However, the

distance from the probe tip was purposely enlarged due to
elevated saturation probability. As mentioned, the Cu/HfO2/Al
surface potential cell morphology is very similar to OCV’s, even
upon closing the circuit with an external material resistor of
980 O (3920 O cmcell); however, in Fig. 6a, the Al surface
chemical potential decreased even further to 0.12 V for x 4
20 mm compared to that in Fig. 5a and 6b, aligning with the
surface chemical potentials of the HfO2/Al heterojunction. With
the system closed by a load, the surface chemical potential of the
HfO2 increased (physical absolute scale of Fig. 1h), corresponding
to a decrease in the work function of DWFHfO2

= �0.71 eV. This
reinforces the hypothesis that surface-delocalized electrons of the
ferroelectric with topologic insulator features are also transported
in the circuit, leading to self-charge. The transmitted waves
correspond to tunneling through a quantum square-approximate
barrier.49 The behavior of HfO2 in a Cu/HfO2/Al cell is reproduci-
ble, even when fresh powders of HfO2 are introduced in the gap.

HfO2 was also tested on a Cu/HfO2/Cu symmetric cell to
finally achieve a profile shown in Fig. 6c. Even if both copper

Fig. 7 Electrochemical analyses on an Al(�)/HfO2/Cu(+) cell; (a) cyclic voltammetry CV (2 mV s�1) VOC = 0.098 V and (b) electrical impedance
spectroscopy EIS performed after the experiment in Fig. 6b with measured VOC = 0.709 V.

Table 2 Physical information is extracted from AFM, SKP, ab initio simulations, and electrochemical analysis for the cell when the insulator is HfO2

Cell dimensions
insulator: d = 5.5 mm
S = 22 � 4.7 mm2

Circuit OCV or
closed with a
resistance R

Heterojunction and metals at
equilibria correspondent surface
chemical potential

Heterojunction
surface potential
difference

Maximum
surface
potential
electrode

Bulk potential
difference of the cell
temperature dew
point, DP

Ferroelectric: HfO2 [polarization: positive–negative–positive] Fig. 4
Calculated surface chemical potential (ab initio), m = +0.92 V(SHE) Fig. 3c; experimental: m = +0.93 to +0.76 V(SHE) Fig. 4a and b
Cu/HfO2/Al OCV Cu1. . .Cu2/HfO2/Al1� � �Al2 B0 V B0 V 36 1C

Fig. 4a and b 0.28 V DP: o10 1C
Cu/HfO2/Al 980 O Cu1� � �Cu2/HfO2� � �Al1� � �Al2 0.28 V 0.28 V Vi = 0.10 V

Fig. 5b and d
(left)

�0.11 V Vf = 0.31 V

Cu/HfO2/Al 980 O Cu1� � �Cu2/HfO2� � �Al1� � �Al2 36 1C
Fig. 5c and d
(right)

0.25 V DP: o10 1C

Cu/HfO2/Al Vi = 0.35 V, OCV
0.38 V 0.38 V Vf = 0.44 V, OCV

980 O Cu1� � �Cu2/HfO2� � �Al Vi = 0.46 V, 980 O
Fig. 6a �0.26 V Vf = 0.45 V, 980 O

36 1C
DP: o10 1C

Note: calculated: mCu = +0.14 V(SHE);37 experimental: mCu = +0.12 V(SHE); calculated: mAl = +0.2537 to +0.63 V(SHE); experimental: mAl =�1.01 V(SHE)
and tabulated: mAl = �1.66 V(SHE).50 The Al possesses an almost invariant DOS36 vs. chemical potential, which might justify its ability to shape its
surface potential to a wide range of materials.
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electrodes have their interface surface potentials equal to
�0.03 V, they show SPP propagation with barely the same
wavelength for the Cu connected to the SKP and the Cu just
in contact with HfO2, corresponding to f (Cu/air) = 0.07 THz
(Fig. 6c), very similar to the previously calculated HfO2 fre-
quency f (HfO2/air) = 0.08 THz (Table 1), and f (Al/air) = 0.04 THz
in a Cu/HfO2/Al cell at OCV, connected to the SKP by the Cu
(Fig. 4b). The wavelength of the plasmonic waves on the surface
of the Cu connected to the SKP is lCu,connection/air = 4482 mm,
and in the remaining Cu, lCu/air = 4301 mm, corresponding to
96% of the wavelength of the Cu connected to the SKP.

