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The elastic moduli of amorphous and crystalline atomic layer-deposited Hf1+Zr:O2 (HZO, x = 0,
0.31, 0.46, 0.79, 1) films prepared with TaN electrodes on silicon substrates were investigated
using picosecond acoustic measurements. The moduli of the amorphous films were observed to
increase between 211 + 6 GPa for pure HfO2 and 302 + 9 GPa for pure ZrO:. In the crystalline
films it was found that the moduli increased with increasing zirconium composition from
248 + 6 GPa for monoclinic HfO, to 267 + 9 GPa for tetragonal ZrOz. Positive deviations from
this increase were observed for the Hfo.69Zr03102 and Hfo.54Zr04602 compositions, which were
measured to have moduli of 264 + 8 GPa and 274 + 8 GPa, respectively. These two compositions
contained the largest fractions of the ferroelectric orthorhombic phase, as assessed from
polarization and diffraction data. The biaxial stress states of the crystalline films were
characterized through sin’(y) X-ray diffraction analysis. The in-plane stresses were all found to be

tensile and observed to increase with increasing zirconium composition, between 2.54 + 0.6 GPa
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for pure HfO2 and 5.22 + 0.5 GPa for pure ZrO>. The stresses are consistent with large thermal
expansion mismatches between the HZO films and silicon substrates. These results demonstrate a
device-scale means to quantify biaxial stress for investigations on its effect on the ferroelectric

properties of hafnia-based materials.
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Since the first reporting of ferroelectric responses nearly a decade ago,! HfO2-based thin

films have witnessed research and development for applications including ferroelectric random

5 6,7

access memory,>” energy harvesting,%’ and negative differential capacitance field effect
transistors.®® The ferroelectric response has been attributed to a non-centrosymmetric
orthorhombic phase (space group Pca21), which is energetically metastable between the room-
temperature, linear dielectric monoclinic (P21/c) and high-temperature field-induced-ferroelectric

tetragonal (P4onmc) phases.!®!! The stability of this orthorhombic phase has been attributed to

13,14 15,16

small crystallite sizes,'? inclusion of specific dopants, and the presence of biaxial stress,
among others. HfO2-based ferroelectrics are typically grown to thicknesses of 5 — 20 nm, which
limits the grain size via thickness truncation, and doped to enhance orthorhombic phase stability.
ZrO2 alloying has been observed to stabilize the orthorhombic phase through a broad composition
window (x = 0.1 — 0.8)'"'® and result in a reduced thermal budget compared to many other
ferroelectric HfO2 compositions.!*?° In spite of the many mechanisms to increase orthorhombic
phase stability, Hf1.<ZrxO2 (HZO) thin films often exhibit mixtures of the orthorhombic, tetragonal,
and monoclinic phases, with Hf-rich and Zr-rich compositions resulting in monoclinic-rich and

tetragonal-rich phase constitutions, respectively.'”-!821.22

Biaxial stress impacts both the phase stability and the domain structure. Computational
works have suggested that compressive biaxial stresses facilitate stabilization of the orthorhombic
phase compared to the equilibrium monoclinic.!" Experimental studies, alternatively, have

16,23 or

observed enhanced polarization responses under conditions that yield biaxial tensile stress,
favorable texture,?* both of which alter the domain structure to maximize the degree to which the
short polar axis is oriented normal to the film surface. Such experimental works examining stress
effects in HfO2-based ferroelectrics rely on combinations of experimental and computationally
predicted bulk elastic constants for the monoclinic, tetragonal, and orthorhombic phases for
analysis. Measurement of these values in planar, mixed phase thin films is important because
utilization of bulk, phase-pure elastic constants may discount effects of microstructural features
such as the high density of grain boundaries and presence of interface segregated phases,'®? both
of which may affect the elastic properties. Thus, the direct measurement of elastic constants in

relevant phases and phase mixtures present in HZO thin films provides necessary information for

investigations of stress effects on phase stabilization, domain structure, and ferroelectric
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performance. Additionally, knowledge of the elastic behavior of these ferroelectric materials is

critical for emergent piezoMEMS applications, such as resonator device structures.?®?’

