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ABSTRACT: We report the effects of screening capacity, surface
roughness, and interfacial epitaxy of the bottom electrodes on the
polarization switching, domain wall (DW) roughness, and
ferroelectric Curie temperature (TC) of PbZr0.2Ti0.8O3 (PZT)-
based free-standing membranes. Singe crystalline 10−50 nm (001)
PZT and PZT/La0.67Sr0.33MnO3 (LSMO) membranes are prepared
on Au, correlated oxide LSMO, and two-dimensional (2D)
semiconductor MoS2 base layers. Switching the polarization of
PZT yields nonvolatile current modulation in the MoS2 channel at
room temperature, with an on/off ratio of up to 2 × 105 and no
apparent decay for more than 3 days. Piezoresponse force
microscopy studies show that the coercive field Ec for the PZT
membranes varies from 0.75 to 3.0 MV cm−1 on different base
layers and exhibits strong polarization asymmetry. The PZT/LSMO membranes exhibit significantly smaller Ec, with the samples
transferred on LSMO showing symmetric Ec of about −0.26/+0.28 MV cm−1, smaller than that of epitaxial PZT films. The DW
roughness exponent ζ points to 2D random bond disorder dominated DW roughening (ζ = 0.31) at room temperature. Upon
thermal quench at progressively higher temperatures, ζ values for PZT membranes on Au and LSMO approach the theoretical value
for 1D random bond disorder (ζ = 2/3), while samples on MoS2 exhibits thermal roughening (ζ = 1/2). The PZT membranes on
Au, LSMO, and MoS2 show TC of about 763 ± 12, 725 ± 25, and 588 ± 12 °C, respectively, well exceeding the bulk value. Our
study reveals the complex interplay between the electrostatic and mechanical boundary conditions in determining ferroelectricity in
free-standing PZT membranes, providing important material parameters for the functional design of PZT-based flexible
nanoelectronics.
KEYWORDS: free-standing PZT membranes, ferroelectric hysteresis, depolarization, domain wall roughness,
ferroelectric field effect transistors

1. INTRODUCTION

Free-standing ferroelectric oxide membranes have attracted
extensive research interests recently as they provide a versatile
playground to explore low dimensional ferroelectricity and
corrugation-enabled flexoelectricity.1−3 Being free of the
clamping effect from the epitaxial substrates, crystalline oxide
membranes based on PbTiO3, Pb(Zr,Ti)O3, BaTiO3, and their
heterostructures exhibit various exotic properties, such as slow
domain wall (DW) motion,4 unconventional electromechan-
ical coupling,5,6 enhanced piezoelectric coefficient,7 and bubble
domain formation8,9 that can be reversibly switched by an
electric field.8 The flexible nature also facilities strain
engineering via stretchable or corrugated base layers, which
leads to substantial modulation of their bandgap,10 coercive
field (Ec),

11,12 dielectric permittivity,12 ferroelastic domains,13

and photovoltaic response.14 Unlike epitaxial complex oxide
heterostructures, whose preparation imposes stringent require-
ments for the structural similarity between the constituent
layers,15 ferroelectric oxide membranes can be easily integrated

with the mainstream Si platform12,16,17 and two-dimensional
(2D) van der Waals materials18,19 for developing flexible
nanoelectronics, optics, and energy applications.3,20,21 It also
possesses distinct advantages compared with ferroelectric
polymers22 and 2D van der Waals ferroelectrics23 for its high
Curie temperature (TC), large polarization (P), and scalable
synthesis. A wide range of device concepts have been realized
based on ferroelectric oxide membranes, including ferroelectric
tunnel junctions,16,17,24 ferroelectric field effect transistors
(FETs),19 reconfigurable optical filters,18 DW memories,25 and
supercapacitors.26

Received: July 1, 2023
Revised: September 30, 2023
Accepted: October 2, 2023
Published: October 20, 2023

Articlepubs.acs.org/nanoau

© 2023 The Authors. Published by
American Chemical Society

482
https://doi.org/10.1021/acsnanoscienceau.3c00032

ACS Nanosci. Au 2023, 3, 482−490

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

EB
R

A
SK

A
 L

IN
C

O
LN

 o
n 

D
ec

em
be

r 2
4,

 2
02

3 
at

 0
1:

33
:5

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



For perovskite oxides, the type of electrode has a significant
impact on TC, polarization dynamics, domain formation, and
size scaling because the ferroelectric instability depends
sensitively on the depolarization field,27,28 strain,29 and defect
states.30 These factors are strongly entangled in epitaxial thin
films,31 while free-standing membranes present an ideal
platform to decouple the individual contributions of polar-
ization screening, curvature induced flexoelectricity, lattice
distortion, and interfacial epitaxy.1,6,13 To date, the effects of
electrode imposed electrostatic and mechanical boundary
conditions on ferroelectricity in complex oxide membranes
remain elusive, and an in-depth understanding can facilitate the
design of novel polar states in this intriguing material system as
well as promote its technological implementation.
Here, we report a comprehensive study of polarization

switching and DW configuration in free-standing
PbZr0.2Ti0.8O3 (PZT) and PZT/La0.67Sr0.33MnO3 (LSMO)
membranes transferred on three types of conductive electrodes
with distinct screening capacity: the metallic Au, strongly
correlated oxide LSMO, and 2D semiconductor MoS2. A
nonvolatile current on/off ratio of up to 2 × 105 has been
achieved in the MoS2 channel at room temperature via
switching the polarization of the PZT top-layer with no
apparent decay for more than 3 days. Piezoresponse force
microscopy (PFM) switching hysteresis shows that the Ec
depends sensitively on the bottom electrode type, varying from
0.75 to 3.0 MV cm−1 for the PZT membranes and from 0.18 to
1.01 MV cm−1 for the PZT/LSMO membranes, with the latter
being smaller than that of epitaxial PZT films. The DW
roughness exponent ζ points to 2D random bond (RB)
disorder dominated DW roughening (ζ = 0.31) at room
temperature, which evolves to 1D RB disorder (ζ = 2/3)
dominated behavior for PZT membranes on Au and LSMO
and thermal roughening (ζ = 1/2) for samples on MoS2 upon
thermal quench at high temperatures. The PZT membranes on
Au, LSMO, and MoS2 show TC of about 763 ± 12, 725 ± 25,
and 588 ± 12 °C, respectively, well exceeding the bulk value.
Our study reveals the complex interplay among the polar-
ization screening capacity, surface roughness, and interface
chemical bonding of the bottom electrodes in determining
ferroelectricity of free-standing PZT membranes, providing
important material parameters for the functional design of
PZT-based flexible nanoelectronics.

2. RESULTS AND DISCUSSION

2.1. Sample Preparation and Characterization

We deposit 10−50 nm epitaxial PZT thin films and PZT/10
nm LSMO heterostructures on 20 nm Sr3Al2O6 (SAO)
buffered (001) SrTiO3 (STO) substrates (Figure 1a). After
water etching of the SAO layer, the suspended membranes are
transferred on three types of conductive base layers: 20−50 nm
Au deposited on SiO2/Si, 20 nm epitaxial LSMO deposited on
(001) STO, and few layer (FL) MoS2 transferred on SiO2/Si
(Figure 1b), which serve as the bottom electrodes. The details
of sample preparation can be found in the Methods section. X-
ray diffraction (XRD) θ−2θ scans indicate epitaxial (001)
growth of SAO (Figure S1a), PZT/SAO (Figure 1c), and
PZT/LSMO/SAO heterostructures (Figure S2a). The c-axis
lattice constant of PZT is 4.15 Å on SAO and 4.18 Å on
LSMO buffered SAO, consistent with the compressive strain.28
Atomic force microscopy (AFM) measurements show the
smooth surface morphology of these samples (Figure 1d,

Figures S1b and Figure S2b), with a typical root-mean-square
(RMS) roughness of about 5 Å. Figure 1e shows the XRD θ−
2θ scan taken on the PZT sample after water etching, which
confirms that the SAO buffer layer has been totally removed,
while the suspended PZT layer remains single crystalline. The
c-axis lattice constant of PZT remains at the same value of 4.15
Å, suggesting that the strained state is sustained even after
being separated from the substrate. Selected PZT membrane
flakes are then picked up by Gel-Film and transferred onto
designated base layers (Figure 1f inset). As shown in Figure 1f,
the surface roughness of the PZT membrane transferred on
LSMO/STO increases to about 10 Å (Table 1), where surface
rippling is clearly visible despite the atomically smooth surface
of the base layer. Similarly rippled surface has been observed in
previous studies of PZT membranes.4 Domains written in PZT
and PZT/LSMO membranes reveal robust switching between
the polarization up (Pup) and down (Pdown) states (Figures S3
and S4).
To further assess the polarization switching of the PZT

membranes, we fabricate MoS2 flakes into FETs sandwiched
between the free-standing PZT top-gate and SiO2 back-gate
(Figure 2a). Figure 2b,c shows the optical images of a MoS2
FET prepared on a SiO2/Si substrate prepatterned with Au
electrodes before (Figure 2b) and after a 50 nm free-standing

