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Tunable microwave dual-band patch antenna through integration of
metamaterials and nanoscale ferroelectrics
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We present a CMOS-compatible silicon-based patch antenna providing a tunable dual-band behavior
in the 8—12 GHz frequency range. The dual-band operation is induced by an asymmetrically aligned
complementary split-ring resonator (CSRR) meta-atom, etched in the metallic, back-reflector part of the
antenna. By rotating and moving the CSSR we can force a multimode response in the antenna cavity,
which leads to the excitation of two highly radiating modes at 8 and at 10.35 GHz. The tunability is
provided by the inclusion of a planar phase shifter based on an ultrathin hafnium oxide ferroelectric layer
interposed between the silicon substrate and the top metallization, thus allowing us to electrically modify
the radiation characteristics of the antenna in terms of resonant frequency, amplitude of the reflection
coefficient, and gain, with sub-ps values of the polarization switching time. The results are supported by
theoretical modeling, full-wave electromagnetic simulations, fabrication, and experimental validation and
represent a stimulus for the integration of metamaterials and two-dimensional ferroelectrics into high-

frequency electronics.
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I. INTRODUCTION

Metamaterials and metamaterial-based devices and
components have been gaining increasing interest in recent
years, thanks to the possibility of manipulating electro-
magnetic (EM) waves by creating artificial dielectric and
magnetic materials with customized properties, i.e., elec-
tric permittivity and magnetic permeability. Metamaterials
and their two-dimensional (2D) analogue, metasurfaces,
provide access to exotic EM properties, not found in nat-
ural materials, which is achieved by properly engineering
their subwavelength elementary building blocks, i.e., the
so-called meta-atoms. Due to the meta-atoms’ architecture
the local currents excited by an impinging EM wave are
engineered, thus offering the possibility of unconventional
EM wave control, which leads to a variety of applications
in the vast EM spectrum, from sensing, shielding, energy
harvesting, to wave-front shaping and beam steering
[1-3]. The integration of tunable and active materials
enables even more advanced EM functionalities and exter-
nal control. Depending on the frequency regime these
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materials may be, for example, electric elements [4],
2D materials for ultrafast modulation [5], liquid crys-
tals, gyrotropic elements, and many others [6] that further
provide enhanced and ultrafast modulation techniques.
Within this landscape of vast possibilities, metasurface-
based applications related to emerging wireless commu-
nication technologies [7-9] have been gaining growing
attention.

In the current panorama of wireless communications
(5G and the future 6G), the spectrum allocation assigns
specific frequency ranges to different applications, one
of the most important ones being the so-called X band
(i.e., 8.2-12.4 GHz), which is intensively exploited for
space communications, radar systems, and terrestrial links.
For all the latter usages, an agile front end with recon-
figurable multiband characteristics is a highly desirable
target, not always easily achievable unless a multidisci-
plinary approach is adopted, which in turn could translate
into an unbearable technological complexity. Furthermore,
a key aspect is the development of processes that are
CMOS compatible, as this ensures a large-scale fabrication
for high-volume commercialization. Hence, the design,
fabrication, and experimental characterization of silicon
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(Si)-based devices and components becomes compelling.
Metamaterials can be profitably exploited in antennas
[10], for example, for miniaturization purposes [11,12], to
increase the radiation, gain and the aperture efficiency [13,
14], in EM band-gap (EMBGQG) structures to enhance the
isolation in arrays [15], and for high-impedance surface-
based leaky-wave antennas [16], just to name a few. The
mostly recent works report dual- or even multiband anten-
nas integrating metamaterials up to 28 GHz [17—24], and
dual-band metasurface-based filters [25]. However, the
cited state of the art is based on epoxy FR4 substrates,
PTFE composites, and laminates, with no CMOS com-
patibility characteristics, thus hindering their monolithic
integration with Si.

The automated control desired for the vast majority
of contemporary wireless communications comes hand
in hand with antenna reconfigurability. When speak-
ing about reconfigurable metamaterial-based antennas for
actual applications, things become even more compli-
cated in terms of design and efficiency. Tunability may
be achieved using varactors [4,26] or p-i-n diodes, and
FETs [27] that generally provide high tunability and fea-
sible integration but for which, at the same time, the power
consumption is not negligible for real-time applications.
Efficient modulators have been proposed in graphene-
based metasurfaces for near- and midinfrared applications
[28], and multiwideband THz communications [29], which
provides high and ultrafast modulation but is more chal-
lenging in terms of integration and local control. Other
approaches may include mechanical tuning of chiral meta-
material antennas based on three-dimensional helices [30],
thermal and magnetic structures, and more [31].

In this work, we propose a simple yet effective solu-
tion to obtain a tunable dual-band behavior in the X
band enabled by the integration of an ultrathin, essentially
2D, ferroelectric layer with ultrafast response controlled
by the application of an external electric field (Fig. 1).
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This ferroelectric layer is interposed between the Si sub-
strate and the top metallization, and is the key element
of an interdigitated capacitor with variable capacitance
(varactor) that confers low-voltage tunability to the meta-
material antenna. For the dual-band operation, we combine
a patch antenna with a complementary split-ring resonator
(CSRR) etched in the back metal reflector and placed in an
asymmetric fashion with respect to the antenna itself. The
substrate consists of a standard high-resistivity Si (HRSi)
layer, on top of which a nanometer-thick layer of ferroelec-
tric zirconium-doped hafnium oxide (HZO) is deposited
via thermal atomic layer deposition (ALD). The presented
antenna has a dual-band behavior within the X band and,
what is more, its matching and radiation characteristics can
be continuously tuned via the application of a small in-
plane dc bias voltage (i.e., =2 V) onto the ultrathin HZO
film with sub-ps values of the polarization switching time.