It was also demonstrated that after the SKP measurements,
the cell was still polarized at B25 1C, showing a current at OCV
of 104 mA (VOC = 0.098 V), Fig. 7a. Calculating the impedance
at OCV but not taking into account the first point, hiiV=0 =
C�dV/dt) C = 15.5 nF) er = 9.3 � 104 B 105. From the Nyquist
plot, the capacitance and relative real permittivity are much
smaller, C = 6.14 pF ) er = 37, approaching the expected
dielectric constant of er = 20–30. Hence, the CV per comparison
with the EIS shows that even without considering the initial
polarization, the cell was polarized after the SKP analyses,
conducing to a permittivity B2500� higher than that while
depolarized by the application of the alternate current.

Table 2 summarizes the data for surface and bulk potentials
obtained with Cu/HfO2/Al cells at OCV and with an external
resistor load.

Conclusions

Hafnia in a Cu/HfO2/Al cell shows the essential features
of ferroelectric materials as indicated by the authors for
Li2.99Ba0.005ClO, a ferroionic and ferroelectric glass
electrolyte,34 namely, the ability to equalize its surface potential
with two dissimilar metals, Cu and Al, with cathode and anode
features, respectively.

Another remarkable feature of ferroelectric materials
observed herein with HfO2 (r44 mm diameter powders) is their
capacity to self-charge; a potential difference of 0.21 V through
SPP transport within a Cu/HfO2/Al cell with an HfO2 thickness
of 5.5 mm, corresponding to 38 V m�1 and remaining polarized
after SKP analyses for subsequent I–V tests (cyclic voltammetry).

A Cu/HfO2/Al cell may propagate SPP through the Cu/air,
Cu/HfO2 (edge), HfO2/air, and HfO2/Al (edge): (1) plasmons
through Cu and HfO2 surfaces, and (2) polariton waves through
Cu/air and HfO2/air matching the theoretical behavior of SPP
with positive alternating with negative amplitude higher
frequency soliton spikes and superimposing the equilibria
previously achieved through contact of the cross sections or
bulk interfaces (Cu/HfO2 and HfO2/Al).

At a steady state, the SPP polarization may increase the bulk
dielectric constant by more than three orders of magnitude
from er B 37 to B105 while sourcing an external resistor of
B1 kO (3920 O cmcell). The surface chemical potential of the
bulk HfO2 at OCV is +0.93 V(SHE) and matches 99% of the
simulated chemical potential of +0.92 V(SHE).

Another feature that is replicated in all measurements with
HfO2/Al is the capacity of aluminum, which is not connected to
the SKP, to bend and form a ‘‘bowl’’-like surface chemical
potential (at OCV and connected to a B1 kO resistor in a
closed circuit) with a more positively charged concave region
and more negatively charged edges that equalize with the
surface chemical potentials of the Cu and HfO2 allowing for
the alignment of the surface potentials of Cu, HfO2, and Al at
the interfaces and/or at the inner surface of the electrodes,
in the 2D air-exposed surface Cu/HfO2/Al. However, it is also
noteworthy that while Cu and HfO2 may propagate SPP with
high frequency throughout the latter horizontal surface, Al may
not, with these waves attenuating at the HfO2/Al edge.