In this study, the elastic moduli (E) of amorphous and crystalline 20 nm-thick Hf1.Zr:O2
(0 <x < 1) thin films prepared with TaN electrodes on silicon substrates are directly investigated
using picosecond acoustic measurements. The crystallized films comprise pure monoclinic HfO2,
pure tetragonal ZrO2, and phase mixtures in the alloy compositions, which include the ferroelectric
orthorhombic phase. The experimental elastic moduli from these measurements are utilized to
quantify the stress states of the crystalline 20 nm-thick HZO films through sin’*(y) X-ray

diffraction analyses.

Metal-Insulator-Metal (MIM) devices comprising Hf1-.ZrxO2, with x = 0, 0.31, 0.46, 0.79,
and 1, between TaN top and bottom electrodes were prepared. 100 nm-thick TaN bottom electrodes
were deposited via DC sputtering from a TaN target onto (001)-oriented silicon substrates under
an argon background pressure of 5 mTorr at a power density of 3.3 W cm™ with a 45 degree off-
axis geometry. 20 nm-thick Hf1..Zr,O2 films were deposited via plasma-enhanced atomic layer
deposition (PEALD) at a substrate temperature of 260 °C using
tetrakis(ethylmethylamido)hatnium (TEMA Hf) and tetrakis(ethylmethylamido)zirconium
(TEMA Zr) as hafnium and zirconium precursors, respectively, and an oxygen plasma as the
oxidant within an Oxford FlexAL II instrument, as detailed in the supplemental information. The
ratio of Hf:Zr cycles within each 10-cycle super cycle was altered to control the film composition.
The growth rates were determined to be 1.05 A/cycle and 1.15 A/cycle for HfO2 and ZrOz,
respectively. Film compositions were determined via X-ray Photoelectron Spectroscopy
measurements of fully processed devices, with details provided in the supplemental information.
Following HZO deposition, films meant for crystallization received planar, sputtered 20 nm-thick
TaN top electrodes and the samples were annealed at 600 °C for 30 seconds under N> at
atmospheric pressure. Following annealing, samples on which electrical analyses were to be
performed received 50 nm-thick circular Pd contacts through a shadow mask with diameters
spanning 100 — 500 pm via DC sputtering utilizing the same conditions as for the electrodes.
Samples were subsequently exposed to an SC-1 etch solution (5:1:1 H20:30% H20:2 in H20:30%
NH4OH in H20) at 60 °C for 25 minutes to remove the exposed TaN and define devices for

electrical analyses using the Pd contacts as a hard mask. Polarization versus electric field hysteresis
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(P(E), 10 ms test period), current-voltage, and positive up negative down (PUND, 1 ms pulse and
1000 ms delay) measurements were made between 1.0 — 2.5MV cm™' using a Radiant
Technologies Precision LC II Tester. Capacitance-voltage (CV) measurements were made using a
Keysight E4980A LCR meter at 10 kHz with a 50 mV oscillator amplitude. The phase constitution
and thickness/density of each of the films were examined using grazing incidence X-ray diffraction
(GIXRD) and X-ray reflectivity (XRR), respectively, on samples processed without Pd contacts
using a Rigaku SmartLab diffractometer with Cu Ko radiation in a parallel beam configuration.
GIXRD was performed with o fixed at 0.7° and XRR patterns were fit with GSAS-II software.?
80 nm of aluminum was e-beam evaporated onto each film, which had been measured with
GIXRD and XRR to serve as a transducer for picosecond acoustic measurements. The resulting
acoustic signatures were fit using LIPRAS line-profile analysis software.? 2D diffraction patterns
were collected on crystallized samples using a Bruker APEXII Duo diffractometer equipped with
an Incoatec IuS Cu Ka microfocus source and an APEXII CCD area detector with w fixed at 18°.
MgO powder was placed on film surfaces for use as a stress-free standard and for sample
displacement alignment. Area detector patterns were unwarped using the pyFAI azmithual
integration package.’® Sin’(y) analyses were carried out on the crystallized films using intensity
profiles extracted at y angles between 0° and 45° relative to the film surface normal to calculate
the stress state of each film using the elastic moduli determined from picosecond acoustic

measurements.

