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Abstract—In this work, we present an on-chip Hafnium Zirco-
nium Oxide-based millimeter wave (mmWave) programmable an-
tenna. The device exhibits a resonance frequency of 36.623 GHz,
which can be programmed by varying the polarization state
of a thin Hafnium Zirconium Oxide (HZO) layer enclosed in
the structure of the antenna. By polarizing such HZO film, we
demonstrate, for the first time, a variation in the resonance
frequency for ferroelectrically programmable antennas without
continuously applying a bias. In this regard, the non-volatile
behavior of HZO allows to retain the polarization state of the
film even after removing the DC voltage, therefore enabling the
antenna’s resonance frequency retention. The full ferroelectric
switching of the HZO layer occurs approximately at ±3 V,
resulting in a maximum resonance frequency shift of 3.019 GHz
(8.3% fractional frequency change) between different program-
ming voltages. The device’s response to the applied programming
voltage generates a ferroelectrically-induced hysteresis on its
resonance frequency. In contrast to prior devices of this class,
the proposed approach showcases a more compact size, full post-
CMOS compatibility, low programming voltage, and non-volatile
programmability.

Index Terms—Ferroelectric Devices, Reconfigurable Antennas,
Ultrawideband Antennas, Hafnium Alloys.

I. INTRODUCTION

Driven by the increasing need for frequency agility in
fifth-generation (5G) communication systems and by the ap-
proaching sixth-generation (6G) era, designers of wireless
front-ends are facing growing challenges to increase the data
rates exploitable for communication while preserving low
power consumption [1]. Equipping radiofrequency front-ends
(RFFEs) with programmable components is an effective ap-
proach to enable improved power efficiencies through adaptive
reconfiguration based on instantaneous power and communi-
cation requirements [2]. The development of reconfigurable
on-chip antennas is particularly important as it can lead to the
optimization of transceivers power efficiencies and throughput
regardless of the active operating mode of power amplifiers
(PAs) [3]. Similarly, developing these antennas would allow
us to reduce any self-interference coming from the impedance
mismatch between PAs’ output impedance and antennas’ input
impedance [4].
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Research (AFOSR), award FA9550-23-1-0254.
e-mail: c.cassella@northeastern.edu, quaresima.s@northeastern.edu

Different methods combining antennas with micro-
electromechanical systems (MEMS) [5], graphene [6], phase-
change materials [7] or metamaterials [8] have been recently
proposed to achieve programmable antennas. However, the
non-compact form factor, the high direct current (DC) volt-
age required, and the challenging fabrication requirements
make these existing methods hard to exploit, especially when
adopting circuital elements manufactured using established
complementary metal-oxide-semiconductor (CMOS) fabrica-
tion techniques [9].

The use of ferroelectric components to program an-
tennas’ response has been recently explored [10]–[12],
with (KTax,Nb1−x)O3 (KTN) [13], (K0.5,Na0.5)NbO3

(KNN) [14] and (Ba,Sr)TiO3 (BST) being the most explored
ferroelectric materials for antenna applications [15], [16].
However, the lack of post-CMOS compatibility of these mate-
rials significantly hinders their large-scale manufacturability.
Hafnium Zirconium Oxide (HZO), on the other hand, is
a ferroelectric material already available in several CMOS
foundries, showing a significant ferroelectric remnant po-
larization [17] when its thickness is within a few tens of
nanometers [18].

In this work, we report a programmable on-chip monopole
antenna whose resonance frequency can be tuned by lever-
aging the ferroelectric switching of the embedded HZO thin
film. The device, fabricated on a Si/SiO2 substrate through
a fully CMOS compatible microfabrication process, exhibits
an HZO metal-ferroelectric-metal (MFM) capacitor monolith-
ically integrated into the antenna’s microstrip feed line. The
embedded HZO film enables non-volatile programmability of
the antenna’s response through its ferroelectric behavior, which
is macroscopically evidenced by a variation of its relative
permittivity [19].