With a material that behaves strictly as an insulator, such as
ZrO2, the interfacial impedances are proportional to the quan-
tum well’s asymmetric heights. Even when the circuit is closed
with a resistor load (discharging mode), there is a difference
between the surface chemical potentials of Cu and Al at the
interface with ZrO2. This feature was always observed for other
electrodes when the insulators were dielectric, semiconductors,
or solid electrolytes with no distinct features such as ferro-
electric behavior. In contrast, the alignment between one of the
two interfaces and the remaining conductor electrode (e.g., Cu/
ZrO2 and Al) will still occur but at a distance from the interface
in the 2D exposed electrode, which depends on the interface
impedance. As higher the impedance is, the furthest away from
the interface the equalization of the surface potentials will occur,
and therefore, the equalization of the chemical potentials.

The unbiased p–n–p bipolar transistor only aligns the sur-
face chemical potentials of the two p-type semiconductors if
they are similar or have similar chemical potentials, such as in
a symmetric cell.

In conclusion, surface potentials are characterized by a
material’s capacity to create polarization patterns along the
surfaces, allowing them to align their bulk electrochemical and
surface chemical potentials with other materials. In this topo-
logic polarization, electrons also play an essential role, even in
HfO2.

Tailoring all-solid-state transistors to fast switching involves
sorting the properties of the materials while in contact with
other materials, which are translated by their relative chemical
potentials and capacity to equalize their surface chemical
potentials.

Methods
Materials

Hafnium(IV) oxide 99% (metal basis excluding Zr) with Zr o
1.5% from Thermo Scientific with a �325-mesh screen
(r44 mm diameter) was used as purchased in a Cu/HfO2/Al or
Cu/HfO2/Cu cell.

Cell preparation

Before initiating the calibration steps for SKP, cell preparation
is essential, which involves several steps: (1) sanding and
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polishing the electrodes, (2) ensuring thorough removal of
particle residues, and (3) completely drying the cell. Following
this preparation, the gap between the electrodes is filled with
HfO2, compacted tightly using a spatula-like instrument, and
leveled by the electrodes. It is important to note that the oxide
should be adequately dried before proceeding with this
final step.

Scanning Kelvin probe (SKP)

SKP is a non-invasive and non-contact technique relying on the
electrical contact potential difference (CPD) between two elec-
trically connected metals.32,51 It utilizes a vibrating capacitor
tip to measure the local work function difference between the
sample and the tip, which is linked to the surface chemical
potential. This enables electrochemical studies of the materi-
als’ surfaces. SKP was employed to map surface topography
using capacitive tracking measurement (CTM), and is particu-
larly suitable for non-flat surfaces and irregularities since it
maintains a constant distance between the probe tip and the
sample, scanning the surface without losing crucial information.

These techniques fall under the atomic force microscopy
(AFM) set of methods. All SKP measurements were conducted
using a Biologic SKP-M470 with SKP tips U-SKP-370/1 and
U-SKP-150, made of tungsten wire with 500 and 150 mm
diameter ‘SKP probes’, respectively. The distance between
the CTM or SKP probe tip and the sample ranged from 100 to
200 mm, with the analysis monitored via a micro-camera.
All experiments were carried out within a dry box. Notably,
fresh materials were utilized after cleaning and drying the
cell for each set of experiments involving each insulator (ZrO2

and HfO2-several measurements), ensuring consistency and
reliability.

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV)

In electrochemical impedance spectroscopy (EIS), a GAMRY
impedance meter (GAMRY1000) applies a small amplitude AC
signal to the cell’s terminals. By analyzing the sample cell’s
AC voltage and current responses, impedance characteristics
(resistive, capacitive, and inductive) and equivalent circuits
related to their components can be determined at controlled
frequencies. EIS studies are complementary to understanding
surface phenomena within the cells. The frequency range for
EIS was set from 1 MHz to 0.1 Hz, with an amplitude signal
of 10 mV.

