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Abstract
In this work, a systematic approach aimed at investigating and validating a novel way of realizing
pyroelectric harvesting is presented. Generating a direct-current (dc) signal through a temperature
gradient within a less than 7 nm-thick ferroelectric zirconium-doped hafnium oxide (HZO)
nano-film, embedded in planar interdigitated capacitors on high-resistivity silicon, is a new,
simple, effective, and reproducible solution. Temperature-related structural modifications in HZO
are first simulated using advanced ab initio calculations. Then, rigorous multiphysics simulations
of the final devices provide insight into the expected performance of the pyroelectric harvester, as a
function of temperature, contact area, and crystal orientation, showing a maximum open-circuit
voltage of up to 900 mV. The fabrication of the harvesters involves the area-selective wet etching of
the HZO layer to retain it exclusively in between the fingers of each capacitor. This choice
maximizes the pyroelectric effect (which strongly depends on the area) and represents a new
paradigm in the development of HZO-based electronics, which are conventionally built on
ferroelectric continuous films. Experimental validation at both low frequencies and microwaves
confirms the pyroelectric effect, exhibiting a significant increase in the output current for higher
temperature gradients, and a generated dc voltage of several hundred millivolts.

1. Introduction

In an era of increased energy demands and in need of sustainable power sources, energy harvesting
techniques can offer an efficient way to collect energy already available in the environment and that would
otherwise be lost [1, 2]. In this context, many solutions have been presented in the literature to recover
energy from solar and electromagnetic radiation [3], mechanical vibrations [4], or thermal differentials [5].
The latter ones can be obtained from various physical mechanisms that can convert heat differentials into
usable electrical energy, such as the thermoelectric, thermophotovoltaic, or pyroelectric effects. In particular,
pyroelectricity—the ability of certain materials to generate a spontaneous polarization in response to
temperature variations—presents great potential for powering low-consumption electronic devices [6].

In this direction, the investigation and discovery of new pyroelectric materials are crucial to achieve
efficient energy harvesters [7–9]. Hafnium-based oxides have been gaining momentum in the last decade,
thanks to their remarkable properties and versatile applications across various scientific and technological
domains. These oxides, particularly undoped hafnium oxide (HfO2) and zirconium-doped hafnium oxide
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(HZO), have received significant attention for their unique combination of high dielectric constant, thermal
stability, and compatibility with complementary metal-oxide-semiconductor (CMOS) technology [10, 11].
One of the key driving forces behind the increasing interest in hafnium-based oxides is their potential in
advancing semiconductor device technology. As electronic devices shrink in size and the demand for higher
performance increases, traditional silicon dioxide (SiO2) as a gate dielectric material faces challenges, such as
gate leakage and reliability issues [12], that can be circumvented by adopting high-k (where k is the dielectric
constant) hafnium-based oxides, which offer superior electrical properties.

The discovery of a stable ferroelectric crystalline structure in hafnium-based oxides with a pyroelectric
behavior [13–15] has sparked a significant interest in the scientific community, opening up avenues for novel
applications in energy harvesting [16], non-volatile memory devices [17], and sensors [18, 19]. In fact, these
materials can substitute commonly used pyroelectrics containing lead, particularly ceramics based on
lead-zirconate-titanate (PZT). Moreover, hafnium-based oxides have been demonstrated to keep their
ferroelectric phase even at very low thicknesses of just a few nanometers [14, 20]. Moreover, HZO can be
directly deposited on silicon and it is possible to pattern its shape through area-selective wet etching (ASWE),
which is a reliable, low-cost, and repeatable technique as recently demonstrated [21].

In this paper, we propose an innovative, yet simple coplanar pyroelectric harvester based on HZO and
whose structure relies on metallic interdigitated capacitors (IDTs). The ferroelectric ultra-thin film (less than
7 nm thick) was deposited via atomic layer deposition (ALD) directly on high-resistivity silicon (HRSi). It
was then configured using ASWE to retain the HZO exclusively in between the fingers of each IDT. In this
way, we could enhance the pyroelectric effect as it strongly depends on the capacitive behavior of the device
under test (DUT). In this respect, it was of utmost importance to confine the electric field inside the HZO
used as the insulating layer between the ‘plates’ of each capacitor by limiting the field penetration inside the
substrate underneath (i.e. HRSi). This was accomplished through an ASWE process and it represents a major
novelty with respect to the actual state of the art, wherein continuous thin films of HZO are typically used,
thus posing intrinsic constraints to its full integration in high-frequency electronics. By selectively patterning
the HZO, we can overcome these limitations, thus enabling enhanced performance and seamless integration
into microwave circuits. Another reason for this choice was to provide a component easy to embed into any
microwave circuit: in fact, each IDT lets the signal pass through almost non-attenuated, but it can be used as
a pyroelectric harvester on demand by applying the proper temperature gradient. The multiphysics
simulations of the proposed HZO-based pyroelectric harvesters show an impressive maximum open-circuit
voltage, up to 900 mV, from a single IDT. Additionally, the experimental validation was carried out at both
low and high frequencies, the latter one involving an original setup to induce the pyroelectric effect by
heating the HZO while exciting each IDT with a microwave signal. These experiments confirmed the initial
hypothesis, with a strong increase of the output current for increasing temperatures and a generated dc
voltage of several hundred millivolts when using the high-frequency system.