The paper is organized as follows: first, we present the
theoretical investigation of the response of the CSRR and
the inclusion of the CSRR in the ground plane of the patch
antenna, which induces a multimode response of the patch
antenna. Then, we provide the complete EM, numerically
optimized design and simulation of the performance of the
tunable dual-band antenna. The last section of the paper
is dedicated to the experimental validation of the hypoth-
esis by means of thorough measurements of the reflection
coefficient and transmission characteristics of the antenna,
under different values of the dc bias voltage applied to the
HZO thin film.

II. MULTIMODE CAVITY RESPONSE

In this section we present an analysis of the resonant
response of the antenna cavity. In this initial approxima-
tion we perform an estimation and analysis of the cavity
resonance by calculating its scattering parameters and in
particular the reflectivity. The metal-insulator-metal type

FIG. 1. Proposed concept of
ferroelectric-based dual-band
metamaterial antenna with tun-
able characteristics. The radiation
patterns correspond to the struc-
tures and frequencies shown in
Figs. 3 and 4.
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cavity is created by the combination of two kinds of
metallic resonators at the termination of the cavity. The
rectangular patch is placed on the top of the cavity, whereas
at the bottom of the cavity we have the infinite back
reflector where the CSRR is imprinted. To obtain a bet-
ter insight of the multiband response, we start with the
analysis of the sole CSRR in a standalone form, i.e., the
structure placed on an infinite dielectric substrate. The
split-ring resonator is the most standard scheme of design-
ing the local resonator in a meta-atom. It consists of,
most commonly, a metallic loop with one or more gaps
[32,33] and enabled fascinating artificial electromagnetic
features, from optical magnetism to enhanced chirality
[34,35]. When an EM wave of proper polarization, fre-
quency, and direction of propagation impinges the SRR-
based metamaterial-metasurface, alternating currents are
excited along the elements while charge is accumulated in
the adjacent elements providing the controllable magnetic
and electric response. In all, the SRR behaves as an LC
circuit with the resonance being a function of the shape of
the ring, the size and position of the gaps, and the details
of the impinging wave. In the CSRR, according to Babi-
net’s principle, the transmission and reflection behavior
as well as the scattered electric and magnetic fields are
interchanged [36-38]. The top view of the CSRR under
consideration is schematically shown in Fig. 2(a). It con-
sists of a metallic layer [gray color in Fig. 2(a)] where
the SRR is etched [the blue color in Fig. 2(a) corresponds
to the dielectric substrate]. The size of the unit cell is
4.5 x 4.5 mm?, the width of the etched regions is 0.25
mm and the size of the gaps is 0.25 mm. To facilitate the
calculations, we assume a periodic structure large enough
so that the neighbor coupling is minimal. The numerical
analysis is performed with the use of the full wave, com-
mercially available solver, COMSOL Multiphysics. In the
schematic we show the two limiting cases of the unit rota-
tional alignment, i.e., the 0° rotation (bottom panel), with
the metallic gaps placed in the horizontal direction, and the
90° rotation (upper panel), with the metallic gaps placed in
the vertical direction. In this standalone CSRR we investi-
gate the scattering response, i.e., the reflectivity for various
rotation angles in the range [0—90]° and in the normalized
frequency range [0.2—0.7] a/X, assuming a plane wave of
E,, polarization impinging normally to the structure (notice
that due to the symmetry the E, polarization response in
the 90°-rotated CSRR case is the same as the response
of the 0° rotation in the E, polarization). The results are
shown in Fig. 2(b). The white areas correspond to zero dB
(i.e., full) reflection and stand far from the cavity’s reso-
nant modes. The resonant modes, appearing as reflection
minima, are marked with the dark red and black areas in
Fig. 2(b). Looking at the limiting cases, when the rotation
angle is 0° and 90°, we observe that the structure exhibits
single resonances at lower and higher frequencies, respec-
tively, with the locally excited field presented in Fig. 2(c)
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FIG. 2. (a) The complementary SRR under consideration
placed on top of a dielectric substrate (may be equivalently con-
sidered as free standing); (b) reflection coefficient spectra of the
free-standing CSRR, under the assumption of E, polarization,
for different rotation angles in the range 0°—90° (y axis) and in
the normalized frequency range [0.2—0.7] a/A (x axis); (c) distri-
bution of the locally excited EM field at resonance for rotation
angle 0° (bottom panel) and 90° (top panel).

(bottom and upper panel, respectively). As expected, the
field is concentrated in the etched dielectric spacer between
the metallic sides. For the 0° rotation angle case the E,
field is concentrated in the dielectric region on the CSRR
sides bearing the metallic gap that does not include metal-
lic gaps (area equal with the unit size). Figure 2(b) shows
that, for intermediary values of the rotation angle within
the considered range, we have the coexistence of a form
of both resonances (found alone in the limiting cases). In
other words, in this case a multimode response appears,
which is one of the origins of the multimode response
of the antenna cavity. The in-depth investigation of cav-
ity’s response without and with the CSRR can be found in
Appendix A.

III. ELECTROMAGNETIC DESIGN AND
SIMULATION OF THE MICROWAVE PATCH
ANTENNA INTEGRATING A BACKSIDE
COMPLEMENTARY SPLIT-RING RESONATOR

A. Patch antenna design and simulations

After the study of the asymmetric CSRR-induced mul-
timode response, we performed thorough EM simulations
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and rigorous numerical optimization of the design of the
complete metamaterial-based patch antenna by using CST
Microwave Studio, a three-dimensional (3D) full-wave
EM solver widely used for the design of complex EM
structures.