Figure 1. Characterizations of PZT membranes. (a) Schematic of
epitaxial PZT/SAO on STO. (b) Schematic view of free-standing
PZT membrane transferred on designated base layer via Gel-Film.
(c−f) Preparation and characterization of a 50 nm (001) PZT
membrane. (c) XRD θ−2θ scan with (inset) expanded view showing
Laue oscillations around PZT (001) Bragg peak, and (d) AFM
topography image of epitaxial PZT/20 nm SAO deposited on STO.
(e) XRD θ−2θ scan of the same sample after water etching of the
SAO buffer layer. (f) AFM topography image of PZT flakes picked up
from this sample and transferred on a LSMO/STO base layer. Inset:
optical image of the sample.
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PZT membrane transferred on top (Figure 2c). Figure 2d
shows the room temperature source drain current (Ids) vs
voltage (Vds) relations taken on a 5 nm MoS2 FET at zero
back-gate voltage (Vbg = 0 V). In the as-prepared state of PZT
(no-poling), the device exhibits a linear I−V characteristic,
showing an ohmic behavior. We then polarize the PZT region
above the channel area into the uniform Pup state, which
depletes electrons from MoS2. At Vds = 0.1 V, Ids is suppressed
by over 2 orders of magnitude, changing from 0.33 μA in the
no-poling state to 2.96 nA in the Pup state. Switching the
polarization of PZT to the Pdown state accumulates electrons
into the channel, enhancing the channel current to 1.22 μA,
with a current switching ratio of about 412. Both states show
ohmic I−V behavior, and the nonvolatile modulation is
consistent with the ferroelectric polarization switching.
Figure 2e shows the transfer characteristics (Ids−Vbg) of the

FL MoS2 FET for different polarization states at Vds = 0.1 V.
For the no-poling state, Ids increases with increasing Vbg,
indicating that the MoS2 channel is n-type, consistent with that
of pristine MoS2.

32 From the quasi-linear dependence of Ids−
Vbg, we extract the field effect mobility = L

CW
dG
dVFE bg

, where C

= 11.5 nF cm−2 is the areal capacitance for the 300 nm SiO2
back-gate, G = Ids/Vds is the channel conductance, and L(W) is
the channel length (width). The as-prepared sample shows a
μFE of 4.3 cm2 V−1 s−1, comparable with the reported values for

MoS2 FETs with SiO2 back-gates.
32 When the PZT membrane

is uniformly polarized to the Pup state, Ids is significantly
suppressed and decreases exponentially with negative Vbg,
which corresponds to the subthreshold region with the Fermi
level EF of MoS2 shifted to the midgap region. In the Pdown
state of PZT, the polarization induced high electron doping in
MoS2 enhances the channel current to the μA level. Ids shows
relatively weak Vbg-dependence, indicating that EF is
approaching the conduction band edge with a high density
of state. We find that the MoS2 channel cannot be tuned to the
subthreshold region by applying a Vbg of -40 V in the Pdown
state, which attests to the high doping capacity of crystalline
PZT membranes. The current switching ratio between the on
(Pdown) and off (Pup) states reaches the highest value of 2.04 ×
105 at Vbg = −5.1 V. For both polarization states, the channel
conductance is stable with no appreciable decay for over 3 days
(2.6 × 105 s) at room temperature (Figure 2e), demonstrating
excellent retention behavior. For comparison, MoS2 FETs with
a ferroelectric oxide back-gate exhibit antihysteresis behavior
and pronounced decay within 104 s,33 which can be attributed
to the dynamic response of the interfacial charge layer.34

2.2. Polarization Switching and Coercive Fields

We first investigate the effect of the bottom electrode on the
polarization switching characteristics of the PZT and PZT/
LSMO membranes. Figure 3 shows the PFM switching

Table 1. Summary of Properties of PZT and PZT/LSMO Membranes on Different Base Layersa

Sample RMS surface roughness (Å) Ec (MV cm−1)

Membrane Base layer Membrane Base layer Pup Pdown TC (°C)
PZT Au 20 ± 2 7.4 ± 0.1 −3.0 ± 0.2 +1.7 ± 0.1 763 ± 12

LSMO 10.4 ± 0.6 5.3 ± 0.1 −1.70 ± 0.08 +1.09 ± 0.09 725 ± 25
MoS2 3.0 ± 0.8 1.1 ± 0.1 −1.60 ± 0.05 +0.75 ± 0.04 588 ± 12

PZT/LSMO Au 8.0 ± 0.3 7.4 ± 0.1 −0.18 ± 0.04 +0.74 ± 0.05
LSMO 5.1 ± 0.3 5.3 ± 0.1 −0.26 ± 0.02 +0.28 ± 0.04
MoS2 4.0 ± 0.2 1.1 ± 0.1 -0.6 ± 0.1 +1.01 ± 0.09

aThe RMS surface roughness and Ec are deduced from 20 nm membranes. The TC values are extracted from the thermal quench experiments taken
on 50 nm PZT membranes. The error bars for the RMS surface roughness are calculated based on five different locations. The error bars for EC are
calculated based on three cycles of PFM phase switching hysteresis.