The paper is organized as follows: first, we provide details about the atomistic and ab initiomolecular
dynamics (AIMD) simulations used to analyze the deformations of the electron density as a function of
temperature, which results in a change of the dielectric permittivity. After that, we present the fabrication of
the pyroelectric harvesters and characterization of the HZO ultra-thin films. Then, we discuss the simulated
results, using both ab initio simulation tools and the finite-element method software COMSOLMultiphysics,
to assess the pyroelectric effect in the proposed HZO-based IDTs. In the last section, we offer a detailed
description of the low-frequency and microwave characterization of the manufactured IDTs, followed by
some general conclusions.

2. Methods and fabrication

2.1. Atomistic modeling and AIMD simulations
The atomistic simulations have been performed on the orthorhombic Pca21 polymorph of HfO2 doped with
Zr, where the Zr atoms replace 30% of the total amount of Hf (Hf0.7Zr0.3O2). In particular, the atomistic
modeling platform Quantum ATK has been used to model the systems and to carry out the simulations [22].
In detail, the geometrical optimization of the Zr-doped HfO2 system, the electron density, and the
permittivity have been performed using the density functional theory (DFT) method. AIMD has been, then,
used to accommodate the HZO as a function of the increasing temperature; different trajectory structures, in
the temperature range between 25 ◦C and 40 ◦C, have been extrapolated to evaluate the electron density and
to calculate the relative permittivity. About the DFT approach, the linear combination of the atomic orbital
(LCAO) method has been used for Hf, Zr, and O [23]. To optimize the geometry of the system the
Perdew–Burke–Ernzerhof associated with generalized gradient approximation (GGA-PBE) density
functional has been used for the electron exchange energy [24–26]. The ionic cores of the atoms have been
simulated making use of the norm-conserving (NC) PseudoDojo (PDj) pseudopotentials [27]. To overcome
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the problems related to the finite size of the model and to maintain a high accuracy of the simulation, the
periodic boundary conditions (PBCs) have been used along all axes [25, 26]. To estimate the electron density
(Å−3) and the relative permittivity values, the plane wave method, with 100 Hartree as wave function
cut-off, has been associated with GGA-PBE functional and plane augmented wave (PAW) pseudopotentials.
The iso-surfaces have been considered with an iso-value of 0.6 to plot the electron density.

The energy cut-off has been fixed at 1200 eV and the Brillouin-zone integration has been performed over
a 15× 15× 15 k-points grid, thus the total energy convergence was 5.0× 10−6 eV atom−1, the maximum
stress of 2.0× 10−2 GPa, and the maximum displacement of 5.0× 10−4 Å.

Molecular dynamics simulations have been employed as implemented in Q-ATK. At each time step, the
instantaneous Kohn–Sham electronic ground state has been obtained following the previously described
DFT approach for the geometry optimization, with a total energy convergence criterion of 10−6 eV. Once the
instantaneous electronic ground state was known, the forces were calculated from the Hellmann–Feynman
theorem [28]. The calculated forces have been then used to integrate the Newtonian equations of motion for
the ionic degrees of freedom via the Verlet algorithm [29]. The canonical thermodynamic ensemble
maintaining atoms (N), volume (V), and energy (E) (NVE) has been used for the AIMD simulations, and a
simulation running time equal to 100 ps has been considered to reach the maximum simulation temperature
of 40 ◦C gradually.

2.2. Multiphysics simulations
The electrostatic potential in the structure can be computed by solving the Poisson equation. The terminals
are assumed to be perfect metals, which is a reasonable approximation since the hafnium-zirconium oxide is
a good insulator, and, therefore, the leakage current is negligible. The heating has been simulated with an
external source that models an ultraviolet lamp which will be used in the measurement setup to heat the
device. The coupling is defined by equation (1):

Pe = pe (T−T0) , (1)

where Pe is the pyroelectric induced polarization, T is the temperature variation, T0 is the temperature at
which the induced polarization is null, and pe is the pyroelectric coefficient [30]. The Pe term in equation (2)
generates a thermal-induced polarization and, thus, an electric potential in the material. The pyroelectric
coefficient can be defined under a constant stress (σ) and electric field (E) as in:

pe =
∂Pe
∂T

|σ,E. (2)

The pyroelectric coefficient for HZO can be found in the literature [14, 31] and it is assumed to be
between−48 and−254 µC m−2 K−1. We stress here that all the HZO-based pyroelectric harvesters reported
so far are vertical structures [7, 32, 33] of the metal-ferroelectric-metal (MFM) type, hence parallel-plate
capacitors. In our work, the planar configuration does not allow the straightforward extraction of pe, which
is in any case an intrinsic property of the material.