Cyclic voltammetry, or I–V, is an electrochemical technique
used to gain insights into the dynamic behavior of cells during
cycles under a specified voltage rate. In the case of the present
cells, I–V measurements were conducted within a potential
window ranging from �0.35 to +1.0 V, employing a scan rate
of 2 mV s�1.

Ab initio simulations

Ab initio simulations were conducted utilizing density functional
theory (DFT) coupled with the generalized gradient approximation
(GGA) pseudopotential method. These simulations aimed at

determining parameters such as lattice constant, lattice stability,
density, surfaces, electronic band structures, Fermi surfaces,
electron localization functions, thermal conductivity, chemical
potential versus charge carriers, and work functions at different
temperatures. Similar to our prior research on ZnO,37 dielectrics
and electrolytes,34 and SiO2, SiO, and SnO2

32 crystal representa-
tions without defects like vacancies and impurities were utilized
in these simulations. The DFT and hybrid functional HSE06
packages, as implemented by VASP6 (Vienna Ab initio Simulation
Package),52 were employed with specific parameters including a
plane-wave cutoff of 4400 eV, reciprocal space projection, and a
spacing of k points of 0.2–0.3 Å�1.

Macroscopic average potentials were simulated within a
radius of 10 Å. The determination of work functions involved
calculating the difference between the maximum potential
where electrons are at rest on the surface and the average
potential between the minimum and maximum potentials
immediately before and after the line marking the surface,
corresponding to the Fermi level.

Thermodynamic considerations

From the first law of thermodynamics dU = dQ� qW, where +dU
is the internal energy gain by the system, +dQ is the heat gain by
the system, +qW is the work made by the exterior over the
system, T is the absolute temperature, S is entropy, P is
pressure, Ṽ is volume, mi is the chemical potential of species
i, Ni is the number of mobile particles such as charge carriers,
Xi is an intensive property such as electrical coulombic force,
dai is an extensive property such as the displacement of a
charge under the influence of the coulombic force dri, We

electrical work, G Gibbs free energy, H enthalpy, qi = zieNi

mobile charge, zi the valence of the mobile species and e the
elementary charge (1.6 � 10�19 C), f = E�dri the surface
(chemical) potential exerted on the surface of species i, either
due to surface effects on i or to electrical contact with other
species j, and �mi is the electrochemical potential. If there are
mobile particles in the system of species i, such as charge
carriers able to compensate for the work made on its surface,

dU ¼ TdS � Pd ~V þ
X
i

midNi �
X
i

Xi � dai (1)

X
i

Xi � dai ¼
X
i

qiEð Þ � dri ¼ @We (2)

G = H � TS (3)

H = U + PṼ (4)

From (3) and (4),

dG = dU + PdṼ + ṼdP � TdS � SdT (5)

From (1) and (5),

dG ¼ ~VdP� SdT þ
X
i

midNi þ
X
i

qidfi (6)
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If P and T are constant,

dG ¼
X
i

midNi þ
X
i

qidfi ¼
X
i

midNi þ
X
i

ziefidNi

�mi ¼
@G

@Ni

� �
T ;P;Njai

�mi ¼ mi þ ziefi

(7)

If two species i and j (element, phase, material, cathode,
anode, electrolyte, semiconductor,. . .) come into electrical
contact, then

�mi � �mj = mi � mj + zie(fi � fj) (8)

When equilibrium is reached, �mi � �mj = 0 = mi � mj + zie(fi � fj)
where DVij = fi � fj. If the surface chemical potentials align
(or equalized), as discussed hereafter fi � fj = 0 ) mi � mj =
�zie(fi � fj) = 0 then the chemical potentials equalize. If one of
the species i or j is an insulator, with sufficient surface states
4B1012 cm�2 ref. 53, or containing mobile ions, a double-layer
capacitor EDLC is going to form at the interface between them,
corresponding to DVij = fi � fj as the insulator cannot be easily
reduced/oxidized. The EDLC allows for the equilibration of the
electrochemical potentials, storing the energy in devices such
as batteries and capacitors.
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