Owing to the non-volatile properties of the ferroelectric
film, the antenna shows frequency retention even after re-
moving the DC source. Based on our findings, this is the
first time that such behavior is reported for a ferroelectric-
based programmable system. Furthermore, to the extent of our
knowledge, this work shows the first example of ferroelectri-
cally tunable millimeter wave (mmWave) antenna, marking
the highest frequency ever reported for a similar devices.
Given HZO’s ultrafast switching speed [20], its relatively low
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Fig. 1. a) Model of the proposed on-chip programmable meander-line
monopole antenna. The via and the HZO MFM capacitor section, formed
by the Pt-HZO-Au junction along the feed line, are highlighted in red. b)
Fabricated programmable antenna in comparison to a U.S. quarter dollar.

TABLE I
IN-PLANE DIMENSIONS OF THE FERROELECTRICALLY-PROGRAMMABLE

MEANDER-LINE MONOPOLE ANTENNA

Symbol L1 W1 L2 L3 L4 W2 L5 L6 W3

Length [µm] 1680 1500 360 300 458 115 1080 300 950

programming voltage, its CMOS compatibility, and its ability
to retain dielectric properties without a continuous bias, the
reported device paves a new path towards adaptive CMOS
compatible antennas for next-generation RFFEs.

II. DESIGN AND FABRICATION

The proposed antenna (Fig. 1), whose dimensions are shown
in Table I, consists of a rectangular 2-shaped meander-line
monopole [21] with overall dimensions of 1.68 mm in length
(L1) and 1.5 mm in width (W1). The width of the meandered
pattern is 360 µm (L2), while the gaps are set to 300 µm (L3).
The meandered structure allows for the miniaturization of the
antenna while maintaining the desired electrical length [22].
The antenna is composed of a patterned 100 nm-thick platinum
(Pt) bottom electrode forming the meandered structure, in
conjunction with a 20 nm-thick HZO layer and a 200 nm-thick
gold (Au) top electrode. The HZO layer exhibits a relative
dielectric permittivity ϵr of 25 and a dielectric loss tangent
(tan δ) of 0.06 when no programming voltage is applied [19].
The antenna is built on top of a 100 mm high resistivity silicon
(Si) substrate, coated with a 300 nm-thick thermal silicon
dioxide (SiO2).

A 1080 µm long (L5) and 120 µm wide (W2) 50 Ω
coplanar waveguide (CPW)-to-microstrip transmission line is
implemented to feed the antenna. The total electrical length of
the radiating structure and its microstrip feed line is designed
to be roughly 1/4 of the wavelength of operation. In this
regard, the embedded HZO film allows fine-tuning of the
effective electrical length of the monopole, resulting in a
shift of the antenna’s resonance frequency. Moreover, in order
to maximize the programming effect of the embedded HZO
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Fig. 2. Fabrication process and 5) cross-section of the proposed on-chip
programmable antenna. A thermal oxide-coated Si wafer was used as a
substrate for the sputter deposition of a patterned 100 nm-thick Pt bottom
electrode. 20 nm-thick HZO was then grown via ALD, and subsequently
etched to achieve direct electrical contact with the bottom electrode. Finally,
a 200 nm-thick Au top electrode was deposited through e-beam evaporation.
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Fig. 3. SEM picture of the meander-line antenna, with emphasis on the
monolithically-integrated HZO MFM capacitor structure along the microstrip
line (left) and on the via structure (right).

layer, the location of the HZO MFM capacitor was chosen in
accordance with the electric field distribution on the antenna.
The structure was therefore placed in the lower end of the
antenna’s feed line, as per finite element analysis (FEA)
simulations the electric field is maximized in that region. The
in-plane dimensions of the HZO MFM structure (L4 long and
W2 wide), coinciding with the size of the overlap between
gold and platinum layers, are key design parameters for the
reported antenna. Since W2 was chosen in accordance with the
size of the available on-chip probes, L4 was the only parameter
we could optimize to ensure proper matching conditions. In
this regard, L4 was chosen to ensure proper matching to 50 Ω
when no DC voltage is applied.