2.3. Fabrication of the pyroelectric harvesters and characterization of the HZO ultra-thin films
The fabrication of the IDTs followed the technological flow depicted in figure 1 and it started from HRSi
wafers with the following specifications: orientation<100>, resistivity (Ohm·cm) 10 000–99 999, and
thickness in the range 515–535 µm. The silicon wafers were thoroughly cleaned, dried, and then dehydrated
under thermal treatment (160 ◦C) to achieve optimal adhesion of the photoresist (PR) layer to their surface.
The subsequent three main fabrication steps were gold IDT configuration, ALD deposition of the HZO
ultra-thin film, and configuration of the oxide layers, as described below.

1) Gold IDT configuration: during the configuration stage of the IDT structures in coplanar waveguide
(CPW) technology, a double-layer resist was deposited for sacrificial purposes, facilitating metal
configuration using a lift-off process. After PR deposition and exposure through the first
photolithographic mask (M1), the development process was achieved, followed by metal deposition
(Cr/Au; 20/200 nm, the thin Cr serving as adhesion layer for the Au metallization) using an electron
beam evaporation system EVD-500A, Neva, Tokyo, Japan. To finalize the IDT configuration, the lift-off
technique involved immersing the wafers in DMSO at 80 ◦C for 10 min. For each IDT, the signal line of
the CPW has a width of 100 µm, whereas the gap with the lateral ground planes is equal to 60 µm. The
fingers have a width of 10 µm, a length of 200 µm, and an interspacing of 5 µm.

2) Deposition of the ultra-thin HZO film by ALD: the ferroelectric HZO thin film was synthesized utilizing
ALD in an OpAl ALD reactor (Oxford Instruments Plasma Technology). This process was carried out
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Figure 1. The technological flow of the pyroelectric harvester fabrication.

directly on top of pre-patterned gold IDTs to ensure precise material integration and uniform film
coverage. Prior to initiating the ALD process, the silicon wafers underwent a surface preparation step,
consisting of a UV-ozone cleaning procedure at 75 ◦C for a duration of 15 min. This step, performed
using a UV-ozone cleaning apparatus (Novascan Technologies, USA), was critical to remove organic
contaminants and improve surface hydrophilicity, thereby promoting better adhesion and ensuring the
high-quality deposition of the HZO film.

3) Configuration of the oxide layer: in the second stage, the oxide layer was selectively patterned between
the fingers of the IDT structures. Positive PR AZ1518 was deposited by centrifugation at 4000 rpm,
resulting in a 1.8 µm-thick layer, followed by a pre-bake step at 95 ◦C. Subsequently, the PR layer was
exposed through photolithographic mask M2, to configure the oxide, using UV irradiation at 405 nm for
2.8 s. Development in AZ 726 MIF developer solution for 30 s was followed by thorough rinsing and
drying. Lastly, a thermal treatment on a hot plate at 110 ◦C for 1 min was applied to enhance the PR
layer’s resistance to chemical solutions.

To etch the 6–7 nm-thick layer of HZO, a 1% HF etchant solution was used. This solution was prepared
by diluting HF in water and stored safely when not in use. All wet oxide etching processes were carried out in
a cleanroom, maintaining constant humidity levels (below 55%) and temperature (22.0 ◦C± 0.9 ◦C), using
an etch rate of 0.37 Å s−1. The full protocol for the wet etching method was described by the group in a
previous paper [21]. The optical and SEM (Nova NanoSEM 630 Scanning Electron Microscope from FEI
Company, Hillsboro, OR, USA) images of one type of fabricated pyroelectric harvesters are presented in
figures 2(a) and (b), respectively. For the final DUTs, we selected a total number of fingers of 23 (small IDT),
30 (intermediate IDT), and 38 (large IDT), i.e. the maximum number of fingers of one of the two electrodes
constituting the plates of each IDT. Furthermore, SEM images of two details with the HZO layer in between
the fingers are provided in figures 2(c) and (d), respectively. The photolithographic mask, M2, used for
etching the ultra-thin oxide layer was designed to slightly overlap by 0.5 µm onto the edges of the gold
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Figure 2. (a) Optical and (b) SEM images of an IDT structure; (c) and (d): SEM images of two details with the HZO layer in
between the fingers.

