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ABSTRACT: The discovery of ferroelectricity and advances in
creating polar structures in atomic-layered hafnia-zirconia
(Hf,Zr,_,0,) films spur the exploration of using the material for
novel integrated nanoelectromechanical systems (NEMS). Despite
its popularity, the approach to achieving high quality factors (Qs)
in resonant NEMS made of HfZr,_, O, thin films remains
unexplored. In this work, we investigate the realization of high
Qs in HfyZr,sO, nanoelectromechanical resonators by stress
engineering via the incorporation of alumina (AL, O;) interlayers.
We fabricate nanoelectromechanical resonators out of the
Hf, ;Zr, ;0,-Al,0; superlattices, from which we measure Qs up
to 171,000 and frequency—quality factor products (f X Q) of >10"!
Hz through electrical excitation and optical detection schemes at
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room temperature in vacuum. The analysis suggests that clamping loss and surface loss are the limiting dissipation sources and f X Q
> 10'* Hz is achievable through further engineering of anchor structure and built-in stress.

KEYWORDS: hafnia-zirconia (Hf,Zr,_,0,), ferroelectric, resonator, energy dissipation, stress engineering

B INTRODUCTION

Hafnia-zirconia (Hf,Zr,_,O,) has recently emerged as a
material to enable nanoscale ferroelectric films with promising
potential for the realization of the “more-than-Moore”
paradigm within CMOS platforms.'~* Hafnia-zirconia films,
deposited by atomic layer deposition (ALD) and in amorphous
form, have been widely adopted as a high-x dielectric in high-
performance transistors. The observation of ferroelectricity in
hafnia-zirconia, over a limited thickness range and once
subjected to proper thermomechanical treatments, provides
the unprecedented opportunity of having a multifunctional
material in advanced semiconductor nodes. Over the past
decade, nanoscale ferroelectric hafnia-zirconia films have been
developed and explored for diverse applications, including
ultralow-power memory and computing,””’ energy harvesting
and storage,g’9 and sensing and actuation.'%™?

In addition to the superior processing and integration
benefits, the transforming advantage of hafnia-zirconia over
conventional perovskite or emerging nitride ferroelectrics is its
ability to sustain robust polarization when scaled to sub-10 nm
thicknesses.”'»'* This unique dimensional scalability is not
only pivotal for the realization of dense memory devices on
advanced CMOS nodes but also highly favorable for the
creation of high-performance nanoelectromechanical systems
(NEMS).H’IZ’IS
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Ultrascaled hafnia-zirconia piezoelectric transducers, with
thicknesses of just a few nanometers, favor the creation of
integrated NEMS sensors with enhanced detection limits.' ™"
Furthermore, the extreme thickness scalability, while sustaining
piezoelectricity, augurs the promising potential of hafnia-
zirconia to create integrated high-quality-factor (Q) NEMS
resonators. Thickness-mode bulk acoustic wave resonance can
be excited using the sustained longitudinal piezoelectric
coefficient of hafnia-zirconia, even at the nanometer
scale.””?® Therefore, sub-S0 nm hafnia-zirconia transducers
enable the realization of NEMS resonators with frequencies
extending to centimeter and millimeter wave regimes. This is
highly desirable for the realization of modern wireless
communication systems that target the use of wide cm and
mm wave spectrum to fulfill the massive data rate and ultralow-
latency requirements of emerging applications such as
metaverse, connected vehicles, internet of things, etc.! 122!

Realization of high-performance hafnia-zirconia NEMS
resonators requires quantitative understanding of the govern-
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Figure 1. Resolving the resonance characteristics of nanolaminated Hf; sZr, O, nanoelectromechanical resonators through noncontact electrical
driving and optical detection. (a) Schematic of the measurement apparatus with an overhanging electrode for electrical driving of device motion
and a 633 nm laser for the interferometric detection of device motion. The length, width, and thickness of the device are labeled as L, W, and H,
respectively. (b) Cross-sectional view of the measurement scheme along with the cross section of the layer stacking. (c) Colored scanning electron
microscopy (SEM) image of a doubly clamped Hf,Zr,;O, nanoresonator. (d) A typical measured resonance spectrum of a Hfy Zr,0,

nanoresonator.