Figure 1(a) shows the P(E) response measured on each HZO film. Responses were
observed to be linear for HfO2 and ZrOz, hysteretic for Hfo.69Zr0.3102 and Hfo.54Zr0.4602, and
pinched hysteretic for Hf0.21Zr0.7902. The largest polarization was observed for the Hfo.54Zro.4602
film. The pure ZrO> film required electric fields in excess of 2.5 MV cm! to exhibit the typical
field-induced ferroelectric response. Corresponding switching current measurements are available
in the supplemental information Figure S1. The remanent polarizations (Pr, from PUND
measurements at 2.5 MV cm™') for each composition within the series are shown in Figure 1(b)
and confirm the composition dependence of polarization observed in the P(E) data. These
responses are consistent with prior reports on the compositional dependence of polarization
response in HZO and suggest non-trivial orthorhombic phase fractions in the Hfo.69Zr03102 and

Hfo.54Z10.4602 films.!718-21
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Figure 2 shows GIXRD patterns corresponding to each crystallized film, indicating the
phases present at each composition. The diffraction pattern measured on the pure HfO> film
contained two peaks at 28.6° and 31.9° in 26, which were indexed as the (111) and (111)
monoclinic (m) reflections, respectively. Diffraction patterns measured on the Hf0.¢9Zr03102 and
Hfo.54Zr0.4602 films contained an additional peak at 30.7° in 260, which was indexed as the
superimposed (101) tetragonal/(111) orthorhombic (t/0) reflections, and observed to increase in
intensity with increasing ZrO: concentration. The diffraction patterns measured on the
Hfo21Zr07902 and pure ZrO2 films contained only t/o peaks. The t/o peak position increased in
diffraction angle in the ZrO: pattern, which is consistent with previous observations of the
diffraction behavior in composition-varied HZO thin films and has been attributed to the tetragonal
phase.!® GIXRD patterns for the un-annealed films lacked distinct Bragg reflections and are
available in supplemental information Figure S2. Combined, the GIXRD patterns and electrical
measurements suggest that the Hfos4Zro46O2 film contained the largest orthorhombic phase
content: it exhibited the highest measured Pr and an intense, low angle t/o diffraction peak. The
Hfo.60Zr03102 film, which had the second highest Pr and diffraction peaks corresponding to all
three phases, likely had the second largest orthorhombic phase content. The Hfo.21Zr0.7902 film had
a higher content of the tetragonal phase, as evidenced by the pinched hysteresis response, low Pr,
and single t/o diffraction peak. The pure HfO2 and ZrO: films had diffraction patterns and electrical
responses consistent with pure monoclinic and tetragonal phases, respectively. The high field
permittivities (2.5 MV cm™), extracted from CV measurements (supplemental Figure S3), further
support a transition from a low permittivity monoclinic phase to higher permittivity orthorhombic

and tetragonal phases as the film composition is varied from pure HfO: to pure ZrOx.

XRR measurements of each sample were used to quantify film densities and obtain
thickness values. The measurements and associated fits can be found in the supplemental
information Figures S4 and S5 for the crystallized and amorphous sample series, respectively. The
densities of the crystallized and amorphous films were observed to decrease approximately linearly
as the composition changed from pure HfO: to pure ZrOz, as provided in Table I and shown in

supplemental information Figure S6 along with the film thicknesses.