Figure 3. (a) XRD spectrum of the HZO ultra-thin film; (b) XRR spectra of the HZO unetched and etched areas.

fingers, as depicted in figure 2(c). This design choice was made to ensure precise etching and prevent
potential damage or misalignment during the photolithographic process. By overlapping onto the edges, the
mask provides a buffer zone, thus safeguarding the integrity of the oxide layer and maintaining the
functionality of the pyroelectric harvester. The final dimensions of the devices are 1.31× 2 mm2.

2.4. Structural and electrical assessment of the ferroelectric HZO thin film
Figure 3(a) shows the x-ray diffraction (XRD) pattern of HZO acquired with a Rigaku SmartLab diffraction
system, before and after the wet etching process. In the first case, one can observe the characteristic
diffraction pattern of an HZO ultra-thin film, visible as broad diffraction features centered at∼32◦ and
∼53◦. According to the card no. 040-1173 of the International Centre for Diffraction Data (ICDD) database,
the broad diffraction features encompass overlapped reflections, namely (101), (012), (111), (103), (113),
and (203). After the etching process, only a sharp diffraction peak from Si substrate can be seen, without any
diffraction features associated with HZO. The XRD results are further supported by x-ray reflectivity (XRR)
spectra, as shown in figure 3(b). Before the etching processes, the XRR pattern presents periodic interference
fringes, known as Kiessig fringes, resulting from the interference between the reflected x-ray beam from the
surface and the one from the interface to the substrate [34]. Based on the simulation of the experimental
pattern using the GlobalFit software developed by Rigaku Corp. (USA), the calculated thickness is∼6.8 nm.
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Figure 4. Experimental (a) P−E and (b) I−E loop of the HZO ultra-thin film; (c) PFM phase of the∼7 nm-thick HZO film.

A similar value was also obtained from the extended Fast-Fourier transform (FFT) algorithm—shown in the
inset of figure 3(b). After etching, no interference fringes can be observed in the XRR pattern. According to
the formula relating the critical angle to the sample density, the XRR pattern indicates the presence of bare-Si
with a density of 2.33 g cm−3 [35]. Thus, both XRD and XRR investigations prove the complete removal of
HZO after the etching process.

Figure 4(a) presents the measured polarization-electric field (P−E) loop obtained using the
Sawyer-Tower method [36, 37]. The as-deposited HZO demonstrates superior performance compared to the
actual state of the art values, with a coercive field Ec = 1.09 MV cm−1 and a remanent polarization
Pr = 49.19 µC cm−2. Additionally, the spontaneous polarization Ps is 65.56 µC cm−2, showing excellent
stability up to 140 ◦C and a strong endurance over time. The stabilization of the ferroelectric phase by
oxygen vacancy engineering during the ALD process, along with the elimination of a wake-up thermal
treatment (as required in the TiN/HZO/TiN approach), allow significant flexibility for electronic devices and
components operating at microwaves and millimeter-waves. Figure 4(b) displays the measured
current-electric field (I−E) loop, with the complete reversal of ferroelectric domains not occurring
instantaneously once the coercive field is reached. Ferroelectric materials may exhibit inertia in the domain
reorientation process and, even after the coercive field is exceeded, some domains may not immediately
reorient, so that rapid changes in polarization—which generate current—can persist even beyond the
coercive field threshold. This ‘delay’ effect in the domain response may result in the current peaking after the
coercive field has been surpassed. Furthermore, defects or inhomogeneities in the ferroelectric material can
delay domain reversal in specific regions. This implies that even if a portion of the domains has reoriented at
the coercive field, other domains will continue to reorient at higher fields, leading to a maximum current
after the coercive field is exceeded. The occurrence of a current maximum after surpassing the coercive field
is associated with the delayed dynamics of ferroelectric domain reversal, influenced by factors such as
domain reorientation inertia, material defects, electric field frequency, and relaxation processes. This
behavior is not uncommon in ferroelectric material. Piezo-response force microscopy (PFM) measurements
were also conducted on the HZO thin film to further demonstrate its ferroelectricity (figure 4(c)). During
the manipulation of the ferroelectric domains, the atomic force microscopy (AFM, NtegraScanning Probe
Microscope, NT_MDT Spectrum Instruments, USA) tip was held at 0 V, while a dc bias voltage between
−10 V and 10 V was applied to the substrate during scanning. The local mechanical response was
determined by applying an alternating current (AC) bias to the AFM tip, while the substrate was held at 0 V.
figure 4(c) provides the corresponding phase image (top) and phase variation versus distance, showing the
phase shift between the response and the excitation. The PFMmeasurements demonstrate that the HZO film
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exhibits easy polarization switching along the poling direction, with clear boundaries between upward and
downward domains. The phase shift differs by approximately 180◦ between the successively written areas,
confirming that the fabricated HZO thin film is indeed ferroelectric [38].