Through our optimization process, we found that an L4 of
458 µm ensured a good impedance matching in the mmWave
frequency range. We also included a 45 µm by 45 µm via to
ensure electrical access to the bottom metal plate and allow the
ferroelectric polarization of the HZO film through DC probes.

The fabrication process of the proposed device is shown
in Fig. 2 [23] and adopts CMOS-compatible microfabrication
techniques. A 10 nm-thick titanium (Ti) layer was sputtered on
the Si wafer for adhesion purposes. Afterwards, the 100 nm-
thick meandered Pt bottom electrode was deposited through
radio frequency (RF) sputtering. A bi-layer lift-off process
was optimized to minimize fencing effects along the bottom
electrode’s edges.

A 20 nm-thick ferroelectric HZO layer and a 3 nm-
thick Al2O3 capping layer were subsequently deposited
through ALD. The thin HZO layer was grown by alternating
pulses of tetrakis(dimethylamido)hafnium (TDMAHf) and
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Fig. 4. a) Measurement setup for the proposed meander-line monopole
antenna. b) Experimental ferroelectric polarization (P-E) loop of the deposited
HZO film. The P-E loop was measured with a triangular waveform at 5 kHz
through the Sawyer-Tower method.

tetrakis(dimethylamido)zirconium (TDMAZr) as precursors,
each followed by water pulses as an O2 source. The Al2O3
layer was instead deposited using alternating pulses of
trimethylaluminum (TMA) and water. A via was then etched
in the HZO film through an inductively-coupled plasma (ICP)
fluorine etch. Subsequently, a 200 nm-thick Au top electrode
was deposited through e-beam evaporation. Finally, the chip
hosting the fabricated device was annealed through a rapid
thermal annealing (RTA) processing step under N2 for 60 s
at a temperature of 450 ◦C. A scanning electron microscope
(SEM) picture of the fabricated device is reported in Fig. 3.

III. MEASUREMENTS AND DISCUSSION

The performance of the fabricated device was characterized
through direct wafer probing, using a ground-signal-ground
(GSG) probe with a 150 µm pitch (Fig. 4a). The S11 parame-
ters were recorded using a Keysight N5221A vector network
analyzer (VNA). First, we proceeded with the ferroelectric
characterization of the HZO film. We extracted the polarization
vs. applied DC voltage at 5 kHz (Fig. 4b) by using the Sawyer-
Tower method on an AixACCT TF3000 Frequency Analyzer.
We found a remnant polarization (Pr) of 24 µC/cm2, in line
with previous Pr values found for similar 20 nm-thick HZO
films [18].

Later, we studied the effect of the HZO ferroelectric polar-
ization on the antenna’s resonance frequency by applying a
partial polarization signal ranging between -5 V and +5 V
in steps of 0.5 V. The electrical response of the antenna
was measured after executing each voltage step and following
the removal of the DC source. Our measurements (Fig. 5)
highlight a ferroelectrically-induced programmability in the
antenna’s resonance frequency, justifying the occurrence of
a hysteresis behavior in the antenna’s resonance frequency
vs. DC voltage profile. It is worth emphasizing that the non-
volatile programmability of HZO allows us to record the shift
of the resonance frequency of the antenna even without the
continuous application of a DC bias. In fact, the embedded
HZO film requires only a single voltage pulse to achieve
ferroelectric switching.

Fig. 5 highlights the two operational points (A and B)
showcasing the highest difference in resonance frequency and

Fig. 5. Ferroelectrically-induced hysteresis loop of the antenna’s resonance
frequency in response to the applied programming voltage. Operational Point
A denotes the maximum resonance frequency (37.957 GHz) obtained when
applying a programming voltage of 3 V. Operational Point B marks the
minimum resonance frequency (34.938 GHz) observed with a programming
voltage of -3 V. The inset reports the applied voltage profile during the partial
polarization experiment between -5 V and 5 V.

