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An ultrathin integrated nanoelectromechanical
transducer based on hafnium zirconium oxide

Mayur Ghatge ®, Glen Walters, Toshikazu Nishida® and Roozbeh Tabrizian®*

Nanomechanical resonators that can operate in the super high frequency (3-30 GHz) or the extremely high frequency (30-
300 GHz) regime could be of use in the development of stable frequency references, wideband spectral processors and high-
resolution resonant sensors. However, such operation requires the dimensions of the mechanical resonators to be reduced to
tens of nanometres, and current devices typically rely on transducers, for which miniaturization and chip-scale integration are
challenging. Here, we show that integrated nanoelectromechanical transducers can be created using 10-nm-thick ferroelectric
hafnium zirconium oxide (Hf, ;Zr,;0,) films. The transducers are integrated on silicon and aluminium nitride membranes, and
can yield resonators with frequencies from 340 kHz to 13 GHz and frequency-quality-factor products of up to 3.97 x 10'2, Using
electrical and optical probes, we show that the electromechanical transduction behaviour of the Hf,;Zr, O, film is based on the

electrostrictive effect, and highlight the role of nonlinear electromechanical scattering in the operation of the resonator.

ntegrated nanoelectromechanical transducers allow sensors and

actuators to be miniaturized, leading to nanoscale devices with

ultrahigh resolution'~’. They could also potentially allow high-fre-
quency and high-quality-factor (Q) mechanical resonances to be har-
nessed in semiconductor nanostructures, providing stable frequency
references, wideband spectral processors and high-resolution reso-
nant sensors in the centimetre-wave regime (super high frequency;
SHF) and millimetre-wave regime (extremely high frequency; EHF)**.
However, the realization of these systems is currently hindered by the
scaling limitations of integrated electromechanical resonators. The
available mechanical frequency reference, filter and resonant sensor
technologies typically rely on microscale resonators that use capaci-
tive gaps®’ or piezoelectric film transducers®’, and operate over low
frequency (LF) to ultra high frequency (UHF) regimes. However, to
operate over SHF and EHF regimes, the dimensions of the mechani-
cal resonators need to be reduced to tens of nanometres: nearly two
orders of magnitude smaller than available devices. Such scaling is
impeded by substantial fabrication limitations of ultra-narrow gaps
and ultrathin piezoelectric films to provide integrated transduction at
the nanoscale. Shrinking of capacitive gaps and conventional piezo-
electric film transducers below 20nm also markedly reduces their
electromechanical transduction efficiency'®"".

High-Q nanomechanical resonators based on two-dimensional
crystals such as graphene and molybdenum disulfide have been
extensively studied using non-integrated transduction schemes and
have demonstrated strong potential for extreme frequency scal-
ing'*""". However, the absence of a compatible integrated nanoelec-
tromechanical transduction technology prevents the development
of monolithic frequency references, spectral processors and reso-
nant sensors. The efficient integration of two-dimensional crystals
with complementary metal-oxide-semiconductor (CMOS) tech-
nology also remains a significant issue.

Ultrathin hafnium dioxide films have recently emerged as a
new class of atomic-layered films that can be engineered to provide
enhanced ferroelectric properties'®. The films can be deposited
using a fully CMOS-compatible fabrication process, and have so far
been explored for their potential use in the development of low-
power and miniaturized non-volatile memory devices.

In this article, we show that ferroelectric hafnium zirconium
oxide (Hf,;Zr,;0,) thin films can be used to create integrated
nanoelectromechanical transducers via the nonlinear electrostric-
tive effect. Hf,;Zr,;0, layers as thin as 10nm are integrated on
silicon (Si) and aluminium nitride (AIN) membranes. The result-
ing nanomechanical resonators offer frequencies (f,) from 340 kHz
to 13GHz and f,Q product up to 3.97x10%, surpassing the
performance of two-dimensional-crystal nanomechanical
resonators with similar thickness scales. With the development
of devices based on the direct integration of atomic-layered
Hf,;Zr,;0, on Si, we help resolve uncertainties surrounding the
dominant producer of the electromechanical transduction effect
that were caused by the presence of AIN piezoelectric film in
Hf, ;Zr,;0,-on-AIN devices”'. Using electrical and optical probes,
we also demonstrate and quantify the role of the nonlinear elec-
trostrictive effect in the electromechanical transduction behaviour
of the Hf, . Zr, O, film.