ing energy dissipation mechanisms limiting Q. Such under-
standing is not trivial, considering the complex crystal
structures of hafnia-zirconia with the coexistence of multiple
phases and strong dependence of morphology and energy
dynamics on mechanical boundary conditions. Further, the
nanoscale thickness of the film and the resulting large surface-
to-volume ratio may induce excess energy dissipation and
impose limitations on the nondestructive exploration of
dissipation dynamics. This is mainly due to the small
mechanical energy that can be stored in ultrathin hafnia-
zirconia NEMS, with respect to geometrical and energy
localization imperfections, and its corresponding effects on
Q. The understanding of intrinsic electromechanical energy
dissipation limits also sheds light on the ultimate power
consumption limit in emerging nanoscale and ultralow-power
ferroelectric hafnia memory devices for neuromorphic
computing."”‘c’_7

In this work, we explore stress engineering to significantly
enhance the energy density in hafnia-zirconia NEMS by using
alumina (Al,0;) interlayers to create HfyZr,0,-Al,0,
superlattices. This enables the achievement of high Q in
HfysZr, O, NEMS resonators, through stress-enhanced
dilution of energy dissipation. We develop HfjZr O,
NEMS resonators along with a noncontact electrical excitation
and optical motion detection scheme for accurate quantifica-
tion of energy dissipation and Q with respect to variations in
transducer thickness and superlattice configuration. We also
analyze the dissipation pathways in Hf;Zr;sO, nano-
electromechanical resonators and give guidelines for further
enhancing the Q in such resonators.

B METHODS AND MATERIALS

Ferroelectric HfyZr, 5O, nanoresonators take the form of a clamped-
clamped structure as shown in Figure 1. The functional layer is a
nanolamination that consists of ~9 nm thick HfyZr,;O, layers
intercalated by 1 nm thick Al,O; layers to maintain the ferroelectric
(orthorhombic) phase of HfyZrysO, (Figure 1b). The stack is
synthesized in a single ALD run, followed by rapid thermal annealing
(RTA) at 500 °C in nitrogen for 20 s. Detailed fabrication process
steps can be found in ref 15. Figure lc shows a colored scanning
electron microscopy (SEM) image of a typical ferroelectric

Hf, sZr; O, nanoresonator in this work. The use of metal electrodes
atop nanoresonators not only loads the resonator but also generates
heat while driving device motion, degrading device performance.
Therefore, to extract intrinsic device Q without these effects, we
measure the resonance characteristics of devices through the
combination of electromechanical motion excitation and optical
interferometry detection. As shown in Figure lab, an alternating
electrical field is introduced by an electrode hanging hundreds of ym
above the device, thus creating an alternating force to drive the device
motion utilizing the piezoelectric effect in the HfyZr,;O, material,
without requiring electrodes patterned on the mechanical devices.
The driven device motion is detected interferometrically by a 633 nm
laser. The overhanging electrode is slightly aside from the device to
not block the detection laser. A vacuum chamber connected to a
turbo pump is used for achieving high vacuum of <5 mTorr. The
measurement system provides combined benefits of (i) uniform
driving force over the complete device without necessitating the
otherwise loading and lossy electrodes on the devices, (ii) laser
interferometry for ultrasensitive motion detection, and (iii) high
vacuum environment for the removal of air damping effects. Figure 1d
shows a typical fundamental mode resonance spectrum of a
HfysZry 5O, resonator in this work. Table SI in the Supporting
Information summarizes the measured resonance characteristics of all
devices in this work, tested under pressures of <S mTorr. The devices
exhibit f—Q products on the order of 10" Hz.