In Fig. 3(a), the top view of the proposed solution is
shown: it is a rectangular patch antenna with length L =
4.1 mm and width W =5 mm (since ¥ > L ensures an
increase of antenna’s directivity), whereas the HZO/HRSi
substrate has dimensions Lgy, = Wy = 10 mm. The patch
antenna is integrated with a coplanar waveguide (CPW)-
to-microstrip transition, as it is a necessary prerequisite
to perform fast on-wafer measurements without the need
of external connectors and cables. In fact, using standard
CPW probe tips of the ground-signal-ground (GSG) type,
it is possible to directly contact the measuring instruments
to the excitation port [“rf input” in Fig. 3(a)] of the antenna
under test (AUT). At the end of the CPW section, a tapered
geometry allows a smooth transition to the microstrip, thus
preserving the matching to the characteristic impedance of

W.\ub
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HZO / HRSi substrate

CPW

CSRR

()
'Au | Au | | Au l | Au
hzo HZO

TyRrsi

iy Al

FIG. 3. 3D EM layout of the patch antenna with (a) top,
(b) back, and (c) cross-section view. The main materials and
dimensions are also provided.

the excitation port (i.e., 50 €2, which is a typical value
for calibrated microwave systems). Finally, the optimal
impedance matching to the patch is realized by means of
a so-called “inset” [see Fig. 3(a)]: the microstrip line is
connected to the antenna in a precise point (by EM opti-
mization) along the y axis, since the impedance of the
patch varies between oo (open circuit) at the lower margin
and 0 (short circuit) in the center.

According to Fig. 3(b), the main dimensions of the
CSRR etched on the back reflector are Lesgr = 3.1 mm,
Wesgr = 0.25 mm, and Gesgr = 0.25 mm, whereas the
rotation angle (with respect to the x axis) is equal to 60°.
Also, there is an offset of about 1.48 mm between the
center of the patch and the center of the CSRR, mean-
ing that the CSRR is located below the lower aperture of
the antenna (i.e., between the CPW section and the patch).
Size and position of the CSRR are the result of a compu-
tational optimization based on the results of the previous
section, and they guarantee the multimode response that
generates the second resonance. Finally, Fig. 3(c) shows
the cross section of the AUT, in which the top metalliza-
tion is gold (Au) and the back metallization is aluminum
(Al), with £, = ta; = 500 nm, whereas tyzo = 7 nm and
tursi = 525 wm.

Figure 4 shows the main results obtained from the 3D
EM simulations. First, one can notice from Fig. 4(a) (left
vertical axis) that the reflection coefficient |S;;| of the
patch antenna without CSRR (solid blue curve) has a single
resonance at 10 GHz, whereas the presence of the CSRR
(solid red curve) generates a second resonance at 8 GHz
and slightly shifts upwards the dominant mode, from 10
to 10.35 GHz. In all cases, |S;;| refers to a normalization
impedance of 50 €2 and is better than —15 dB. Figure 4(a)
presents the imaginary part of the input impedance on the
right vertical axis, which has one zero without CSRR and
two zeros with CSRR, at the same frequencies of the |S};|
minima, as expected. Then, Fig. 4(b) displays the total
efficiency 7y without CSRR (solid blue curve) and with
CSRR (solid red curve) as a function of frequency. 1 is
defined as follows:

P rad
b
P stim

(1)

Ntot =

where Py,q is the radiated power (in W) and Py, is the
stimulated power (in W), which is calculated from the
power that is delivered by the signal generator to the port.
Hence, n also considers the losses due to reflection at
the feeding location and, for this reason, is a much more
comprehensive measure of the antenna’s efficiency. From
Fig. 4(b) it is apparent that the patch antenna without
CSRR has its efficiency peak of about 52% at 10 GHz (gain
of about 2.2 dBi), while introducing the CSRR produces
an upshift at 10.35 GHz with a peak value of about 73%
(gain of about 3.6 dBi) and an alternative peak at 8 GHz,
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FIG. 4. EM simulations of the patch antenna without and with
the back CSRR, in terms of (a) |S;;| (dB) and Im{Z;;} (£2), and
(b) total efficiency nyo (%).

with a value of about 26% (gain of about —1.6 dBi). We
can conclude that the presence of the CSRR does not hin-
der the radiation of the dominant mode and, for reasons
that will be explained later when presenting the equivalent
circuit model, produces another resonant mode at lower
frequency, with a smaller radiation but still useful for a
dual-band application.

From the theory, it is known that the EM fields at
the edges of a patch undergo fringing effects, which
results into electrically longer dimensions. Since the dom-
inant mode is the TMy, the resonant frequency (f;)o10 iS
expressed as follows [39]:

Vo
o010 = ———, 2
(oo 2 Vel (2a)
Ly =L+ 2AL, (2b)
e+ 0.3) (£ +0.264
AL = 0412 5T )G ) (2¢)

(eer — 0.258) (¥ 4+ 0.8)°

where vy is the free-space speed of light, €. is the effective
permittivity, L. is the effective length of the antenna, L and

TABLE 1. Extracted values of ey for the proposed patch
antenna.

CSRR Frequency (GHz) €eff
No 10 10.942
Yes 8 (first res.) 17.155
Yes 10.35 (second res.) 10.358

W are the length and the width of the antenna as in Fig. 3,
and & = tgrsi + tazo. An analytical expression for €. is
a nontrivial issue, since it must take the ultrathin ferro-
electric layer into account, considering that it is deposited
directly onto the HRSi bulk substrate. The extraction of
€., as a function of the applied dc voltage V, can ben-
efit from a mixed theoretical and experimental approach
[40]. On the other hand, several attempts have been done
to provide the dependence of the ferroelectric permittivity
on the electric field based on the modified Johnson model
[41,42]. However, in the present case of study €. is a much
more useful quantity, which is also related to the geometry
of the analyzed structure. For HZO, its relative permittivity

€f120 roughly varies between 30 and 60. Using the EM sim-

p
ulated values of the resonant frequencies [see Fig. 4(a)],
one can solve the nonlinear system in Egs. (2a)~(2c) to
extract €., thus obtaining the results shown in Table I,
whereas the average values for Ly and AL are 4.5 and 0.2
mm, respectively. In particular, Table I demonstrates at a
glance that the EM effect of the CSRR etched on the back
metallization is to provide an artificially increased value
of €. that generates the alternative resonance at 8 GHz
and basically preserves the dominant mode. These results
are further confirmed by the EM simulated directivity (see
Appendix B).