Atomic engineering of Hf, . Zr, O, thin films

Ultrathin Hf;Zr,;0, is known to have various stable and meta-
stable crystal phases’”’. Among these, the non-centrosymmetric
orthorhombic metastable phase provides unique ferroelectric prop-
erties* . While Hf,;Zr,;O, films grown by atomic layer deposi-
tion are amorphous in nature due to the low thermal budget of the
growth process, the use of a titanium nitride (TiN) capping layer
and application of rapid thermal annealing (RTA) on the stack
promotes the dominant growth of the ferroelectric orthorhombic
texture. Figure 1 demonstrates the cross-sectional transmission
electron microscopy (XTEM) image of the TiN-on-Hf, Zr,;O,
stack (Fig. 1a), the fast Fourier transform of the atomic diffraction
pattern, highlighting the predominant orthorhombic crystal phase
after RTA (Fig. 1b), and the ferroelectric-polarization—electric-field
characteristic (Fig. 1c), directly measured after RTA and the wake-
up process. The TiN-on-Hf, ;Zr, O, stack is deposited on two sub-
strates with (a) 70nm single-crystal Si thickness and (b) a 320nm
stack of sputtered hexagonal AIN, molybdenum and Si. The two
substrates are used for fabrication of various mechanical resonators
operating in bulk and flexural modes of vibration. Microfabrication
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Fig. 1| Atomically engineered polycrystalline Hf,sZr, .0, with predominant orthorhombic crystal phase. a, XTEM image of a TiN-on-Hf,sZr, 50O, stack
showing the atomic diffraction pattern of the polycrystalline 10 nm film. b, Fast Fourier transform of the ultrathin Hf, ;Zr, O, film showing the predominant
orthorhombic crystal phase. ¢, Measured polarization-electric-field characteristic of the Hf,:Zr, O, film after RTA (green curve) and after the subsequent
wake-up process (red curve) showing the hysteresis behaviour corresponding to the ferroelectric effect.
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Fig. 2 | A 339 kHz Hf,;Zr,;0,-transduced Si membrane resonator. a, SEM image of the Hf,;Zr,;0,-transduced Si nanomechanical resonator operating

in out-of-plane flexural mode (the cross-sectional schematic of the device along AA’ is shown in Supplementary Fig. 2). b, Magnified SEM of the
resonator around the Pt/TiN top electrodes used for application of stroboscopic a.c. voltage. ¢, XTEM image of the resonator showing the thickness of the
transducer and Si layers. d, Stroboscopic vibration analysis using an optical probe at the centre of the resonator, showing a vibration amplitude of ~20 nm

at resonance. e, The frequency response of the Hf,sZr,O,-transduced Si resonator extracted from stroboscopic analysis, showing the flexural resonance
at 339kHz and a Q of 250 in air.

processes including photolithography, reactive-ion and wet-etch-  to access the 10nm Hf,;Zr O, integrated nanoelectromechanical
ing processes and deposition of platinum electrodes are exploited  transducer (see Supplementary Section 1A for fabrication and pro-
to realize free-standing membranes and electrical probing pads cessing details).
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Fig. 3 | Hf,cZr,;O,-transduced AIN-on-Si lateral- and thickness-extensional mode resonators. a, SEM image of the Hf,.Zr,.O,-transduced AIN-on-Si
resonator operating in in-plane extensional mode. The cross-sectional schematic of the device along AA’ is shown in Supplementary Fig. 3. b, XTEM
image of the Hf,;Zr,;0,-transduced AIN-on-Si resonator showing the thicknesses of the different layers in the stack. ¢, SEM image of the Hf,:Zr,:O,-
transduced AIN-on-Si resonator operating in thickness-extensional mode. d, Frequency response of the resonator in a, operating at 412.8 MHz with a
Q of 530. e, Frequency response of the resonator in ¢, operating at a centimetre-wave frequency of 12.8 GHz, with a f,Q product of 3.97 x 102,