To characterize the ferroelectricity of atomic-layered HfysZr, O,
nanolaminates, 120 X 120 um?® solidly mounted (i.e., unreleased)
capacitors are also created in the same batch by sandwiching the
dielectric stack between 20 nm thick tungsten (W) electrodes to
enable electrical measurements. Figure 2a,b depicts the polarization—
electric field and current—electric field hysteresis loops, respectively,
measured for W/HfZr,O,/W capacitors with Hf,Zr, 0,
lamination varying from 10 nm (single layer) to S0 nm (five layers).
Measured capacitors are subjected to the same ALD and RTA
processes as HfysZr, O, nanoresonators, with measurements taken
following application of 1000 bipolar, square, wake-up pulses at 1 kHz
frequency. A stable remanent polarization (P,) and gaussian switching
current are measured for all cycled nanolaminates, confirming
ferroelectricity in unreleased samples and therefore polar morphology
in HfyZr, O, constituent layers. Electrical measurements of pristine
(uncycled) capacitors are depicted in Figure S1 in the Supporting
Information. Confirmation of film ferroelectricity within released,
electrodeless, Hf,sZrysO, nanolaminates is achieved via grazing
incident X-ray diffraction (GIXRD) analysis of ~20 X 30 mm*
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Figure 2. Ferroelectric characterization of nanolaminated Hf; ;Zr, sO,. (a) Polarization—electric field hysteresis loops for 10 nm (single Hf, sZr, ;O,
layer), 30 nm (three Hf,Zr, O, layers), and 50 nm (five Hf, ;Zr, O, layers) capacitors with 20 nm W top and bottom electrodes after wake-up
cycling. (b) Current—electric field hysteresis loops for capacitors identical to (a). (c¢) GIXRD scans of released and unreleased 20 nm (two
HfysZro 5O, layers) and SO nm, electrodeless films fabricated according to process steps within Figure S2. (d) HAADF-STEM images of the
Hfy sZr,5O, layer within the nanolaminate stack from a pristine (uncycled) capacitor taken near the [110] zone axis. The right inset is a 2D FFT
obtained from the selected area indicating a c-axis rotation of 34° counterclockwise, as shown in the left inset.

samples, shown in Figure 2c. Electrodeless membranes continue to
exhibit a Bragg reflection peak at 260 = 30.5° even after the removal of
electrodes and release by selective dry etching of W layers and Si
substrate. This peak corresponds to the superimposed polar
orthorhombic(111) and tetragonal(101) phases,'”*** confirming
the existence of a dominant polar morphology within released,
electrodeless, Hf sZr, sO, nanolaminates. Interestingly, the release of
50 nm membranes results in the promotion of a nonpolar
monoclinic(111) peak at 20 = 31.69°. This can be attributed to a
nonsymmetric stress gradient across thicker nanolaminates. Figure S2
in the Supporting Information depicts the fabrication process used to
realize samples for GIXRD characterization, while Figures S3 and S4
show the optical images of released and unreleased 20 and 50 nm
Hf, sZry 5O, nanolaminates, respectively. To further resolve
Hf,sZr, 5O, ferroelectricity, high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images are taken
for individual HfyZr,sO, layers. Depicted in Figure 2d is a
representative orthorhombic grain taken from a layer within the 50
nm Hf,ZrysO, nanolaminate. A two-dimensional fast Fourier

36809

transform (2D FFT) of the highlighted area reveals the grain to be
orthorhombic with a polar (c-axis) tilt of 34°, counterclockwise from
the surface normal.

B RESULTS AND DISCUSSION

In general, it is desirable to achieve high Qs in M/NEMS
resonators. The measured Q of a resonator is determined by
the combined contributions of different dissipation processes
in the resonator. Since 1/Q represents the energy dissipation,
assuming uncorrelated energy loss mechanisms, the relation
can be expressed using the equation

e W 3 O Y O
Q Total Q TED Q Clamping Q Surface Q Air
)
+ | =
Q Other (1)
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where (1/Q) o is the total energy dissipation in the resonator
and the rest are energy dissipation terms limited by
thermoelastic damping (TED), clamping loss, surface loss,
air damping, and other loss mechanisms. The equation
indicates that a dissipation process with the smallest Q
dominates the determination of the measured Q of the
resonator. Other loss mechanisms consist of mechanisms that
can be neglected in the Hf;Zr, O, resonators in this work,
including dielectric loss and phonon—electron interaction,
since there is no current going through the device, and
phonon—phonon interaction with the Akhieser regime
possessing the f—Q product of >10" Hz, much higher than
the measured f—Q in this work.”” Thus, we mainly investigate
the first four terms on the right-hand side of eq 1.