To better understand the manipulation mechanism of the
antenna, we present in the following the equivalent cir-
cuit of the antenna without and with the CSRR. In detail,
a patch antenna can be modeled by means of a parallel
RLC resonator, in which the three circuit components are
as follows:

= (3a)
2'7'[fcpatch
1
Lpateh = m—5 > 3b
parch (27Tf)2Cpatch ( )
€o€etWL S (TTY
Cpatch = OziT cos~? (TO) , (3¢)

where R, is the radiation resistance, Q, is the radiation
quality factor, #y is substrate’s thickness, and yg is the
distance of the feed point from the edge of the patch. R,
represents the transfer of energy from the antenna to the
free space, while in the circuit model it refers to the input
section of the patch. Cpaen is mainly due to the parallel-
plate geometry of the cavity, and the term cos™2(7yy/L)
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can be approximated to 1. Finally, Lych takes all the induc-
tive effects into account (mostly associated to the metal-
lization of the patch) and gives the resonant frequency of
the parallel RLC resonator. With some manipulations, R,
and @, can be expressed as follows [39]:

wWE( 1
Ro=— iy (4a)
Osub 27Tf Cpatch
Cratc
0, =R, |2, (4b)
Lpatch

where oy 1S the substrate’s conductivity. Hence, know-
ing the geometry of the antenna and the characteristics of
the substrate, one can calculate in sequence Cpaich, Lpatch,
and R,, for both cases without and with CSRR. For the
latter, the straightforward equivalent circuit comprises two
parallel RLC resonators in cascade, but with different val-
ues of the circuit components, which reflect the physical
characteristics of the CSRR. The final circuits are shown
in Fig. 5(a) (standalone patch) and Fig. 5(b) (patch with
the CSRR). In both cases, we have used a 1-port cir-
cuit representation, in which the RLC resonator loading
the transmission line-based circuit is connected to ground
(which models the back reflector, as it is the reference
plane for both the patch antenna and the CSRR). This
approach preserves the 1-port nature of the antenna, even

Microstrip feedline

CPW-to-microstrip

transition
(b)
Z=50Q

if 2-port equivalent circuits have been widely reported in
the literature as well [43—48].

Each circuit element has a specific physical corre-
spondence (like the microstrip feedline, which is mod-
eled through inductors for the metallization and through
a capacitor to consider the capacitive effect to ground).
Specifically, the RLC resonators in Figs. 5(a) and 5(b) have
the values reported in Table II.

As expected, one can notice that the presence of the
CSRR slightly modifies the values of the resonator mod-
eling the patch antenna due to coupling effects of the mode
excited by the CSRR with the EM field distribution of the
fundamental mode. This reflects into a frequency shift and
a small increase of the radiation quality factor. In contrast,
the resonator describing the CSRR exhibits an equivalent
capacitance which is 65% bigger than that of the first res-
onance (due to the capacitive nature of the CSRR itself),
and the radiation resistance is 50% bigger. In other words,
we can predict that at the second resonance (induced by
the meta-atom) the antenna will radiate with less efficiency
due to a twofold phenomenon, i.e., the power dissipation
associated to surface currents of bigger intensity at the
edges of the CSRR, and a bigger amount of reactive power
coming from the equivalent capacitance of the CSRR [49].
If we compare the EM- and circuit-simulated reflection
coefficients, we obtain the results shown in Fig. 6. In
particular, Figs. 6(a) and 6(b) refer to the patch antenna

Inset’s capacitive effect

RLC resonator
(standalone
patch antenna)

RLC resonator RLC resonator

(first res., patch antenna) (second res., CSRR)

FIG. 5.

Equivalent circuit of the (a) standalone patch antenna and (b) patch antenna with CSRR.
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TABLE II. Extracted values of the RLC resonators in Figs. 5(a) and 5(b).
RLC (standalone) Value RLC (first res.) Value RLC (second res.) Value
Rr,standalone 543 Q@ Rr,ﬁrst res. 588 Q Rr,second res. 882 Q
Lstandalone 0.21 nH Lfirst res. 0.2091 nH Lsecond res. 0.2091 nH
Cstandalone 1 173 pF Cﬁrst res. 11 1 pF Csecond res. 183 PFH
Qr,standalone ~ 40 Qr,ﬁrst res. ~ 43 Qr,second res. ~ 83

without meta-atom [circuit schematic in Fig. 5(a)] and with
meta-atom [circuit schematic in Fig. 5(b)], respectively.
The agreement is excellent in both cases.

From Fig. 6(b) one can see that the EM simulations pro-
vide one more resonance around 7 GHz. This frequency
falls within the C band (i.e., 48 GHz) and, from an
experimental point of view, other equipment and a differ-
ent microwave setup are necessary to perform a thorough
far-field characterization. However, a detailed description
of the physical phenomenon occurring between 5 and
7 GHz, corroborated by EM simulations, can be found in
Appendix C.

