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ead zirconate titanate (e.g., PZT) is one
of the most widely used ferroelectric
materials, due to its excellent piezoelectric and ferroelectric properties. Many
classes of sensors, actuators, and memory
elements for use in diverse sectors of industry, ranging from aerospace, automotive, to medicine and microelectronics, rely
on PZT.1-4 A key disadvantage of this material is that it, like most other ceramics, is
brittle, and usually fractures at strains that
are substantially less than 1%.5 As a result,
devices built with PZT, in conventional layouts and processed using established, hightemperature techniques, can only be subjected to small strain deformations and can
be integrated only with narrow classes of
substrates. These limitations frustrate many
potentially interesting applications, particularly those that require integration with the
curvilinear, elastic surfaces of the human
body for energy harvesting or health monitoring. The former possibility has recently
received signiﬁcant attention. Flexible devices based on arrays of ZnO nanowires
represent one interesting class of technology for this purpose.6-8 The relative ineﬃciency of these systems, determined in large
part by the poor piezoelectric properties of
ZnO, and their restrictive mechanical properties represent two key areas for improvement. Recent reports indicate that the
former can be addressed with thin membranes and ribbons of materials such as
PZT9,10 and BaTiO3,11 created on ﬂat, hightemperature substrates and then integrated
with bendable thin sheets of plastic using
the techniques of transfer printing. The
latter remains an unmet challenge, although
a very recent report describes important
FENG ET AL.

ABSTRACT Applications of ferroelectric ceramics, ranging from components for sensors, memory

devices, microelectromechanical systems, and energy convertors, all involve planar and rigid layouts.
The brittle nature of such materials and their high-temperature processing requirements limit
applications to devices that involve only very small mechanical deformations and narrow classes of
substrates. Here, we report a strategy for integrating nanoribbons of one of the most widely used
ferroelectric ceramics, lead zirconate titanate, in “wavy” geometries, on soft, elastomeric supports to
achieve reversible, linear elastic responses to large strain deformations (i.e., stretchable properties),
without any loss in ferroelectric or piezoelectric properties. Theoretical and computational analysis
of the mechanics account for these characteristics and also show that the amplitudes of the waves
can be continuously tuned with an applied electric ﬁeld, to achieve a vertical (normal) displacement
range that is near 1000 times larger than is possible in conventional planar layouts. The results
suggest new design and application possibilities in piezoelectric devices.
KEYWORDS: stretchable electronics . ferroelectrics . nanoribbons . piezoelectrics .
energy harvesting

progress.12 Advances are needed because
devices that oﬀer simple bendability cannot
accommodate the shapes and motions
characteristic of the human body, that is,
curvilinear geometries and large-amplitude
deformations.13 These features demand not
only linear, elastic mechanical responses
under large strains, but also the ability for
conformal integration on surfaces that have
arbitrary shapes. In other words, the systems must be able to not only bend, like
devices reported previously, but also stretch
without fracture or signiﬁcant degradation
in their properties. Here we show that adapted
concepts of stretchable electronics14-18 can
be exploited to realize these outcomes with
PZT. In particular, we report the fabrication and
characterization of structures consisting of
nanoribbons of PZT in “wavy”, or buckled,
conﬁgurations on soft, elastomeric substrates.
We also introduce a mechanics theory that can
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account for the behavior of these systems, including
explicitly the eﬀects of piezoresponse. These combined experimental and theoretical results appear to
be relevant for a range of applications that cannot be
addressed with conventional rigid technologies or
with newer ones that oﬀer only bendability.
RESULTS AND DISCUSSION
Figure 1 illustrates schematically a process ﬂow for
producing wavy PZT nanoribbons on elastomeric substrates, using ideas originally developed for silicon.14
The starting structure in this case consists of a bottom
electrode of Pt/Ti on an oxidized silicon wafer, with a
layer of PZT formed by sol-gel techniques on top.
Sputtering and photolithography deﬁne top electrodes of Pt/Cr (150 nm/10 nm) with widths of 50 μm.
Inductively coupled plasma reactive ion etching (ICPRIE)19 through a hard mask of SiO2 deﬁnes the PZT into
strips with a thickness of 400 nm, widths of 80 μm, and
FENG ET AL.
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Figure 1. Schematic illustration of procedures for deﬁning
PZT devices in nanoribbon formats and for integrating them
in wavy conﬁgurations on PDMS substrates. (a) Patterning
the PZT nanoribbons. The inset provides a cross sectional
illustration with representative lateral dimensions. The gold
and red layers correspond to the electrodes and the PZT,
respectively. (b) Undercutting the sacriﬁcial layer. Photolithographically patterned photoresist protected the PZT
layers during removal of the SiO2 with dilute HF. Etching
away the SiO2 layer underneath the ribbons but incompletely from the pads at their ends prepares the structures for
printing. (c) Removing the PZT nanoribbons. The inset
shows a cross sectional view and thicknesses for the different layers in the structure. Contacting a PDMS stamp with
the PZT and peeling the stamp away removes the ribbons
from the silicon wafer and leaves them adhered to the
surface of the stamp. (d) Printing the PZT nanoribbons.
Aligning a stamp with PZT ribbons to a prestrained substrate of PDMS with a predeﬁned electrode, and then
printing transfers the PZT to the PDMS. (e) Forming wavy
PZT nanoribbons. Releasing the prestrain leads to a mechanical buckling process that forms wavy structures.