Air damping is the only dissipation process limited by the
environment among the four terms, so we can eliminate the air
damping effect by controlling the environment, i.e., operating
the device in a sufficiently high vacuum. Figure 3 shows the
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Figure 3. Mitigating the air damping effects on Hf;Zr, O,
resonators. Q vs p in the range from 0.2 mTorr to atmospheric
pressure (760 Torr) measured for Hf,Zr, O, resonators with L =
211.8 ym, W = 8.6 ym, and H = 10, 30, and 50 nm. Three regimes of
Q behavior can be observed with (1) plateau where Q is not limited
by air damping, (2) Q o p~" where Q is limited by FMF damping, and
(3) Q « p~"/* where Q is limited by viscous damping.

frequency f and Q of the fundamental mode under varying
pressure for the longest (L = 211.8 um) Hf,Zr, <0,
resonators with varied thicknesses in this work. Q saturates

when pressure p < 5 mTorr, indicating the elimination of air
damping as the major limiting factor of the total Q of the
resonator. We measure all devices with p < S mTorr for device-
intrinsic Q analysis by evading the air damping effects. In
addition, Figure 3 shows that in higher pressure ranges, Q
follows two different trends: Q « p~' and Q o p"/2 In the
former trend, Q is limited by free molecule flow (FMF)
damping, which is related to the energy dissipation process of
the resonator striking free gas molecules in the environment
and losing energy to them. For the latter, Q is limited by
viscous damping,”*

To investigate and model the dissipations from TED,
clamping loss, and surface loss, we first need to extract some
basic properties of the resonators. Since the resonators have a
huge length-to-thickness ratio (L/H > 1) with expected high
residual tensile stress, the resonance frequency (f) for the
fundamental out-of-plane flexural mode can be modeled using
the string model (also confirmed by measured resonance
frequency ratio in Table S2 in the Supporting Information)

oL
2L\ p (2)
where ¢ is the built-in stress and p = 7768 kg/m? is the mass
density of the composite material.'> Thus, by comparing the
curves produced by eq 2 with the measured resonance
frequencies in Figure 4a, we extract the built-in tensile stress
of HfyZr, O, resonators with different thicknesses: o = 600
MPa for H = 50 nm, ¢ =~ 250 MPa for H = 30 nm, and ¢ &
0.2—2 MPa for H = 10 nm. The higher stress in thicker devices
is introduced by the intercalated Al,O; layers. We can further
measure the temperature-dependent resonance frequency of
Hf, sZr, 5O, resonators to extract its temperature coefficient of
frequency (TCf), from which we can calculate the thermal
expansion coefficient a of the device with different thicknesses
using the equation (with the assumption of identical a in
different directions, see detailed derivation in the Supporting
Information)*®

4Lf Jpe TCf
Ey 3)

where ag,, = 2.6 ppm/°C is the thermal expansion coeflicient
of the silicon substrate and Ey = 320 GPa is Young’s modulus
of the laminated structure." Figure 4b shows the temperature-
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Figure 4. Evaluation of mechanical and thermal properties of HfysZr, O, resonators. (a) Scaling of f vs L at different o levels. Scattered symbols
represent the measured f from devices with different H; while curves show the theoretical frequencies based on the string model eq 2. (b)
Extraction of a by measuring the TCf of the 50 and 30 nm thick devices. Symbols represent measured data and dashed lines show the linear fitting

of the data.
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Figure S. High Q of the superlattice Hf; ;Zr, O, resonators and its limiting dissipation mechanisms. (a) Dilution factor variation upon different
lengths for Hfy3ZrysO, resonators with different thicknesses. (b) Measured Q vs H of HfysZr,sO, resonators. (c) Qo vs H of Hfy3Zry O,
resonators. (d) Comparison of measured Qs and evaluated Qs limited by clamping loss (CL) and surface loss (SL) and total loss for H = 50, 30,

and 10 nm devices, respectively.

dependent frequency for temperature T = 0 to 100 °C with
linear fitting to extract TCf and a of the devices. H = 30 nm
has lower & (=4.6 ppm/°C) than the a (=5.4 ppm/°C) of H =
50 nm device. The difference in @ can be explained by the
higher proportion of Al,O; in H = 50 nm devices (~8.0%)
than that in H = 30 nm devices (~6.8%) since Al,O; has a
higher a of 8.4 ppm/°C. The thermal expansion coeflicient of
the Hfj) sZr, sO,-Al,O5 structure can be utilized for the analysis
of TED of the Hfj jZr, O, resonators.