Resonators with Hf,;Zr, -0, integrated transducers

Various resonators operating in flexural and extensional mechani-
cal resonance modes over the 340kHz to 13 GHz frequency range
are demonstrated. In these devices, the Hf, .Zr, O, transducers are
polarized through application of 3.5V d.c. for ~1s to provide linear
electromechanical transduction (see Supplementary Section 1B for
further details on poling) on insertion of a.c. signal. Figure 2 shows
the scanning electron microscopy (SEM) and XTEM images of the
Hf, ;Zr,;0,-transduced Si resonator. This device is excited through
application of stroboscopic voltage signal across the Hf ;Zr O, film,
and the flexural resonance vibration at 339kHz is detected using a
holographic optical probe (see Supplementary Section 1C for fur-
ther details on device characterization). A Q of 250 is extracted,
while operating in air at room temperature. Figure 3 shows the SEM
and XTEM images of two UHF and SHF (0.3-30 GHz) Hf ;Zr,;O,-
transduced resonators implemented in an AIN-on-Si platform, and
their frequency response. The 120nm AIN piezoelectric transducer
is used along with the 10 nm Hf,;Zr,,0, to enable two-port elec-
trical transmission characterization of the resonators operating in
UHF and SHF regimes. Figure 3a,c shows resonators operating in
lateral- and thickness-extensional modes, with XTEM of the reso-
nator stack shown in Fig. 3b. In these devices, the AIN film is used
for actuation and the 10nm Hf,Zr O, film is used for electrical
detection of the mechanical strain at resonance. The resonator in
Fig. 3a operates in the third width-extensional resonance mode at
413 MHz with a Q of 530. The resonator shown in Fig. 3¢ operates
in the thickness-extensional mode, where the resonance frequency
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is defined by the thickness of the resonator stack. The resonator
shows a Q of 310 at 12.8 GHz, yielding the large £,Q figure of merit
of 3.97x 10" (see Supplementary Section 3 for comparison of the
f,Q figure of merit with other reported nanomechanical resonators).

Electrostrictive effect in Hf,Zr,;O, transducers

To gain insight and quantitative understanding of the electrome-
chanical transduction physics in Hf, ;Zr, O, film, an experimental
investigation is performed, and results are compared with an analyt-
ical model. The electromechanical transduction in bulk ferroelec-
tric materials is known to be based on the electrostrictive effect.
In this inherently nonlinear effect, the relation between polariza-
tion-induced mechanical strain (¢;) and the dielectric spontaneous
polarization (P)) of the ferroelectric material is defined by

(1)

Here, Q; are the electrostrictive coefficients, and P; is related to the
electric-field vector (E) through the characteristic polarization-
electric-field hysteresis loop. To identify the contribution of the
nonlinear electrostrictive effect in atomically engineered Hf, . Zr, O,
transducers, the resonator in Fig. 2 is driven into mechanical reso-
nance while changing a d.c. bias voltage (V;_) along with the a.c.
stroboscopic signal.

Figure 4a elucidates the variation of the frequency response of
the Hf:Zr,;0,-transduced Si resonator, around the out-of-plane
flexural resonance mode, with different V,_ over the range from

& = Q;(P(E))°
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Fig. 4 | Time- and frequency-domain response of Hf, ;Zr,.0,-transduced Si resonator for different ferroelectric polarization scenarios. a, The frequency

response, around the out-of-plane flexural resonance mode, for various d.c. bias voltages (Lorentzian curves fitted on extracted data points). b, A summary
of the resonance vibration amplitude and phase, for different d.c. bias voltages over the range from —1.8 V to 1.8 V. ¢, The vibration gain relative to the noise
floor (Lorentzian curves fitted on extracted data points). d, The vibration phase of the resonator when the Hf,;Zr,s0, transducer is polarized by 1.8 V

(red line) and —1.8 V (blue line) d.c. bias voltages. The ~180° difference in phase at resonance for the bias voltages of opposite sign elucidates the effect of

polarization inversion on the electromechanical transduction (solid curves used as a guide to the eye to illustrate the phase change at resonance and the
phase difference phenomenon).
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Fig. 5 | The output power spectrum around the fundamental, second and third harmonics for the Hf,;Zr,.0,-transduced AIN-on-Si resonator
operating in lateral-extensional mode, for various input radio-frequency powers. a, The relative magnitude of the second harmonic, created from
the electromechanical scattering caused by the nonlinear electrostrictive effect. b, The relative magnitude of the third harmonic generated by the
thermomechanical nonlinearities. The magnitude of the fundamental harmonic is reduced by an increase in power when operating in the

mechanically nonlinear regime, which corresponds to the distortion of the linear frequency response of the resonator and increased insertion loss
at higher input powers.
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Fig. 6 | Comparison of electromechanical and thermomechanical scattering using fundamental, second and third harmonics. a, The relative magnitude
of second (green circles) and third (purple triangles) harmonics over different electrical drive powers, when the Hf,:Zr,;O,-transduced AIN-on-Si
resonator is excited in lateral-extensional mode. Below 9 dBm electrical input power, the electromechanical scattering due to the nonlinear electrostrictive
effect induces the second harmonic with quadratically increasing magnitude. Beyond 9 dBm, thermomechanical nonlinearities induce large third
harmonics that stand out from the noise floor. The reduction in second-harmonic magnitude beyond 9 dBm input power is due to distortion of the
resonator frequency response, which increases the insertion loss at f,. b, The frequency response of the resonator when excited through the HfsZr, 0,
ferroelectric transducer and detected through the AIN piezoelectric transducer, for different input powers. Beyond the 9 dBm input power, the frequency

response is distorted due to the rising thermomechanical nonlinearities.