The longitudinal speed of sound was extracted from optical pump-probe picosecond

1-33

acoustic measurements> using a two-tint time-domain thermoreflectance system, which is



AlP

Publishing

described elsewhere.>*** Briefly, the output of a Ti:Sapphire oscillator (100 fs pulses, 80 MHz) is
energetically separated into high-energy pump and low-energy probe paths. The pump is
electro-optically modulated at 8.4 MHz, and creates a periodic heating event at the surface of the
samples coated with aluminum. This heating event also generates a strain pulse that propagates
through the film stack, partially transmitting/reflecting at the interfaces between the layers. The
reflectivity of the aluminum transducer is interrogated using the probe, which is mechanically
delayed ~100 ps following the incident pump pulse. Because the reflectivity of the aluminum is
proportional to both temperature and strain, signatures at short pump/probe delay times are
indicative of the acoustic propagation times within each layer. Acoustic responses for the
20 nm-thick crystallized HZO films are shown in Figure 3(a), where signatures from the AI/HZO
and HZO/TaN interfaces are identified, with equivalent data for the amorphous films provided in
supplemental Figure S7. The delay time between these two signatures, 7, represents the round-trip
propagation time of the strain wave within the film, as diagrammed in supplemental Figure S8.
Gaussian peaks were fit to both acoustic signatures to determine this delay, as shown for the
Hfo.54Zr0.4602 film in supplemental Figure S9. Utilizing the measured film thicknesses, d, and the
round-trip propagation times, the longitudinal speed of sound in each film was calculated via
vy = 2d/z. Elastic moduli were then calculated from the longitudinal wave velocities and the density
measurements using Equation (1) with the assumptions of an isotropic randomly oriented,

polycrystalline solid or isotropic amorphous layer:*

E=pv (1)

Where v; is the longitudinal speed of sound, p is the film density, and E is the elastic modulus of
the film. The elastic moduli, provided in Table I and shown in Figure 3(b), were observed to
increase with increasing ZrO2 composition, between 248 + 6 GPa for the pure monoclinic HfO2
film and 267 + 9 GPa for the pure tetragonal ZrO:> film, with positive deviations from this trend
observed for the Hfo.60Zr0.3102 (264 + 8 GPa) and Hfo.54Zr0.4602 (274 £ 8 GPa) compositions. The
elastic moduli of the amorphous films were observed to increase with increasing ZrOz

composition, from 211 + 6 GPa to 302 + 9 GPa between pure HfO2 and pure ZrO>. Additional
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thickness, density, and sound velocity data for the amorphous films are provided in supplemental

Table SI.

Given that the Hfo.60Zr0.3102 and Hfo.54Zro4602 films contained the second largest and
largest contents of the orthorhombic phase, respectively, according to diffraction and electrical
characterization, these positive deviations from the apparent increase indicate that the
orthorhombic phase has an elastic modulus larger than the monoclinic and tetragonal phases. These

3738 and experimental trends between the bulk

values are in agreement with DFT predictions,
modulus of the monoclinic and non-ferroelectric orthorhombic phases of HfO2.%° The elastic
moduli measured for the Hfo.54Zr0.4602 film (274 + 8 GPa), which possessed the largest content of
the orthorhombic phase, is lower than the reported 340 GPa value extracted from fitting of acoustic
vibrational responses of 10 nm-thick HZO nano-membrane resonators,”’” and is larger than the
reported ~170 GPa value measured on 10-100 nm-thick Hfos5Zro4502 films by atomic force

microscopy.*® These differences may be related to varying phase purities, mechanical boundary

conditions, and/or the indirect nature of moduli calculation from these other techniques.