Q is the parameter that describes the energy dissipation
process in a resonator. For a mechanical resonator, Q is

defined as

U
Q=270 @)

where U is the total mechanical energy stored in the resonant
mode and AU is the energy dissipated per cycle. The
mechanical energy consists of three parts: the first two due
to bending at antinodes Up.nq.g (string-like) and clamping
point Upepd.cane (cantilever-like), and the other one due to
stress-induced elongation Uggny U = Ugend-cant + Upend-sie +
Uglong These three components can be written as™

1 L,
UBend—Str = EEYIA [u (x)]de

1 L,
UBend—Cant = EEYIA [V (x)]de

L ’
UElong = %GA ‘/(; [u (x)]zdx )

where u(x) = Szsin(zmx/L) is the mode shape of a string
resonator, 6z is the displacement of the resonator, I = WH?/12
is the moment of inertia, v(x) = 6z #[(6A)/(6EyIL)]x*(3L; —
x) is the cantilever-like mode shape at the clamping points, L
= [(2EyI)/(6A)]"? is the cantilever length,”® and A = WH is
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the cross-sectional area of the device. By completing the
integration in eq S, we have

, Byl

4r?

UBend—Str =0z

n*\[20AE I

3%

o2
UBend—Cant =0z

2 7’cA
4L (6)

UElong =6z

According to eq 4, Uy, is diluting the energy dissipation in
the Hf;sZr;sO, resonators. When only bending terms exist,
the dissipation is undiluted. We define the quality factor
without dissipation dilution as Q,. Then, we have dilution
factor é = Q/QO = U/(UBendfCant + UBendetr)' It is easy to
estimate that Ugong > (Upend-cant + Usend-ser) for all
Hfy5Zro 5O, resonators in this work, so we have U & Ugqy,
and & ~ Ugiong/ (Upend-Cant + Upend-str)- Considering the results
from eq 6, we have

-1
Q=¢Q,= [ﬂi - n%z] Q,
3 (7)
where A = (H/L)[Ey/(126)]"% Using eq 7, we plot the
dilution factor for the devices measured in this work in Figure
Sa. £ ranges from 9 to 34 for 10 nm thick devices and from
~50 to ~180 for 30 and 50 nm thick devices (see Table S3 in
the Supporting Information for details), inducing significant Q
enhancement.
Scattered symbols in Figure Sb show the measured Qs all at
p < S mTorr for devices at different thicknesses and lengths,
respectively. The thicker devices (H = 30 and 50 nm), where
Al,O; is introduced for higher built-in stress, have much higher
Qs than the thinner counterparts (H = 10 nm), indicating that
the higher stress promotes higher Q. By removing the
dissipation dilution effects, we plot the Q, of all devices in
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Figure 6. (a) Projection of Q for HfsZr, O, superlattice resonators with varying built-in stress. (b) Scaling of f X Q at varying stress. Scattered
symbols are measured values. Solid curves represent calculated values considering both surface and clamping losses, while the orange dashed curve

shows the calculated f X Q when only the surface loss is considered.

Figure Sc. The Qq still follows the trend of higher Q in thicker 1 2LW 4pL*
devices; however, there is no clear dependence on the length of " = S oWH | 352
i ) ro 0z cH
the resonator. Uuice 272 4L rore (10)

Based on the trends, we can evaluate the limiting damping
mechanisms in these resonators. First, we calculate the TED-
limited Q for Hfy Zr,;O, nanomechanical resonators. The
exact expression for TED in vibrating strings (narrow
membrane) is*’

(Q_)_l _ EYaZT 6 6 sinhi+sing
TED — rC, £2 E2cosh E+cos & )’

_ ﬂf/}Cp
I ®
where T = 300 K is the temperature, C, = 279 J/(K kg) is the
mass heat capacity,” and k = 0.72 W/(m K) is the thermal
conductivity.”' Since the thermal properties of Hf, sZr, O, are
not readily available, except for the thermal expansion
coeflicient measured in Figure 4b, we use the values from
thin-film tetragonal HfO, to estimate the TED-limited Q of the
Hf, ;Zr; O, resonators. The estimated TED-limited Qs are
plotted with dashed-dotted lines in Figure SS in the Supporting
Information, which are significantly higher than the measured
values. By further considering the stress effect, these numbers
will be even higher, thus TED-limited Q can be neglected.26

Clamping loss is the result of elastic waves of the resonator
radiating into the anchor of the device. The empirical relation
of the out-of-plane flexural modes for doubly clamped, thin-
film resonators is Qlamping & L/ W.*>** By adding the stress-
induced dissipation dilution as derived earlier from eq 7, we
have Qgjamping & SL/W. If we assume Qgymping = 1206L/ W, we
can plot the clamping loss limited Q with dashed lines in
Figure 5d.