lengths of 1 mm (see the Experimental Methods
section). Another ICP-RIE step patterns the bottom
electrode, with a diﬀerent mask. This process also
leaves large square pads (∼120  120 μm) at the ends
of the ribbons. Patterning a layer of photoresist across
the entire width of the structure followed by immersion in dilute hydroﬂuoric (HF) acid completely eliminates the oxide layer under the lengths of the ribbons,
but only partially removes this layer from under the
pads, due to their larger dimensions. In this way, the
ribbons are completely released, but they remain
tethered to the underlying wafer due to their connection to these pads. The techniques of transfer printing
are used to remove the PZT nanoribbons from the
substrate, via fracture at points near their ends, and
then to deliver them to a prestrained (a few percent,
biaxial for cases reported here) slab of the elastomer
polydimethylsiloxane (PDMS; Dow Corning). This
PDMS substrate supports metal lines and pads with
widths of 300 μm that connect to the bottom electrodes on the ribbons. Relaxing the prestrain leads to the
spontaneous formation of wavy structures along the
nanoribbons, due to nonlinear buckling phenomena of
the sort that we have previously studied in silicon.14-16
The ﬁnal geometry depends strongly on the prestrain,
the ﬂexural rigidity of the nanoribbons, and piezoelectric eﬀects, as described subsequently.
Figure 2a shows a cross sectional scanning electron
microscope (SEM) image of the device stack on the
silicon wafer, which consists of the top electrode
(Pt/Cr), the active material (PZT), the bottom electrode
(Pt/Ti), the SiO2 release layer and the underlying silicon
substrate, all with thicknesses consistent with the
values reported above. X-ray diﬀraction (XRD, Philips
X'pert) reveals the expected crystal structure in the
PZT. As shown in Figure 2b, two main peaks belonging
to (100) and (111) PZT are clearly visible. The increased
piezoelectric response and poling eﬃciency at compositions near Zr:Ti = 52:48 are due to the increased
number of allowable domain states at the morphotropic phase boundary. Figure 2c presents topographical
measurements of the nanoribbons, immediately after
the ICP-RIE etching processes but before elimination of
the SiO2, determined using an atomic force microscope (AFM, Asylum Research MFP-3D). These results
indicate that most areas are smooth with a rootmean-square (rms) of 21.9 nm. The widths of the top
electrodes and the PZT ribbons are 50 and 80 μm,
respectively, consistent with the design. Variations in
thickness across the ribbon are also apparent, with
central regions that are thicker than the edges, as in
Figure 2d. This variation results from some undercut
removal of PZT near the edges during the etching of
the bottom electrode. In particular, the thickness of the
structure at the edges is 150 nm, corresponding to the
absence of PZT.
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Figure 2. Structural characterization of PZT nanoribbons prior to their integration with PDMS. (a) SEM cross sectional image
of the material stack, Pt/Cr/PZT/Pt/Ti, on SiO2/Si. (b) X-ray diﬀraction spectrum with PZT peaks labeled. (c) AFM image of PZT
nanoribbons with electrodes. (d) Height proﬁle along the ribbon cross section; the red line in frame (c) indicates the
approximate position of this proﬁle.