—1.8V to 1.8 V. Varying the d.c. bias changes the Hf, ;Zr, .O, polar-
ization, in accordance with the polarization-electric-field loop
shown in Fig. 1c, and results in a corresponding change in the vibra-
tion amplitude. Figure 4b summarizes the vibration amplitude and
phase for various V. values. Specifically, Fig. 4c,d compares the fre-
quency response of the resonator when biased at 1.8V and —1.8V
to elucidate the ~180° phase shift in vibration dynamics when the
polarization is reversed.

Effect of nonlinear electromechanical scattering

To further understand the effect of nonlinear electrostrictive trans-
duction on device operation, the magnitudes of the second- and
third-order harmonics are extracted while the device is excited at
the mechanical resonance frequency with different radio-frequency
powers. The nonlinear harmonic generation in electromechanical
resonators is attributed to scattering, which refers to various nonlin-
ear mechanisms in an electromechanical resonator that disperse the
energy from the fundamental mode into higher-order harmonics.
These mechanisms can be a result of nonlinear mechanical wave-
mixing processes that are induced by the elastic anharmonicity or
temperature sensitivity of the resonator’s constituent materials (that
is, thermomechanical scattering) or induced by the nonlinear nature
of the electromechanical transduction scheme that directly transfers
a portion of electrical energy inserted into the resonator at f; into
the Nf, harmonic, where N is an integer (that is, electromechani-
cal scattering). While the thermomechanical scattering processes
typically result in generation of the third-order harmonic, the elec-
trostrictive effect in atomically engineered Hf,;Zr,;O, transduc-
ers scatters the electrical input into mechanical strain at twice the
excitation frequency and yields second-order harmonic generation.
To quantify the effect of electromechanical scattering and compare
it with thermomechanical nonlinearities, the harmonic generation
dynamics in the Hf,;Zr,;O,-transduced AIN-on-Si resonator are
studied. The resonator is excited using the Hf;;Zr, O, transducer,
with different electrical input powers over the range from —12dBm
to 18dBm, and the AIN piezoelectric transducer is used to sense
mechanical vibrations at the output port. Figure 5 shows the out-
put power spectrum around the fundamental, second and third
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harmonics for an Hf, ;Zr, ;O,-transduced AIN-on-Si resonator that
is excited in the lateral-extensional vibration mode at 255.5 MHz.
For input powers below 9dBm, the third-order harmonic remains
below the noise floor at —112dBm, confirming operation of the
device in the linear thermomechanical regime. However, the power
of the second-order harmonic increases with the increase in input
radiofrequency power. In contrast, as the input power exceeds
9dBm, the magnitude of the fundamental harmonic starts to
decrease and the third harmonic stands out from the noise floor,
with an increasing trend following the input power. This behaviour
corresponds to the dominant contribution of thermomechanical
nonlinearities that distort the resonator’s linear transfer function
and give rise to third-harmonic generation®-*.

Figure 6 summarizes the second- and third-harmonic mag-
nitudes over a wide range of input powers, highlighting different
regimes of nonlinear scattering dominated by electromechanical
and thermomechanical anharmonicities. For electrical excitations
at the mechanical resonance with input powers below 9dBm, the
resonator operates in the linear mechanical regime. However, the
electromechanical scattering induced by the electrostrictive effect
in the Hf,Zr,;0, transducer results in excitation of the second
harmonic with quadratically proportional power. This result quali-
tatively follows the analytical derivations that quantify the relative
ratio of linear and nonlinear mechanical strain excited with the
application of electric field across the film thickness and through
the electrostrictive effect by (see Supplementary Section 2 for
further details)

nonlinearly scattered mechanical energy (enonunea,)

linearly transduced mechanical energy Elinear

N (2)
=ip

" ./ 2
(1+%Ec +8B + ..