Surface loss arises from the phonon scattering at the surface
of the device. The exact theoretical analysis or model for
surface loss mechanisms have yet to be comprehensively
established. Intuitively, one expects the dissipation to be
proportional to the surface area of the device. We can write the
surface loss per cycle

AUSurface = ﬁZ(LW + LH) ~ ZﬂLW (9)

where H << W and f is an assumed constant damping
coefficient. Thus, using Uy, (~U) in eq 6 and combining eqs
4 and 9, we can get surface-loss-limited Q

We can assume that 0z/L is constant given their relation.
Then, we have Qgypce X 0H. We define Qgup.e = BoH and
assume B = 40,000 m/N. By plotting calculated Qg With
short-dashed lines in Figure 5d, we notice a different trend
from Qs limited by the clamping loss which increases with the
increasing length of the device, compared to surface-limited Q,
which is irrelevant to the length of the device. Thus, if the total
Q is not increasing with length, Qg may be the main
limiting factor of the total Q, which is the case for measured Q
of H = 10 nm devices.

By assuming that (1/Q)rep, (1/Qap and (1/Q)ogpe are
negligible, we evaluate the total Q with solid lines in Figure 5d,
which agrees well with measured Qs. As suggested by the plots,
for the devices with H = 50 nm, Qq,y, is mainly limited by the
clamping loss, for devices with H = 30 nm, Q. is limited by
both clamping loss and surface loss, while for H = 10 nm
devices, Qrqy is limited by surface loss. Thus, when stress is
introduced by AL, O; layers, clamping loss tends to be the
dominant dissipation pathway, suggesting that by mitigating
the clamping loss with engineering methods, the Q of the
HfsZr, 5O, resonator can be much improved.

Given that the clamping loss and the surface loss are the
limiting factors of Q, which both depend on & in the device, it
is worth analyzing the relation between Q and o. Figure 6
shows the measured and calculated Q and f X Q at varying o,
where they both increase monotonically with increasing o.
Since the stress in the device is expected to originate from
Al O; layers, the stress in the device can be enhanced through
the alteration of the number and thickness of AlL,O; and
modification of the thermal parameters during growth and
RTA of the superlattice to increase the Q of Hf,Zr, O,
resonators. In addition, since the major dissipation source for
laminated devices (the thinnest H = 10 nm device has no
ALO; layer) is clamping loss, methods to reduce the energy
radiated to the substrate can significantly enhance Q and f X Q
can reach 10'> Hz at ¢ > 500 MPa (when the surface loss is the
limiting factor), as shown by the orange dashed line in Figure
6b. One method to reduce the energy radiated to the substrate
is to add phononic structures at clamping locations with
phononic forbidden bands at the resonance frequency (soft-
clamping approach), leading to Ugeyd.cant term to diminish.****
Such a method can be applied to Hf;sZr, O, resonators for a
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pure intrinsic dissipation source (TED or surface loss) with
dominant high Qs.

B CONCLUSIONS

We have demonstrated that the incorporation of Al,O;
interlayers in Hf;Zr, O, nanoelectromechanical resonators
not only maintains the ferroelectricity of Hf ;Zr, O, but also
boosts the Q of the resonator, with the f X Q of the measured
devices reaching 10" Hz. Through analyses, clamping loss is
determined to be the limiting dissipation pathway for
superlattice Hf;Zr, O, resonators. Additional steps can be
taken to further enhance the f X Q of Hf,Zr,sO, NEMS
resonators by 1 or more orders of magnitude, approaching the
material-limited f X Q. The extrapolated potential Qs of 100s at
>10 GHz resonances are particularly promising for RE NEMS
applications, high sensitivity resonant sensing, and possible
room-temperature quantum optomechanics (f X Q > kzT/A =
6 X 10'2 Hz).
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