(@) e EM simulations (w/o CSRR)
= = Equivalent circuit (w/o CSRR)

1S,/ (dB)

7 8 9 10 11 12 13
Frequency (GHz)

(b) e M simulations (with CSRR)
= = Equivalent circuit (with CSRR)

1S5,/ (dB)
|
O

_40 ] ' ] ' ] ' ] ' ] T 1 L 1
7 8 9 10 11 12 13
Frequency (GHz)

FIG. 6. EM and circuit simulations of the patch antenna (a)
without and (b) with the back CSRR, in terms of |S};| (dB).

B. Ferroelectric-related tunability of the patch
antenna integrated with a CSRR

In this section we present briefly how to implement an
effective yet simple method to provide tunability charac-
teristics to the patch antenna described before. In a way
similar to Refs. [50,51], we designed and simulated a pla-
nar phase shifter in CPW technology, in order to emphasize
the ferroelectric effect (in terms of both amplitude and
phase) on the EM field propagating inside the structure
and further radiated by the antenna. This phase shifter was
created on the same HZO/HRS:i substrate as the patch and
is based on an interdigitated capacitor (IDC), onto which
an external in-plane dc bias voltage ¥} can be applied to
change €170 (or, better, €!29). This choice was motivated
by (i) the isotropic response of HZO under the applica-
tion of an external electric field and (ii) the simplicity of
the biasing technique in CPW technology, in which the dc
voltage is applied onto the signal line and the lateral ground
planes are set to 0 V (see Fig. 1). If we define with B.g the
effective phase constant of the IDC, Lipc the length of the
IDC, and f* the frequency, then

2rf
BestLinc = - €fOLinc. Q)
0
HZO

Hence, it is straightforward that tuning e allows
changing the phase between the input and output of the
phase shifter. This phase shift can be used profitably to pro-
vide a further degree of freedom to the antenna integrated
with the CSRR, in the sense of changing the resonant fre-
quency, the matching properties, and the radiated power.
The biggest advantage in using HZO is that it requires very
small values of V}, (i.e., not exceeding 5 V) thanks to its
nanoscale thickness, with excellent properties of resistance
to external agents, time degradation, and temperature up
to 140°.

The EM design of the phase shifter is shown in
Figs. 7(a)-7(b), where Cgc is the short-circuit capacitor
(SMD component to be soldered after fabrication), Lipc =
102 pwm, and Wipc = 148 pwm. The IDC is made of 30
digits and it can be modeled as a series R — L — Cipc cir-
cuit, with R € [10,35] ©, L = 20 pH, and Cipc € [0.2,1]
pF. The values for R and Cipc are realistic, as they were
extracted from previous experiments on similar structures.
Figure 7(c) depicts the integration of the patch with the
phase shifter (the substrate has been made transparent to
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for the complete antenna and phase shifter at different values of Cipc.

show the top and back metallization at the same time).
From Fig. 7(d), one can see that the transmission coeffi-
cient |S;1] is very good in both the C (i.e., 4-8 GHz) and
X band, attaining values between —2 and —4 dB, whereas
|S11] is always better than —10 dB. Figure 7(e) shows on
the left vertical axis the unwrapped results for £S,; at
the minimum and maximum values of Cipc, whereas the
right vertical axis reports the total phase shift A¢, which
is between 10° and 29° in the operating band of the patch
antenna. Finally, Fig. 7(f) offers the overview of the reflec-
tion coefficient of the complete system made of phase
shifter and antenna: the tuning effect coming from the
HZO ferroelectric is visible in the position and amplitude
of the resonant modes, corresponding to the two minima
of |S11] up to 11 GHz. The presence of the phase shifter

causes a pronounced shift of the first resonance but without
affecting its radiation characteristics.

IV. FABRICATION AND EXPERIMENTS

A. Fabrication

For the fabrication of the patch antennas, the phase
shifters, and the final prototypes, first we deposited an
ultrathin layer of HZO directly on a 4-in. HRSi wafer
by thermal atomic layer deposition (ALD). The process
was the same as described in the Appendix of Ref. [40],
followed by x-ray diffractivity (XRR) and grazing inci-
dence x-ray diffraction (GIXRD) characterization. We
report here only the hysteresis polarization-electric field
P — E loop [see Fig. 8(a)], based on the Sawyer-Tower
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FIG. 8. (a) Experimental P — E loop of the HZO ultrathin
film; optical pictures of (b) the phase shifters (up, the single IDC;
down, the complete component) and (c) the final prototype inte-
grating the patch antenna and the phase shifter; (d) optical image
of the back reflector with the etched CSRR.

method [52,53]. The as-deposited HZO exhibits state-of-
the-art values of coercive field £. = 1.09 MV/cm, rema-
nent polarization P, = 49.19 wC/cm?, and spontaneous
polarization P; = 65.56 .wC/cm?, with excellent resistance
to temperatures up to 140°C and very stable in time.
The stabilization of a ferroelectric paracrystalline phase
by oxygen vacancies engineering during the thermal ALD
growth, together with the avoidance of a wake-up thermal
treatment as in the case of the TiN/HZO/TiN approach,
allow a great flexibility to be achieved for electronic
devices and components working in the microwave and
millimeter-wave bands.

The structure manufacturing had as main limitation the
process temperature, that should not exceed 120—130°C
due to the HZO, which loses its ferroelectric properties
if the Curie temperature 7, is reached. The fabrication
involved two metallization processes, one for each side
of the wafer. On the front side (where the AUTs are
patterned), the deposited metals were Ti (20 nm, for adhe-
sion to HZO)/Au (230 nm); on the back (reflector) side,
a 250-nm-thick layer of Al was used. In both cases, the
metallization was patterned using a lift-off process with
positive photoresist (AZ series 5200 from Clariant). The
fabricated structures are displayed in Figs. 8(b)-8(d), in
which the 0402 SMD capacitors Cy. are mounted as well.