Utilizing measured elastic moduli, sin’(y) analyses were performed to assess the biaxial
stress present in each of the crystalline films following processing. 2D diffraction patterns were
collected using an area detector, with an example shown in Figure 4(a) for the Hfo.54Zr0.4602
sample. Area detector data were unwarped using the MgO diffraction peaks, with an example
shown in supplemental Figure S10. The (111) and (111) m (in the case of the HfO> film) and
(101)/(111) t/o reflections (in the case of the other films) were fit to quantify changes in d-spacing
with y angle relative to film normal, as shown in Figure 4(b) for the Hfo.54Zro.4602 sample. The
normalized intensities of the superimposed t/o diffraction peaks, also shown in Figure 4(b) for the
Hfo.54Zr0.4602 film, were observed to be effectively constant throughout the Debye ring, validating
the assumption of a randomly oriented polycrystalline material. A similar lack of texture was
observed in all other samples, except pure HfO2, with the 2D patterns shown in supplemental
Figure S11. These observed changes in d-spacing with y angle were fit using Equations
(2) and (3), with the assumption of a randomly oriented, polycrystalline solid with isotropic elastic
behavior.*! Note that this calculation accounts for the biaxial modulus in an equi-biaxially stressed

thin film.
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Where d,, is the d-spacing at each y angle, v is Poisson’s ratio (assumed to be 0.29%4, E is the
measured elastic modulus for each composition, and o, is the biaxial stress state. The strain-free

d-spacings (d,) of the HZO films were calculated to occur at i angles (") at which Equation (4)

was fulfilled:*!

sin(l//*) = |2 @)

1+v

The d-spacings of the MgO powder resting on the film surface, shown in supplemental Figures
S10 and S12, were not observed to vary with y angle, indicating that the observed m/t/o d-spacing

slopes are not measurement artifacts.

The biaxial stress states of the crystalline films were found to be 2.54 + 0.6 GPa for the
pure HfO: film (averaged between the (111) and (111) monoclinic peaks), 3.75 + 0.2 GPa, 4.71 +
0.4 GPa, and 5.00 + 0.3 GPa, for the Hfo.60Zr0.3102, Hf0.54Z10.4602, and Hfo.21Zr0.7902 compositions,
respectively, and 5.22 + 0.5 GPa for the ZrOz film. Values utilized for stress quantification can be
found in Table I, a discussion of error propagation in all elastic moduli and biaxial stress
calculations can be found in the supplemental information, and analogous sin?() analyses can be
found for the other samples in supplemental Figure S13. The large tensile biaxial stresses present
following processing are consistent with other studies examining stress states of HfO:-based
ferroelectrics grown on binary nitride electrodes and suggest significant stress resulting from
thermal expansion mismatch with the silicon substrates.?* Given that monoclinic HfO2 possesses
a smaller coefficient of thermal expansion than tetragonal ZrO2,* and that clear evidence of
46

monoclinic ferroelastic twin texturing was observed in the 2D diffraction patterns,” it is
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anticipated that the monoclinic HfO: and mixed phase Hfo.69Zro3102 films could better
accommodate thermal strains compared to the other compositions, and thus maintain lower biaxial
stress following processing. The texture of the (111) and (111) reflections in the pure HfO> film
does mean that the assumption of a randomly oriented, isotropic crystalline solid used throughout
the stress calculations is less valid for this film than for the other compositions. Furthermore, it
should be emphasized that all of the crystal structures present in this study are elastically
anisotropic. An implicit assumption of the sin’(i) technique used is that the elastic properties of
the planes considered do not significantly differ. The complete elastic compliance tensor for each
phase and composition would be necessary to account for any differences and, to date, this
information is not available. Regardless, the random orientation of most compositions, linearity of
d-spacing versus sin’(y), and use of the same atomic plane in each phase suggests that these results

are reliable.