3. Results and discussion

3.1. Ab initio simulations
The atomistic simulations were first conducted to optimize the geometry of the Zr-doped HfO2 in its
orthorhombic polymorph, as displayed in figure 5, and then to perform AIMD to mimic the effect of a
temperature variation (ranging between 25 ◦C and 40 ◦C) on the optimized molecular structures. Lastly, the
DFT simulations were used to evaluate the electron density in both the room temperature and the heated
bulk systems, as well as to calculate the relative permittivity.

The molecular structural changes at different temperatures are strongly connected to the pyroelectric
behavior [39], thus the HZO system has been evaluated by increasing the temperature from 25 ◦C to 40 ◦C.
As expected, the molecular arrangements underwent structural changes in terms of both bond lengths and
bond angles. In particular, after optimizing the geometry at 25 ◦C, the HZO is characterized by lattice vectors
a= 5.22 Å, b= 5.00 Å, and c = 5.05 Å, in good agreement with the literature [26, 40]. The bond lengths
between Zr–O and Hf–O are on the order of 2.12–2.14 Å, with shorter sizes of about 2.04 Å, while the angles
within O–Hf–O are about 108◦, with a minimum of 81◦, and the angles between Zr–O–Hf are 106◦. As a
consequence of the molecular dynamics, when the system reaches 40 ◦C, lattice vectors slightly change to
a= 5.24 Å, b= 5.02 Å, and c = 5.08 Å. The bond lengths between Zr–O underwent major changes, with a
general increase up to 2.30–2.33, while the bond enclosed between Hf and O became approximately
2.20–2.25 Å, with a minimum of about 2.10 Å. On the other hand, the angles between O–Hf–O showed
minor variation compared to the room temperature systems, while the angles between Zr–O–Hf increased to
114◦. Following the heating up, structural changes have been detected and these modifications are directly
responsible for the differences found in the electron density distribution. This latter parameter represents the
probability of an electron being present at an infinitesimal element of space surrounding any given point.
Furthermore, the electron density is concentrated near the nucleus, showing peaks at the electron density
maxima at atomic positions [41]. Thus, the electron density distribution and its changes with the
temperature can be understood in terms of the change of dipole arrangement, which leads to the
spontaneous polarization underlying the pyroelectric phenomena stemming from temperature fluctuations
[42, 43]. To highlight the structural and electronic rearrangements, the most evident changes are denoted
with yellow circles in figure 5. The systems obtained from first-principles calculations and the electron
density distribution at the two terminal temperatures strongly support the pyroelectric nature of the
material. This is not surprising, since the pyroelectricity of pure and doped HfO2 was already observed by
other authors in the orthorhombic and tetragonal crystal polymorphs [13, 43].

The analysis of the structural properties as well as the electronic peculiarities of HZO by combining the
AIMD approach, for structure evolution, and first-principles DFT, could be even more informative [44]. We
have evaluated the effect of the temperature on the relative permittivity (ε) calculated at different
temperatures, i.e. on the crystalline structure at 25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C, as reported in table 1. Along
with the rearrangement of the atoms and the change of the electron density distribution in the bulk HZO,
even the relative permittivity changes from a value of 16.62 at 25 ◦C to 18.78 at 40 ◦C, with a total increase of
about 13%.

3.2. Multiphysics simulations
The final design of the pyroelectric harvester is shown in figure 6. The terminals (T1, T2) feature an
interdigitated geometry, in CPW technology, to increase the contact area between the electrodes and, hence,
to enhance the pyroelectric effect. The HZO, approximately 7 nm thick, is patterned so that it is only between
the fingers. The terminals are connected to coplanar lines, as the device is designed for RF applications. The
metals are modeled as 0.5 µm of gold and are deposited on a silicon substrate of 525 µm. We chose to use
0.5 µm of metal as this is the maximum thickness that guarantees a homogeneous, low-roughness surface
during the metal deposition process previously described. From a practical point of view, the low-frequency
and microwave performance are not affected when using a thinner metallization for the electrodes.

Simulations of the pyroelectric harvester were performed in the time domain using the software
COMSOL Multiphysics and applying the finite element method. To investigate the pyroelectric behavior of
the structure, a uniform and constant heat source was assumed to operate on the external surface of the
device. This source generates a linear increase in temperature until the device reaches thermal equilibrium.
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Figure 5. (a) Molecular representation of the orthorhombic polymorph of HZO (Hf0.7Zr0.3O2), and (b)–(e) electron density
distribution of the system from two different points of view. The electron density distribution has been evaluated before and after
the molecular dynamics, at 25 ◦C (b) and (c) and at 40 ◦C (d) and (e). For the electron density (Å−3), the iso-surfaces were
considered with an iso-value of 0.6. The atoms composing the molecular structure are O in red, Hf in light blue, and Zr in
turquoise green; the major changes at the two edge temperatures are evidenced by yellow or circles.