Some representative wavy structures formed by
integration with PDMS and release of prestrain (∼5%)
appear in Figure 3a-c. The ﬂat regions near the right
and left edges of the images result from connection to
the electrodes on the PDMS (Figure 1).20 The short
period buckling deformations at the edges of each of
the ribbons are due to the smaller thicknesses in those
regions, as described above (Figure 2c,d). We observe
no fracture or cracking of any part of the structures,
consistent with the small strains in the materials, as
described in more detail subsequently in the context of
the mechanics theory where we show that the peak
strains are in the range of ∼0.3%. We also performed
full three-dimensional (3D) modeling using the ﬁnite
element method (Dassault Systemes Abaqus) to determine the patterns of buckling when the edge eﬀects
associated with undercut etching mentioned above
are explicitly included. A solid 3D rendering of the
calculated displacements appears in Figure 3c. The
overall shapes agree remarkably well with the images
in Figure 3a,b. These results conﬁrm that the short
period buckling structures at the edges are due to the
reduced thicknesses in those regions. Figure 3c also
shows a smooth transition from the structures at the
edges to the comparatively long period, sinusoidal
buckling patterns at the center.
These wavy shapes provide linear elastic responses
to applied strain, with a physics that resembles an
accordion bellows, as shown in Figure 4. In particular,
as the tensile strain increases, the wavelengths and
amplitudes of the sinusoidal shapes increase and
decrease, respectively. For applied strains comparable
FENG ET AL.

Figure 3. Wavy PZT nanoribbon devices on PDMS, and full
three-dimensional (3D) simulations obtained using the
ﬁnite element method. (a) Optical image of a pair of wavy
PZT nanoribbons with electrodes on PDMS. (b) Magniﬁed
optical image for a sample similar to the one in (a). (c) Threedimensional rendering of the calculated displacements for
structures identical to those in frame (a).

to the prestrain, the amplitude approaches zero, as
seen in Figure 4 inset. Upon release of the applied
strain, the structure returns to its original wavy shape,
with little or no change. Figure 4 also presents plots of
the wavelength, measured by optical microscopy
(black square) as well as predicted by the theoretical
model (red solid line) as a function of applied tensile
strain. The wavelength is related to the prestrain εpre
and applied strain εapp by16,21 λ = 2πhstack[Ehstack/(3Ehs)]1/3
(1 þ εapp)2/3/(1 þ εpre), where hstack = 2hPt þ hCr þ hPZT
þ hTi (∼720 nm) is the total thickness of Pt/Cr/PZT/Pt/Ti
stack, Ehstack = (2EhPthPt þ EhCrhCr þ EhPZThPZT þ EhTihTi)/hstack
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Figure 4. Measured wavelength of wavy PZT nanoribbons
as a function of applied tensile strain. The insets show
images of wavy PZT nanoribbons subjected to 4.8 and 8%
tensile strains. The red line provides prediction based on
mechanics theory.

Figure 5. PFM measurement of wavy PZT ribbons with
electrodes, for AC voltages at frequencies of 835 ( 10 kHz.
(a) PFM amplitude image overlaid on AFM proﬁle; (b) PFM
phase image overlaid on AFM proﬁle.

(∼143 GPa) and E s (∼2.6 MPa) are the eﬀective planestrain moduli of the stack and substrate, respectively,
E Pt = 196 GPa, E Cr = 292 GPa, E PZT = 128 GPa, and E Ti =
129 GPa.22 The theoretical prediction agrees well with
the experiment. The lines present expected variations
based on the simple physics of an accordion bellows, in
which the fractional change in wavelength equals the
applied strain.16 Responses to compressive strains are
similar to those of tensile strains, due to the underlying
mechanics as described elsewhere.21 More detailed
analysis appears subsequently.
The ferroelectric and piezoelectric properties of
these wavy PZT nanoribbons are crucial to their envisioned applications. To examine these aspects, we
used piezoresponse force microscopy (PFM) with an
atomic force microscope (AFM, Asylum Research MFP3D). The metal pads that connect to the bottom
electrodes serve as electrical ground. An AC driving
voltage of 6.6 V applied to the specimen through a
conductive AFM tip (Ultrasharp NSC18/Pt/AlBS, MicroMasch) while it scans the specimen surface creates a
surface vibration due to the piezoelectric response.
This motion allows spatial mapping of the amplitude
and phase of the piezoresponse, which correlate to the
magnitude and polarity of the piezoelectric coeﬃcient.
The use of two AC frequencies of 835 ( 10 kHz near the
resonance using a dual frequency resonance tracking
(DFRT) technique provides enhanced sensitivity and
determination of the quality factor Q simultaneously
(∼7.7 for the cases reported here). The resulting amplitude and phase maps, overlaid on the AFM topography proﬁles for a single period in a representative
wavy structure, appear in Figure 5a,b, respectively.
From the topography, the half wavelength and the
amplitude of the wavy structure in this case are ∼53
and ∼1.25 μm, respectively, consistent with prediction
(Figure 4). The piezoresponse varies in a non-uniform
fashion, with a maximum response of ∼400 pm. For
Figure 5a, the area near the left wave peak (blue)