Here, €}, and €,01mear ar€ the linear and nonlinear strain excited
by application of the electric field E, . to the transducer, P, is the
instantaneous polarization at zero electric field and ¢; and ¢} are
the first- and second-order dielectric constants of the transducer
film. Beyond 9 dBm, the input electrical signal drives the resonator
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into thermomechanical nonlinearities, which gives rise to the third-
harmonic generation with a linearly increasing power. Figure 6b
demonstrates the two-port transmission response of the resonator
for various input powers, confirming the distortion in linear trans-
fer function of the resonator due to the thermomechanical nonlin-
earities at input powers beyond 9dBm. It is also evident that the
distortion in frequency response increases the insertion loss at the
resonance frequency, which translates into an increase in device
impedance at f; and induces a reduction in the relative power of
the electromechanically generated second harmonic, as evident
in Fig. 6a. Therefore, the experiment confirms the contribution
of the electrostrictive effect to nonlinear scattering and harmonic
generation in Hf ;Zr,;O,-transduced resonators. While the nonlin-
ear electromechanical scattering resulting from the electrostrictive
effect in atomically engineered Hf, Zr,.O, transducers degrades
the resonator performance in the mechanically linear regime, it
provides promising potential for nonlinear mode-coupling in
nanosystems’~ or realization of nonlinear nanoacoustic and non-
reciprocal components”, especially at centimetre- and millime-
tre-wave frequencies.

Conclusions

We have reported integrated nanoelectromechanical transducers
created from 10nm ferroelectric Hf, ;Zr, O, films. The transduc-
ers, integrated on single-crystal Si and AIN-on-Si membranes,
provide high-Q nanomechanical resonators operating over the
340kHz to 13 GHz frequency range and in flexural and extensional
vibration modes. The 13 GHz device demonstrated a figure of merit
of f,Q~3.97 X 102, which is the highest reported for any nanome-
chanical resonator operating in the centimetre-wave regime. We
also clarified the role of the electrostrictive effect in the electrome-
chanical transduction of the Hf, ;Zr, O, transducers, which allows
precise control of the resonator vibration amplitude and phase
through variation of the ferroelectric polarization via the bias volt-
age. Furthermore, we demonstrated the contribution of the nonlin-
ear electrostrictive effect to the electromechanical scattering of the
resonator energy into the second-harmonic signal. Comparison
of the magnitudes of the electro- and thermomechanical scat-
tering over a range of electric input power confirms the large
contribution of the electromechanical scattering in Hf,,Zr, O,
resonators operating in the linear thermomechanical regime and
highlights the potential of this material for making nanomechani-
cal resonators for application in extreme frequency scaling, wide-
band frequency combs and integrated nonlinear-non-reciprocal
spectral processors.

Methods

Device fabrication. The Hf, ;Zr, O, nanoelectromechanical transducers are
realized through atomic layer deposition, stacking with a TiN layer and proper
RTA. The nanomechanical resonators are fabricated by integration of Hf, ;Zr, ;O,
films on Si and AIN-on-Si membranes, followed by various etching and deposition
processes to create free-standing devices and electrical pads for application of
excitation and sensing signals (see Supplementary Section 1A for fabrication and
processing details).

Device characterization. Hf, ;Zr, ;O, films are electrically measured with a
modified Sawyer-Tower circuit to extract the polarization—electric-field hysteresis
characteristic corresponding to ferroelectric behaviour. Nanomechanical
resonators with integrated Hf, ;Zr, ;O, transducers are electrically characterized
using a Keysight N5222A network analyser, Keysight E5173B signal generator
and Keysight N9010A signal analyser, to extract the frequency response and
characterize the magnitude of nonlinearly generated harmonics. The Hf, ;Zr, ;O,-
transduced Si nanomechanical resonator is optically characterized using a Lyncée
Tec R-2100 series reflection digital holographic microscope that is synchronized
with a stroboscopic signal generator (see Supplementary Section 1C for device
characterization details).

SEM. SEM images are taken using a FEI Nova NanoSEM 430 system.

TEM. TEM images are taken using a FEI TECNAI F20 S/TEM system.

Electrostrictive effect formulation. The electromechanical transduction based
on the electrostrictive effect in ferroelectric materials can be formulated through
polynomial approximation of the polarization-electric-field characteristic. Two
regimes of operation, linear and nonlinear, can be identified depending on the
electric field excitation amplitude and applied d.c. bias voltage (see Supplementary
Section 2 for further details).

Data availability

The authors declare that the main data supporting the findings of this study are
available within the article and its Supplementary Information. Extra data are
available from the corresponding author on request.
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