B. Experiments

The rf measurements of the patch antennas and of
the standalone HZO-based phase shifters were performed
using a vector network analyzer (VNA). In the case of
the antenna, one port was connected to the AUT using
standard CPW probe tips with pitch (distance between the

central line and the lateral ground) of 150 pwm, whereas
the other port was connected to a standard 15-dBi-gain
X band horn antenna fixed on a rigid nonmetallic arm.
The AUT, the horn antenna, and the arm were inserted
into a home-made anechoic chamber, internally covered
with microwave absorber panels (Cuming Microwave C-
RAM FAC-1.5 24 x 24” w/Velcro) to limit potential inter-
ferences and multipath effects, and suitable for far-field
characterizations up to 40 GHz [Fig. 9(a)]. We measured
the reflection (]S1;| and |S,;]) and transmission (]S | and
|S12], which are identical because of the reciprocal charac-
teristics of the system) coefficients of the standalone AUT.
The AUT was put on a ROHACELL®HF layer (thick-
ness of 15 mm) placed on the wooden surface of the
anechoic chamber, and the CPW port of each AUT was
contacted. Due to the stringent requirements of the exper-
imental setup, we simulated again the antenna, this time
with the actual materials under the back reflector (even if
an ideal model was used for the wood under the ROHA-
CELL layer). Of course, this entailed some unavoidable
approximations, which lead to differences in the resonant
frequency as it can be seen in Fig. 9(b). Nevertheless,
the agreement between simulated and experimental data
is good, proving the dual-band operation of the antenna.
Next, in Figs. 9(c) and 9(d) we show the power transmitted
by the AUT in the two bands of interest (and normalized
with respect to the maximum value), i.e., around 8 and
10.5 GHz, respectively. In the first band, corresponding to
the mode excited by the CSRR, the frequency downshift
comes from the strong influence of the materials under the
CSRR, as the latter is an aperture in the back reflector. On
the other side, the radiation of the fundamental mode is, as
expected, insensitive to the materials in contact with the
CSRR. Then, in Fig. 9(e) we present the measured A¢
and figure of merit [FOM, expressed in °/dB, is defined
as FOM = A¢/IL(0), where IL(0) is the insertion loss of
the phase shifter at 0 V]: the experimental phase shift is in
good agreement with the results of Fig. 7(e), and FOM is
between 1 and 14°/dB, a remarkable outcome considering
the nanoscale nature of the HZO thin film.

In Figs. 10(a) and 10(b) we present the EM simulations
of the reflection coefficient and of the normalized power
pattern, respectively, for the final system made of the patch
antenna with back CSRR and the HZO-based phase shifter,
as a function of frequency and at different values of Cipc.
The simulations were performed using botha ROHACELL
layer and a wooden surface. The tuning effect is evident
in terms of resonant frequency, impedance matching, and
gain when varying Cipc (whose values were estimated
from the measurements of the standalone phase shifter).
In particular, from Fig. 10(b) one can see that the radiated
power (hence, the gain) changes with several dB in corre-
spondence of the resonance induced by the back CSRR,
while the variation is less pronounced for the resonant
mode.
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(a) Microwave setup for far-field measurements. Comparison between simulations and measurements for the standalone

antenna: (b) |Sy;|; far field in terms of normalized power (c) around 8 GHz and (d) around 10.5 GHz. (¢) Measured A¢ (left vertical
axis, solid blue line) and FOM (right vertical axis, solid red line) for the standalone HZO-based phase shifter.

Finally, Fig. 10(c) displays the measured reflection coef-
ficient of the antenna integrated with the phase shifter, in
order to fully exploit the tunability offered by the HZO thin
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FIG. 10. Simulated (a) |S;;| and (b) far-field in terms of normalized power, as a function of frequency and at different values of
Cipc. Measured reflection coefficient and radiation characteristics of the fabricated prototypes, as a function of frequency and of the
applied dc bias voltage: (c) |S}]; far field in terms of normalized power (d) around 8 GHz and (e) around 10.5 GHz.

(corresponding to a minimum of |S};|) around the same
frequency. However, the two local minima of |S};| around
8 and 10.5 GHz are still visible. The most useful results
are the amplitude and frequency shifts of all the min-
ima of |S;;| when applying a very low dc bias voltage
between —2 and 2 V. This outcome is in good agreement
with the simulations displayed in Fig. 10(a), and is directly
linked to the behavior of the AUT (in terms of radiated
power) as a function of the bias in the two considered
bands. For example, at 8 GHz we can modulate the power
transmitted by the antenna (hence, the gain) with 16 dB

[Fig. 10(d)], whereas at 10.5 GHz the power modulation is
greater than 2 dB [Fig. 10(e)]. Interestingly, the strongest
effect can be observed on the radiating mode generated by
the CSRR etched on the back metal reflector (even if |Sy]|
still exhibits a good value of —10 dB at 8 GHz), mean-
ing that the integration of metamaterials and nanoscale
ferroelectrics is most efficient and does not hinder the
matching and radiation characteristics of the fundamental
mode. The same phenomenon is apparent in Fig. 10(b) but,
with respect to the simulations, the measurements exhibit
a more evident influence of the dc biasing. A possible

TABLE IIl. Comparison between different ferroelectric-based microwave antenna implementations.