corresponds to a minimum. Approaching the right
wave peak, the piezoresponse increases gradually
and ﬁnally reaches a maximum. These variations correlate to local deformations associated with the wavy
morphology. Moreover, strain gradients exist both
along the ribbon thickness (e.g., top surface in tension
and bottom surface in compression, due to bending)
and length (e.g., top surface of crests and troughs in
tension and compression, respectively) directions. As a
result, piezoelectric eﬀects induced by both the local
strain1 and the strain gradient (i.e., ﬂexoelectric)23
contribute to variations in the piezoresponse.
To investigate the ferroelectricity of the PZT nanoribbons, a sequence of DC biases were imposed on top
of the AC driving voltage, with the piezoresponse
measured simultaneously. The results are characteristic
phase-voltage hysteresis loops and amplitude-voltage butterﬂy plots. The hysteresis exhibits well-deﬁned, symmetric “square” behavior, as in Figure 6a. The
amplitude response presents an expected “butterﬂy”
curve, shown in Figure 6b. Both phase and amplitude
results are consistent with bulk PZT materials,24,25
thereby suggesting that ferroelectric domains with
polarization exist and are capable of switching in the
wavy nanoribbon layouts. Comparison of the eﬀective
piezoelectric coeﬃcient d33 before and after transfer
printing can be performed by statistically mapping the
measured hysteresis and butterﬂy loops for these two
cases, as shown in Figure 6c. The hysteresis loops are
symmetric with respect to the applied voltage, and the
piezoresponse of the wavy PZT nanoribbon on PDMS is
comparable to that of a corresponding ﬂat ﬁlm on the
silicon substrate in magnitude, with slightly bigger
coercive ﬁeld perhaps due to small bending strains
associated with the wavy forms. Overall, the results
conﬁrm that the processing of Figure 1 does not
degrade ferroelectric and piezoelectric properties.
The experimental results collectively suggest that
wavy nanoribbons of PZT on PDMS have potential as a
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Figure 6. (a) PFM hysteresis phase loop; (b) PFM hysteresis amplitude loop; (c) PFM hysteresis loops of a wavy PZT ribbon on
PDMS and a PZT ﬁlm on Si, respectively. Comparison of piezoelectric and ferroelectric properties before and after transfer
printing.

unique type of piezoelectric device architecture. To
gain additional fundamental insights, we developed
an analytical mechanics theory that is capable of
capturing the physics of deformation and ﬁeld response in such systems. In general, PZT is transversely isotropic with elastic, piezoelectric, and
dielectric constants cij, eij, and kij,26 respectively.
For a ferroelectric thin ﬁlm, poled in the thickness
direction (x 3) and subject to plane-stress deformation σ33 = σ23 = σ13 = 0 and vanishing in-plane
electric ﬁelds E1 = E2 = 0, the in-plane stresses σRβ
and strains ε Rβ (R,β = 1,2) and out-of-plane electric
ﬁeld E3 and displacement D3 are related by σRβ =
(1 - ν)EεRβ þ [νE(ε11 þ ε22) - ehE3]δRβ and D 3 = eh(ε 11
þ ε22) þ khE3, where Eh = c11 - c213/c33 is the planestrain modulus, in-plane Poisson's ratio ν = (c12c33 c213)/(c11c33 - c213), eh = e31-(c13/c33)e33, and kh = k33 þ
(e233/c33).
For ﬁlm widths that are much larger than the
thickness (i.e., the nanoribbon geometry), the strains
in the width direction (x2) are negligibly small, ε22 =
ε12 = 0. Let ε0 denote the membrane strain at the
neutral plane (x3 = 0) of the ferroelectric ﬁlm, and κ
the curvature due to buckling or bending, which
both depend only x1. The strain along the ﬁlm
direction (x1) is ε11 = ε0 þ κx3. The dielectric governing equation ∂D 3/∂x3 = 0 gives kh∂E3/∂x3 = -ehκ. For a
ferroelectric thin ﬁlm of thickness h subject to
electrical potential V between the top and bottom
ﬁlm surfaces, this gives the electrical ﬁeld
V e
E3 ¼ - - Kx3
h k
FENG ET AL.