Table 1. Evolution of the relative permittivity value at different temperatures, i.e. on the crystalline structure at 25 ◦C, 30 ◦C, 35 ◦C, and
40 ◦C.

Temperature (◦C) 25 30 35 40

Relative permittivity 16.62 17.35 17.96 18.78

Under this assumption, the harvester was simulated with different finger numbers (i.e. the maximum
number of fingers of one of the two electrodes constituting the plates of each IDT) during a time interval in
which the temperature increase is linear. As shown in figure 6(c), the pyroelectric potential between the
terminals, terminated as an open circuit, increases proportionally with time and temperature. Devices with
larger areas are shown to present higher open circuit voltages (VOC), as expected. This evidence suggests that
it is possible to increase the harvested power by increasing the number of fingers. In figure 6(d), the
maximum VOC is plotted as a function of the number of fingers. From both figures 6(c) and (d) one can
observe that the maximum VOC reaches almost 900 mV, which is sufficient to charge a supercapacitor using a
high-efficiency step-up dc/dc converter that can operate from input voltages as low as a few hundred mV.

Since the pyroelectric effect is highly anisotropic due to crystal asymmetries, it is interesting to study the
behavior of the harvester assuming different dipole orientations inside the HZO ultra-thin film. Three limit
cases have been studied, assuming the maximum pyroelectric response of the crystal oriented in the x-, y-,
and z-directions, respectively, according to the reference system in figure 6(a). In detail, the x- and y-axis are
in plane with the IDT but perpendicular to, respectively parallel with, the fingers, whereas the z-axis is
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Figure 6. (a) 3D design of the pyroelectric harvester with 40 fingers; (b) top view of the harvester; the HZO is patterned in the
region between the fingers; (c) open circuit voltage between T1 and T2 assuming different finger numbers; (d) maximum open
circuit voltage reached as a function of the number of fingers; (e) increment of the pyroelectric voltage with temperature (time),
assuming the maximum pyroelectric response of the crystal along the x-, y- and z-axis.

perpendicular to the plane of the IDT. As shown in figure 6(e), the higher VOC is achieved with a crystal
oriented along the y-axis. This happens since the dipole orientation is parallel to the fingers and orthogonal
to the terminal, which enhances the in-plane polarization in the direction of the pyroelectric current flow.
The worst case is obtained with an orientation along the z-axis due to the polarization increase in the
out-of-plane direction. In the real device, the response of the pyroelectric is expected to be a combination of
the responses along the different axes.

3.3. Low-frequency andmicrowave characterization
For the low-frequency and microwave characterization of the fabricated pyroelectric harvesters, we prepared
two different setups.

3.3.1. Low-frequency measurements
The temperature-dependent measurements of the current-voltage (I–V) loops for all three types of IDT were
performed using the Radiant Technologies Precision LC II Ferroelectric Tester. The sample temperature was
finely controlled with the ThorLabs TC200 Heater Controller in the voltage range between−6 V and 6 V,
with a maximum electric field of 12 kV cm−1, and a current loop period of 0.1 ms. The temperature was
slowly increased from 24 ◦C (room temperature) up to 66 ◦C in steps of 6 ◦C after stabilizing the target value
in the controller. The expressions of the pyroelectric current ip(t) and of the current in a capacitor iC(t) are
reported in equations (3) and (4), respectively:

ip (t) = peA
∂T

∂t
, (3)

iC (t) = C(v)
∂v

∂t
, (4)
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Figure 7.Measured I–V loops at 10 kHz (a), (b), and (c), and current-time curves (d), (e), (f) of the fabricated pyroelectric
harvesters as a function of the applied temperature, from 24 ◦C up to 66 ◦C in steps of 6 ◦C, for the IDTs with (a) and (d) 23
fingers, (b) and (e) 30 fingers, and (c) and (f) 38 fingers.