Fig. 6. Measured and simulated S11 parameters for Operational Point A
(3 V) and Operational Point B (-3 V). Programming Voltages A and B
mark the maximum ferroelectrically-induced frequency shift derived from the
partial polarization experiment (see inset in Fig. 5). This shift is obtained by
modifying the polarization states of HZO’s domains.

the corresponding programming voltages (3 V and -3 V). We
report the antenna’s S11 vs. frequency trends for such points
in Fig. 6. These trends were extracted after applying a single
DC voltage pulse of 3 V for point A and -3 V for point B.
After each set of measurements, we removed the DC source
and measured the antenna’s maximum resonance frequency
shift without applying a continuous DC bias.

Evidently, the reported antenna shows resonance frequen-
cies of 37.957 GHz and 34.938 GHz at points A and B,
respectively. The measured frequency shift between the two
points is 3.019 GHz, corresponding to a fractional frequency
change (FFC) of 8.3%. Such change, computed between the
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TABLE II
COMPARISON BETWEEN DIFFERENT FERROELECTRIC-BASED THIN FILM RECONFIGURABLE ANTENNAS

Work Frequency
Range† Material Area CMOS

Compatibility
Monolithically

Integrated Voltage
Fractional
Frequency

Change
Non-Volatile

Programmability

[13] 17–17.3 GHz KTN 100 mm2 No Yes 0–150 V 1.7% No

[14] 15.2–16 GHz KNN 16 mm2 No Yes 0–150 V 4.6% No

[15] 0.6–0.75 GHz BST 645 mm2 No Yes 0–30 V 14.5% No

[16]†† 28–30.7 GHz BST 1.75 mm2 No Yes 0–100 V 16.7% No

[17] 9–9.2 GHz
HZO,

Metamaterial,
Resonator

139.7 mm2 Yes No ±2 V Not Provided,
1.8% Estimated No

This work 34.9–37.9 GHz HZO 6.5 mm2 Yes Yes ±5 V 8.3% Yes

†Measured resonance frequencies at the maximum frequency variation.
††The results of this work are only based on simulations, no physical device was built.

lowest (RFB) and the highest (RFA) experimentally measured
resonance frequencies at different applied voltages, was deter-
mined as reported in [14]:

FFC =

∣∣∣∣ RFB − RFA

(RFB +RFA)/2

∣∣∣∣× 100 (1)

A comparison between this work and other ferroelectric-
based reconfigurable antennas is presented in Table II. The
reported HZO-based antenna shows a smaller area and requires
a significantly lower voltage to achieve ferroelectric switching
compared to most demonstrated counterparts. Together with
the overall CMOS compatibility and low power consumption,
the non-volatile programmability of the presented HZO-based
device offers strong advantages over the BST, KNN, and KTN
counterparts.

Such a feature enables our antenna to retain its programmed
resonance frequency value without having to continuously
apply a bias, since the embedded HZO film can achieve
ferroelectric switching even with a single DC pulse. Further-
more, the lack of a continuous bias allows for the relaxation
of the design constraints of electrostatic discharge protection
circuits [24]. Compared to another HZO-based device reported
in the literature [17], this design exhibits a more compact form
factor (area of only 6.5 mm2), non-volatile programmability
of the resonance frequency, and a fractional frequency change
of 8.3%, which is more than four times the one found in [17].

IV. CONCLUSION

In this work, a ferroelectrically programmable mmWave
on-chip monopole antenna is presented. Owing to the fer-
roelectric properties of the nanometers-thick HZO film, the
reported antenna shows significant ferroelectric programma-
bility, resulting in a 8.3% fractional shift of its resonance
frequency without having to continuously apply DC voltages.
This marks, based on our findings, the first example of a

bias-less ferroelectrically programmable antenna. To the best
of our knowledge, this work is the first demonstration of
a fully mmWave ferroelectric-based programmable antenna,
marking the highest operational frequency ever reported for
such devices. The combination of the compact size, full
CMOS compatibility, non-volatile programmability, and low
programming voltage marks a substantial advancement over
state-of-the-art devices in this field. This frames the proposed
HZO-based programmable antenna as a promising candidate
for future 5G and 6G-grade chip-scale transceivers.
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