Reference  Frequency (GHz)  Gain (dBi)  Multiband  Voltage range Features

[54] 12-18 7 No 0-10V Patch antenna with frequency reconfigurability

[55] 9.9-14.2 5 No 0-10V Microstrip antenna with wideband frequency
reconfigurability

[56] 1.3-24 7 Yes 0-10V U-slot dual-band frequency reconfigurable
antenna

[57] 4-6 1.61 No *magnetic bias  Patch antenna with frequency hybrid
reconfigurability mediated by magnetic field

[58] 0.6-0.75 a No 030V Notch miniaturized antenna with frequency
reconfigurability

This work 812 4 Yes +2V Metamaterial enables dual-band functionality,

whereas ferroelectric allows gain and frequency
reconfigurability

2The gain is not provided, the demonstrated efficiency is up to 8%.
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explanation is the powerful coupling between the CSRR
and the HZO-loaded CPW line, not fully quantifiable from
the EM simulations that need a huge memory occupation
due to the high aspect ratio (between the minimum and
maximum dimensions) coming from the thin ferroelectric
layer. This aspect enhances the global varactor-type behav-
ior of the phase shifter, thus leading to a strengthening of
the tuning characteristics.

We stress that, unlike what happens at the fundamental
resonance, negative and positive bias voltage values do not
provide a monotone change in the radiated power, i.e., the
macroscopic effect of the interaction between the CSRR
and the ferroelectric layer is a loss of symmetry in the HZO
thin film in relation with the mode excited by the CSRR
itself.

(a) top view side view

3

bottom view

1

1,

X

bottom view side view

[

bottom view

(c) top view

|

side view

(e

top view

|

(g) top view bottom view side view

|

FIG. 11.

Table III summarizes some typical design and exper-
imental implementations involving ferroelectric-based
antennas with different reconfigurable characteristics. As
observed, the typical voltage range required for (mostly)
frequency reconfigurability is equal or greater than 10 V,
whereas in our case, =2 V are sufficient to provide for
the desired tunable dual-band operation in terms of both
frequency and gain.

V. CONCLUSION

In this paper, we have presented the rigorous modeling,
electromagnetic simulation, fabrication, and experimental
validation of a dual-band patch antenna operating in the
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Reflection coefficient spectra of the cavity for different cases and values of CSRR’s rotation angle and offset, under the

assumption of E), polarization: (a) reflection spectrum for the single square patch atom with the uniform back reflector; (b) reflection
spectrum for the square patch atom with the CSRR imprinted in the back reflector without rotation; (c) reflection spectrum for the
square patch atom with the CSRR imprinted in the back reflector for three different rotation angles, i.e., 0° (blue curve), 60° (purple
curve), and 90° (red curve); (d) reflection spectrum for the square patch atom with the CSRR imprinted in the back reflector for a

rotation angle of 60° and with a vertical offset.
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X band, integrated with a complementary split-ring res-
onator etched in the back reflector and with tunability
characteristics coming from the presence of a nanometer-
thick hafnium oxide-based ferroelectric layer. There are
a very few attempts to efficiently integrate metamate-
rials with nanoscale ferroelectrics for very low-voltage
microwave antennas. We have demonstrated that the appli-
cation of a dc bias voltage of just 2 V allows tuning
the matching and radiation performance of the antenna
for the two modes excited by the rotation and asymmet-
ric position of the back CSRR, with a sub-ps response
time, high repeatability of the results, and endurance in
time as provided by the thin ferroelectric layer. More-
over, the technological process is CMOS compatible and
requires a minimal number of well-developed steps. The
proposed antenna represents a promising starting point
toward the further progress in the domain of metamaterial-
based antennas with improved functionalities for the actual
and future technological challenges, in which a multidis-
ciplinary approach will be mandatory to fully exploit the
alternative upcoming materials.
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APPENDIX A: CAVITY RESONANCE MODES

In this appendix, first we investigate in depth the cavity
resonance modes. We assume a single cavity where a plane
wave with linear polarization impinges normally onto the
structure as it is shown in the schematics of Fig. 11. We
focus on the E, since it is the dominant polarization of
the patch antenna as we discuss later on. To facilitate
the calculations, at the vertical sides of the structure we
assume periodic conditions; however, the periodicity is
large enough so that the neighbor coupling is minimal. We
initially investigate the uniform metal-patch cavity seen in
Fig. 11(a). The first schematic in Fig. 11(a) shows a top
view of the cavity [(x,y) plane, where the metallic patch
is depicted in gray and the dielectric layer in blue], the
second shows the bottom view where we find the uni-
form metallic ground, and the third schematic shows a
(x,z)-plane side view where we see the normally imping-
ing wave. We assume E, polarization (in the first case, i.e.,

without the CSRR, thanks to the symmetry the response
is the same for both polarizations). The spectral response
of the corresponding cavity is shown in Fig. 11(b). The
cavity perfectly reflects the incoming wave apart from the
area around the fundamental resonant frequency, at about
11.2 GHz, where a minimum dip in the reflection is expe-
rienced indicating that the cavity is matched with the free
space and that the incoming energy is fully absorbed in the
cavity mode.

The next step is to investigate the cavity’s response
in the presence of the CSRR imprinted in the uniform
back reflector. The corresponding structure is schemati-
cally shown in Fig. 11(c), top view of the patch, bottom
view of the back reflector with the CSRR imprinted, and
side view. The spectral response of the corresponding
cavity is shown in Fig. 11(d). In comparison with the con-
ventional patch cavity of Fig. 11(b), we observe a small
shift to lower frequencies as a result of the back-reflector-
induced resonance. The interesting response comes from
the rotation of the CSRR resonator [Fig. 11(e)], the impact
of which is shown in Fig. 11(f). Here we plot the reflec-
tion spectra of the cavity for three rotation angles, i.e., 0°
in blue, 90° in red, and 60° in purple. The 90° rotation
results in a significant resonance shift toward lower fre-
quencies in accordance to the meta-atom response shown
in Fig. 2(b). Interestingly, as seen in Fig. 11(f) for the 60°
rotation angle, we observe the presence of both the reso-
nances in a partially merged form. Moreover, the merging
of these two resonances leads to overall lower reflection
dips, which point to a better impedance match for the
corresponding antenna. The second source of the mul-
timode response is the asymmetric displacement of the
back-reflector CSRR, shown in Figs. 11(g) and 11(h).
The vertical offset produces an additional reflection dip
appearing at higher frequencies. These two asymmetries,

e /0 CSRR
with CSRR, 8 GHz
6.0 = e with CSRR, 10.35 GHz

D (dBi)

-3.0 r 1 1+ rrrrrrr1rr 1
-180 -120 -60 0 60 120 180
6 angle (deg)

FIG. 12. EM simulations of the patch antenna without and
with the back CSRR, in terms of directivity D (dBi).