where A is the contact area of the DUT, ∂T/∂t is the time derivative of the temperature T, C is the static
capacitance, and v is the voltage. From analytical calculations and electromagnetic (static) simulations
carried out using CST Studio Suite 2023, C ≈ 0.7, 0.95, and 1.2 pF for the structures with 23, 30, and 38
fingers (small, intermediate, and large IDT, as defined previously), respectively. From equation (4), it is
evident that the current flowing through a conventional capacitor does not depend on temperature: this was
confirmed by measuring the same three types of IDT without the HZO layer in between the fingers, where
the only variations in the (much lower and without hysteresis) current values were ascribed to changes in the
total capacitance of each IDT. On the other hand, figure 7 is directly associated with the already described
ab initio simulations and with equation (3). In detail, figure 7 shows the I–V loops and the current-time
curves, respectively, for the small, intermediate, and large IDT. It is apparent that there is a significant
increase in the current when increasing the number of fingers: for example, at 6 V and 66 ◦C, the maximum
current is about 143 µA for the small IDT, 189 µA for the intermediate IDT (32% more), and 222 µA for the
large IDT (55% more with respect to the small IDT and 18% more with respect to the intermediate IDT). If
we consider the variation of the current with temperature, the rise exhibits a monotonic behavior in all cases:
at 6 V, the current increases from 32 µA to 143 µA for the small IDT (447% more), from 42 µA to 189 µA for
the intermediate IDT (450% more), and from 51 µA to 222 µA for the large IDT (435% more). These results
are repeatable in time and terms of different DUTs on the same wafer, which proves the reliability of the
fabrication process. Most importantly, they give proof of the pyroelectric effect inside the HZO ultra-thin
film, i.e. the strong dependence of the current on both the contact area and the temperature variation.
Figure 7(a) through figure 7(f) unequivocally demonstrate the ferroelectric nature of HZO: the hysteretic
behavior of the current flowing through each IDT for any considered temperature (attributed to the storage
of charges inside HZO) is evident. There is an asymmetry that favors the negative values of the applied
voltage in terms of both the width of the hysteresis window and the current level. The shape of the I–V loops
indicates a strong frequency dependence on the polarization switching measurements performed on the
fabricated DUTs, which suggests the existence of a time delay between the voltage peak and the current peak
at the selected frequency (i.e. 10 kHz) [45]. The latter frequency was chosen to emphasize the ferroelectric
effect. Considering that the IDTs with HZO configured through ASWE represent an unconventional type of
structures for pyroelectric harvesters, their electrical characterization requires special precautions and
settings.
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Figure 8. (a) Measured transmission coefficients in the 0.1–8 GHz band for the IDTs with 23 (solid black line), 30 (solid red line),
and 38 (solid blue line) fingers; (b) schematic representation of the microwave setup; (c) typical current-voltage (i–v) curve of a
Schottky diode and illustration of the effect of the pyroelectric voltage Vpyro; (d) output dc voltage Vdc read on the oscilloscope
without and with UV illumination.