(1)

The PZT ﬁlm stress and electric displacement can
then be obtained as
σ11

!


eV
e2
Kx3
¼ E ε0 þ
þE 1þ
Eh
Ek

D3 ¼ eε0 -

kV
h

(2)

(3)

For a stiﬀ thin ﬁlm bonded to a compliant substrate,
the eﬀect of interface shear is negligible.27 Force
equilibrium then gives a constant axial force in the
thin ﬁlm (i.e., N = Ehε0 þ ehV), which implies that the
membrane strain ε0 does not vary with position.
Prior to buckling the membrane strain ε0 is zero
since it is bonded to a thick, ﬂat substrate. The axial
force is N = ehV is compressive because eh < 0 (e.g., eh =
-7.5 C/m2 for PZT). As the electrical potential voltage V increases, the compressive stress eventually
induces the thin ﬁlm to buckle into a sinusoidal form
represented by the out-of-plane displacement u3 =
A cos(2πx1/λ), with buckling amplitude A and wavelength λ. The relation between membrane strain and
displacements, ε0 = du 1/dx1 þ (du3/dx1)2/2 gives the
in-plane displacement u1 = [πA2/(4λ)]sin(4πx1/λ)
and membrane strain ε 0 = π2A2/λ2.
Minimization of the total energy Utotal = Uﬁlm þ
Usubstrate, ∂Utotal/∂λ = ∂Utotal/∂A = 0, gives the buckling
wavelength
2

!31=3
2
E
e
5
λ ¼ 2πh4
1þ
3E s
Ek
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Figure 7. Calculated buckling amplitude A, normalized by
h(1 þ eh2/Ehkh)1/2, as a function of normalized voltage V/Vcrit
for wavy ribbons with and without piezoelectric eﬀects.

which is independent of electrical potential voltage V.
The buckling amplitude is
e2
A ¼ h 1þ
Ek

!1=2 rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V
- 1 for VgVcrit
Vcrit

(5)

which increases with V, where

Vcrit

2
!31=3
3E s h4 E
e2 5
¼
1þ
4jej 3E s
Ek

(6)

is the critical voltage for the thin ﬁlm to buckle, and it is
linearly proportional to the ﬁlm thickness h. For the
PDMS substrate E s = 2.6 MPa and PZT c11 = 148 GPa, c12 =
76.2 GPa, c13 = 74.2 GPa, c33 = 131 GPa, e31 = -2.1 C/m2,
e33 = 9.5 C/m2, and k33 = 2.08  10-9 F/m,14,28 the
critical voltage is 0.66 V for the ﬁlm thickness h =
100 nm. The buckling wavelength is linearly proportional to the ﬁlm thickness h and so is the buckling
amplitude for a ﬁxed electric ﬁeld V/h.
Figure 7 shows the buckling amplitude A, normalized by h(1 þ eh2/Ehkh)1/2, versus the normalized voltage
V/Vcrit for wavy nanoribbon with piezoelectric and
nonpiezoelectric eﬀect, respectively. If the ﬁlm has no
piezoelectric eﬀect, then the applied voltage cannot
induce buckling. A universal curve results in the case of
PZT because the elastic and piezoelectric properties
and ﬁlm thickness come into play only via the normalizations h(1 þ eh2/Ehkh)1/2 and Vcrit. This relation provides an approach to control the buckling amplitude
via the voltage V, which is much diﬀerent than the
prestrain approach used in stretchable electronics.14 It
is important to note that the amplitude of a buckled

EXPERIMENTAL METHODS
Fabrication of PZT Nanoribbons with Integrated Top and Bottom Side
Electrodes. The top electrodes were patterned with photoresist
(AZ nLoF 2070, Clariant), followed by deposition of Pt/Cr
(150 nm/10 nm) using radio frequency sputtering on the surface
of a multilayer stack of Pb(Zr0.52Ti0.48)O3/Pt/Ti/SiO2 on a silicon
wafer (400 nm/150 nm/10 nm/600 nm; INOSTEK) and liftoff
in acetone. Inductively coupled plasma reactive ion etching

FENG ET AL.