044067-13



MARTINO ALDRIGO et al.

PHYS. REV. APPLIED 20, 044067 (2023)

i.e., the asymmetric rotation and the asymmetric relative
plane positioning of the patch and of the CSRR lead to the
multimode response and the deepening of the resonances
that we use for the design of the patch antenna.

APPENDIX B: DIRECTIVITY

Figure 12 displays the directivity D without CSRR (at 10
GHz) and with CSRR (at 8 and 10.35 GHz). D is defined
as follows [39]:

4 U
D=2
Prad

(B1)

where U is the radiation intensity (in W/unit solid angle).
Here, it is worth mentioning that the value of D for the
dominant mode of the patch (i.e., around 10 GHz) is not
affected by the multimode response in a wide 6-angular

(a)
Patch w/o CSRR, 10 GHz

Farfield 'farfield (= 10) [1]' Directivity_Abs
; : : : -180

Patch with CSRR, 8 GHz

Theta Farfield ‘farfield (£ = 8) [1]' Directivity_Abs

range, i.e., [—70°, 70°], where the angle 6 is defined in the
(x,z) plane. In particular, D attains values between 1 and
5dBi, with a side lobe level (SLL) of —6.9 dB (antenna
without CSRR), —3.4 dB (antenna with CSRR, first reso-
nance at 8 GHz), and —5 dB (antenna with CSRR, second
resonance at 10.35 GHz). Hence, the effect of the side lobes
is stronger due to the multimode response; however, the
values of SLL are always better than —3 dB, meaning that
the power radiated in the broadside direction (i.e., along
the z axis, perpendicular to the (x,y) plane of the AUT)
is always more than double with respect to the undesired
side-lobe (back) radiation.

To prove that the EM effect of the CSRR etched on the
back metallization is to provide an artificially increased
value of €., thus generating the alternative resonance
at 8 GHz and basically preserving the dominant mode,
we show here the EM simulated directivity in the (6, ¢)
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EM simulations of the patch antenna without and with the back CSRR, in terms of (a) |D|, (b) Dy, and (c) Dy.
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plane, in terms of absolute value |D| [Fig. 13(a)], O-
phase Dy [Fig. 13(b)], and ¢-phase Dy [Fig. 13(c)]. In
particular, Fig. 13(a) demonstrates that |D| is always in
the broadside direction in the (y,z) plane; however, if
we analyze Dy and Dy, the polarization effect due to
the rotated CSRR is evident, with the two modes at 8

and 10.35 GHz having approximately the same 2D phase
distribution.
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APPENDIX C: C-BAND SIMULATIONS

From Fig. 6(b) it is evident that the EM simulations pro-
vide one more resonant mode at 7 GHz. In this section,
we will try to give an explanation for the appearance of
this extra resonance. In Fig. 14(a)-14(b) we show the EM
simulations of the reflection coefficient and of the normal-
ized power pattern, respectively, for the whole system, as a
function of frequency and at different values of Cipc, in the
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FIG. 14. Simulated (a) |S;| and (b) far field in terms of normalized power, as a function of frequency and at different values of Cipc,
in the band 5.5-7.5 GHz; simulated surface currents at (¢c) 7 GHz and (d) 8 GHz; simulated far field at (¢c) 7 GHz and (d) 8 GHz in the

(y,z) plane.
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band 5.5-7.5 GHz. The tuning effect is still evident even
at these frequencies (which fall within the C band, i.e.,
4-8 GHz, where the gain of the horn antenna is undefined)
and, what is more, the gain undergoes a 4-dB modula-
tion at around 7 GHz. There is an intrinsic difference with
respect to the resonant modes in the X band, which are
coming from the coupling between the patch antenna and
the CSRR. In fact, Fig. 14(c) shows the surface currents
at the edges of the CSRR at 7 GHz, in comparison with
the surface currents at 8 GHz [Fig. 14(d)]. In the first case,
the direction of the currents suggests a dipolelike behav-
ior, more specifically a half-wavelength dipolelike one:
indeed, the half-perimeter length of the CSRR coincides
with the length of a half-wavelength dipole on HRSi sub-
strate and resonating around 7.2 GHz [exactly where the
maximum radiation occurs, see Fig. 14(b)]. A further proof
of this explanation comes from the simulated far field at
7 GHz [Fig. 14(e)] in comparison with the radiation pat-
tern at 8 GHz [Fig. 14(f)]: at 7 GHz there is a pronounced
backside radiation, with a side-lobe level of just —1.3 dB,
whereas at 8 GHz the radiation is clearly broadside, with a
side-lobe level of —4.5 dB. Hence, we can conclude that at
7 GHz we observe the radiation of the CSRR as if it were
a standalone half-wavelength dipole on HRSi, with an effi-
ciency smaller than that at 8 GHz but potentially useful for
a triple-band operation of the patch antenna integrated with
the back CSRR. From the point of view of the equivalent
circuit, the schematic in Fig. 6(b) would necessitate one
more RLC resonator to model the dipolelike resonance.
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