In summary, the elastic moduli of amorphous and crystalline 20 nm-thick Hf,.Zr,O; films
have been directly quantified using picosecond acoustic measurements. For the crystallized films,
the elastic moduli were found to increase from 248 + 6 GPa to 267 + 9 GPa between the monoclinic
HfO: and tetragonal ZrO: films, respectively. The Hfo.60Zr03102 and Hf0.54Zr0.4602 films, which
were determined to have the largest content of orthorhombic phase, exhibited larger elastic moduli
of 264 + 8 GPa and 274 + 8 GPa, respectively. The larger elastic moduli of films containing the
orthorhombic phase is consistent with computational predictions. The moduli of the amorphous
films were observed to linearly increase between 211 + 6 GPa and 302 + 9 GPa as the composition
was varied from pure HfO: to pure ZrOa. The biaxial stresses of the crystalline films, quantified
using their measured elastic moduli values through sin’(y) analysis, were found to increase from
2.54 + 0.6 GPa, for pure HfO2, to 5.22 + 0.5 GPa, for pure ZrO:. Direct investigation of these
elastic properties, through utilization of picosecond acoustic measurements, allows for enhanced
analysis of stress effects on phase stability, domain structure, and polarization properties in HfO2-

based ferroelectric thin films.

The data that support the findings of this study are available within the article and its
supplementary material. See supplementary material for a detailed description of the PEALD

processing, XPS measurements, error propagation, and supplemental figures.
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Captions:

FIG. 1. (a) P(E) measurements of HfO2 (grey), Hfo.c0Zro3102 (blue), Hfos54Zro.4602 (orange),
Hf0.21Zr0.7902 (purple), and ZrO2 (green) films. (b) Pr extracted from PUND measurements.

FIG. 2. GIXRD patterns measured on HfO2 (grey), Hfo.c0Zro.3102 (blue), Hfo.54Zro.4602 (orange),
Hf0.21Zr0.7902 (purple), and ZrOz (green) films.

FIG. 3. (a) Acoustic responses measured on crystallized HfO2 (grey), Hfo.69Zr03102 (blue),
Hfo54Zr04602 (orange), Hfo21Zro7902 (purple), and ZrO: (green) films, with signatures
corresponding to the AI/HZO and HZO/TaN interfaces indicated. (b) Elastic moduli calculated for

crystallized (orange circles) and amorphous (blue squares) HZO films.

FIG. 4. (a) 2D XRD pattern measured on the Hfo.69Zr03102 sample with indexed m, t/o and MgO
Debye rings indicated. (b) Change in t/o d-spacing with y angle relative to film normal (filled blue
circles, left axis) with associated linear fit (red dotted line) used to calculate biaxial stress

magnitude and normalized peak intensities (open blue circles, right axis) for the Hfo.69Zro.3102 film.
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Tables:

TABLE I. Calculated elastic moduli and biaxial stress magnitudes along with parameters used for

calculations, remanent polarizations, and relative permittivities for each HZO composition. *HfO2

area detector data indicated preferred orientation. YValue represents the average of calculations

from both (111) and (111) monoclinic peaks.

HfO, Hfo.60Zr03102  Hfo54Zr04602  Hf0.21Z10.7902 ZrO,
Thickness (nm) 20.04+£0.30 19.58+0.29 19.37+029 20.73+031 21.60+0.32
v (ms™h) 5392 +96 5788 £ 115 5984 + 114 6164 =110 6656 + 151
7 (ps) 7.43+0.07  6.76 £0.09 6.47 £0.08 6.72 £0.07 6.37+0.11
p(gem?) 8.55+£0.03  7.90+0.04 7.67 £0.04 6.82 £0.06 6.04 £0.05
P: (uC em?, at 2.5 MV cm!) 0.54 8.38 14.01 2.82 0.03
& (at 2.5 MV cm, 10 kHz) 23.6 34.1 51.1 60.3 42.7
E (GPa, Amorphous) 211+6 226 +7 267 +10 264 +38 302+9
E (GPa, Crystallized) *248 £ 6 264 +8 274 +8 259 %7 267 +9
o (GPa) *1254+06 3.75+02 471+0.4 5.00£0.3 5.22+£05
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