3.3.2. Microwave measurements
As stated in the Introduction, we chose to develop planar pyroelectric harvesters, where HZO is selectively
etched to remain exclusively in between the fingers of the IDTs. This choice was motivated by their
straightforward integration with other microwave components using CMOS-compatible processes. In fact,
the capacitance value of each IDT allows the microwave signal to pass through, almost non-attenuated, while
enabling activation of the pyroelectric harvester on demand by applying the appropriate temperature
gradient. This can be verified by inspecting figure 8, where the transmission coefficient between the two
ports of each DUT (|S21| or |S12|, expressed in dB) is depicted for the three IDTs in the 100 MHz–8 GHz
band. In detail, between 1.58 GHz and 8 GHz, the transmission is always better than−5 dB. The
high-frequency measurements were performed by using a vector network analyzer (VNA, Anritsu 37397D).
After this preliminary assessment of the miniaturized IDTs, we resumed to a novel setup to verify their
pyroelectric behavior (figure 8(b)): a microwave generator (Agilent E8257D) was connected via coplanar
probe tips (pitch of 150 µm) to one port of an IDT placed on the chuck of a SÜSS MicroTec probe station.
The other port of the IDT was connected to an oscilloscope (Tektronix DPO2024) via a 75VA50 microwave
detector (Anritsu low-barrier Schottky diode, negative polarity). Then, we used an UV LED source
(wavelength λ= 396 nm, output power P0 = 225–228 mW at a distance d = 10–20 mm) to heat the IDT up
with an approximately constant rate ∂T/∂t = 0.25 ◦C s−1 from room temperature up to 40 ◦C–41 ◦C (this
temperature representing the maximum value allowed by the UV LED source to avoid overheating). The aim
was to extract indirectly the dc voltage generated by the pyroelectric harvester, as follows: the detector works
as a rectifier for the signal injected by the microwave generator (we chose an amplitude-modulated 2.45 GHz
signal with frequency modulation of 1 kHz and power level of−3 dBm). This means that the output from
the detector is a dc current, which is then transformed into an output dc voltage Vdc in the oscilloscope (with
input port impedance equal to 1 MΩ in parallel with 11.7 pF). The initial hypothesis is illustrated in
figure 8(c): a pyroelectric harvester generating an output dc voltage Vpyro of a few hundred millivolts can bias
the diode inside the detector, thus moving its operating point beyond the threshold voltage Vγ and very close
to the linear regime of the current i (which diminishes diode’s rectifying capabilities). Since Vγ attains values
between 0.15 and 0.46 V for a typical Schottky diode, it means that Vpyro must be much greater, in agreement
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with the multiphysics simulations shown in section 3.2. The overall effect observable from the microwave
characterization will be a decrease in the output dc voltage Vdc read on the oscilloscope when illuminating
each IDT with the UV LED source. The final results are depicted in figure 8(d), which presents the
oscilloscope output dc voltage Vdc as a function of time for all three IDT types. Following figure 8(a), it can
be observed that the large IDT exhibits the highest transmission value at 2.45 GHz, followed by the
intermediate and small IDTs. This means that the large IDT enables the maximum power transfer to the
detector. The latter fact translates into a higher rectified voltage. Figure 8(d) is a direct proof of this fact,
considering that the detector works for negative polarities, hence the more negative the value of Vdc, the
higher the voltage rectified by the Schottky diode. The horizontal dotted lines refer to the cases without UV
illumination, with Vdc falling between about−61 mV (small IDT) and about−75 mV (large IDT). When
heating each IDT up with the UV source, the voltage drop ranges from approximately 7 mV (small IDT) to
about 9 mV (large IDT). From these experimental measurements, it is possible to provide an estimation of
the power generated from the harvester. Since the oscilloscope used to measure the DC voltage presents an
input port resistance of 1 MΩ, the dissipated power in this configuration can be obtained from
P = V × I = V2/R. This power is also the power generated from the harvester since the parallel capacitance
can be assumed as an open circuit at dc regime. According to the measured voltages, the corresponding
power outputs will be between 49 nW (small IDT) and 81 nW (large IDT). Certainly, this represents just a
rough estimation since the load is not designed to optimize the power transfer. At low frequencies, the
maximum power generated in our experiments varies between 840 µW (small IDT) and 1.32 mW (large
IDT). This result was expected, as the capacitive effect of the IDT is much more pronounced at low
frequencies (see figure 8(a)). However, these outcomes are still remarkable and they can be further increased.
Moreover, the modularity of the proposed approach allows putting in parallel many capacitors, hence
tailoring the output power to the specific application. This voltage drop is proportional to the finger number,
as expected. This relationship arises because the larger the contact area of the pyroelectric harvester, the
greater the value of Vpyro, which in turn brings the diode closer to its linear regime, hence reducing the
rectified voltage and, consequently, Vdc. These results prove the pyroelectricity of the ultra-thin HZO-based
planar IDTs and encourage further investigations, also resorting to other types of dopants (like yttrium or
aluminum). Furthermore, the multiplication of such structures to increase the pyroelectric current is
straightforward thanks to their CPW configuration and miniaturized dimensions, which allows us to arrange
them in parallel in a large number and, thus, to increase the overall capacitance.

We stress here that we also performed measurements on the same IDTs without HZO to assess the
outcome of directly illuminating the HRSi substrate with the UV LED source, knowing that a small
photoelectric effect can occur when using a 396 nm UV radiation. In this case, the output dc voltage Vdc

exhibits just small, constant (i.e. irrespective of the contact area) changes around 2 mV. However, due to the
strong absorption inside the HZO, the presence of the ferroelectric layer highly reduces the photoelectric
effect, which becomes negligible.

4. Conclusion

In summary, this work proposes a novel strategy for fabricating easy-to-integrate planar pyroelectric
harvesters based on ultra-thin films (less than 7 nm thick) of zirconium-doped hafnium oxide (HZO),
selectively etched in between the fingers of interdigitated capacitors directly configured on a high-resistivity
silicon wafer. Unlike traditional approaches relying on vertical structures of the metal-ferroelectric-metal
type with continuous ferroelectric layers, the presented technological solution is simple yet effective and
reliable. Starting from ab initio and multiphysics simulations, we first investigated the effects of temperature
variation on the mechanical and electrical properties within the HZO crystalline structure, as well as on the
output dc pyroelectric voltage of the final harvesters. Each capacitor is able to generate an impressive
maximum open-circuit voltage up to 900 mV, which is sufficient to charge a supercapacitor using a
high-efficiency step-up dc/dc converter. Then, the fabricated devices have been characterized at both low
frequencies and microwaves: in the first case, a temperature variation induces an increase in the current
intensity of maximum 450%, whereas the original microwave setup, specifically developed for this type of
structure, confirmed the generation of a pyroelectric voltage of several hundred millivolts. This work
provides a pioneering approach for developing efficient and CMOS-compatible pyroelectric harvesters based
on nanometer-scale ferroelectrics.
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