Figure 8. Calculated bending strain and membrane strain
of wavy PZT ribbons as a function of applied voltage.

ferroelectric ﬁlm is several orders of magnitude larger
than the lateral displacement obtained by the same
ferroelectric ﬁlm on a rigid substrate, which is given by
(e33/c33)V. For the PZT ﬁlm, the amplitude in eq 5 is 536
and 745 times larger than the lateral displacement (e33/
c33)V without buckling for the representative voltages of 0.70 and 0.75 V (and ﬁlm thickness h =
100 nm), respectively. This signiﬁcant increase of
the lateral displacement may represent a useful way
to take advantage of piezoelectricity in this way
geometry.
Figure 8 shows the membrane strain ε0 = (|eh|/Ehh)(V √
Vcrit) and bending strain εbend = [3Ehsh/(4|eh|Vcrit)] ε0 in
the wavy PZT nanoribbons. The maximum strains are
ε0 ( εbend (at the top and bottom surfaces of the
nanoribbon), which range from -0.013 to -0.056% for
the voltage V = 0.70 V (and ﬁlm thickness h =
100 nm). As the voltage increases to 0.75 V, the strain
ranges from -0.002 to -0.065%. These are very small
as compared to the fracture strain of PZT.
CONCLUSIONS
The results presented here demonstrate processing
schemes that allow fabrication of PZT nanoribbons in
wavy forms on elastomeric substrates. From PFM
measurements, the PZT nanoribbons integrated in this
manner exhibit ferroelectricity and piezoelectricity
comparable to related ﬂat ﬁlms on rigid silicon substrates. Theoretical analysis reveals the physics of these
structures and provides certain predictions related to
ampliﬁcation eﬀects in the displacement response and
the ability to tune the structures with applied voltages.
These results provide a foundation for future devicerelated work in this area.

(ICP-RIE) with Cl2/Ar (20 sccm/5 sccm) through a hard mask of
SiO2 defined the lateral dimensions of PZT ribbons. The bottom
electrode was patterned by ICP-RIE with a mask of a different
size. Photolithographically patterned photoresist (AZ4620,
Clariant) protected the PZT layers during removal of the sacrificial layer SiO2 with dilute HF (deionized water (DI):52% HF =
1:2). For this procedure, a hard bake was conducted at 110 C for
30 min. This protection step is crucial because PZT can also be
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etched with HF. The square pads, under which the sacrificial
layer SiO2 are only partially removed due to their larger dimensions, located at the end of ribbons hold the PZT ribbons to
prevent washing away into the etching bath until complete
undercutting. Photoresist is removed in acetone after undercutting etching.
Transfer Process of PZT Nanoribbons onto PDMS Substrate. Gold
electrodes were formed on the PDMS target substrate by
electron beam evaporation through a shadow mask. Contacting
a PDMS stamp against the PZT nanoribbons after undercut
etching and the peeling the stamp away lifted the ribbons from
the supporting silicon susbtrate, via fracture at their ends near
the pad features (Figure 1). Prestrain was induced in a target
PDMS substrate by controlled heating on a hot plate. Bringing
the PDMS stamp, with arrays of PZT nanoribbons on its flat
surface, against the heated PDMS, and then removing after ∼10
min completed the process. Thermal expansion of the PDMS at
185 C provided biaxial prestrains of ∼5% . Wavy structures in
the PZT nanoribbons form spontaneously after cooling to room
temperature (∼23 C). The effective coefficienct of thermal
expansion (CTE) of the stack is R
hstack = (2E
hPthPtRPt þ hECrhCrRCr
þ hEPZThPZTRPZT þ hETihTiRTi)/(E
hstackhstack) (∼5.6 ppm/K), and the
CTEs RPt, RCr, RPZT, and RTi are 8.8, 4.9, 2.5, and 8.6 ppm/K,
respectively.22 The prestrain is estimated as ∼5% from
(RPDMS - R
hstack)ΔT, where RPDMS is 310 ppm/K and ΔT = 162 K.
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