Figure 2. Characterizations of MoS2 FET top-gated by PZT membrane. (a) Device schematic. (b, c) Optical images of a monolayer MoS2 FET on
SiO2 before (b) and after (c) a 50 nm PZT membrane transferred on top. The dotted lines outline the edge of MoS2. (d, e) Characterization of a
double-gated FL MoS2 FET. (d) Room temperature Ids−Vds taken in the initial no-poling state and after poling into the Pup and Pdown states of PZT
top-gate, with (inset) corresponding PFM phase images. Scale bars: 2 μm. (e) Room temperature Ids vs Vbg in the initial no-poling state and after
poling into the Pup and Pdown states of PZT. Inset: Ids vs time at Vbg = 0 V in the on and off states.
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hysteresis loops for 20 nm PZT and 20 nm PZT/10 nm
LSMO membranes on different base layers, from which we can
extract Ec (Table 1). The PFM method has been widely
adopted to characterize nanoscale ferroelectrics with limited
sizes, such as van der Waals In2Se3

35 and CuInP2O6.
23 Our

studies on epitaxial PZT thin films show that the Ec values
deduced from the PFM hysteresis is highly consistent with
those obtained via the P(E) loop (Supporting Information
Section 3).
As summarized in Table 1, for the PZT membranes, Ec is

lower for the Pdown state than for the Pup state, suggesting that
Pdown is energetically more favorable. This is consistent with
the fact that the as-prepared sample is predominantly in the
Pdown state. The polarization asymmetry has been widely
observed in epitaxial PZT thin films, which can be attributed to
the asymmetric electrostatic/mechanical boundary condi-
tions.36 Overall, Ec is the highest for PZT on Au and the
lowest for samples on MoS2. As the PZT membranes are in the
same strain state, the bottom electrodes can affect Ec through
two factors. First, reducing the screening capacity of the
bottom electrodes can result in partial screening of the
depolarization field, which lowers the ferroelectric double well
energy and Ec. For semiconducting electrodes, however, the
finite electric field distribution within the electrode reduces the
effective voltage applied through PZT,28 so the net result
depends on the competition between these two effects.
Second, a higher surface roughness can lead to stronger
flexoelectric effect, which reduces the DW velocity and
enhances Ec.

4 It is interesting to note that the observed
trend for Ec is in line with both the metallicity of the
conductive base layer (Ec(Au) > Ec(LSMO) > Ec(MoS2)) and
their surface roughness (RMS(Au) > RMS(LSMO) >

RMS(MoS2)). This means that we cannot differentiate
whether the higher Ec originates from a higher electrode
screening capacity or a rougher surface based on this
information.
To decouple these two mechanisms, we next investigated the

switching hysteresis of the membranes of PZT/LSMO
heterostructures, where polarization screening is provided by
the epitaxial LSMO layer. The roughness for PZT/LSMO
membranes still follows the same trend as that for the base
layer. The samples on Au and LSMO are significantly
smoother than the corresponding PZT membranes and the
one on MoS2 is slightly rougher, suggesting that the presence
of LSMO makes the membrane less conformable. The complex
interplay of the electrostatic and mechanical boundary
conditions is clearly manifested in the following observations:

• The coercive fields for PZT/LSMO membranes are
significantly lower than those for PZT membranes on
the same base layer, which cannot be simply correlated
with the change of electrostatic screening and surface
roughness, suggesting interfacial epitaxy plays an
important role in determining Ec.

• For PZT/LSMO membranes, despite the fact that all
samples have the same screening electrode (LSMO), the
Ec value varies strongly on different base layers. The
sample on MoS2 possesses the smoothest surface and the
highest Ec. The likely scenario is the finite conductivity
of semiconducting MoS2 reduces the fractional voltage
applied across PZT, effectively increasing Ec.

• The PZT/LSMO membrane on the LSMO base layer
exhibits the lowest Ec, which surprisingly is significantly
smaller than that of epitaxial PZT/LSMO heterostruc-
tures deposited on STO (−0.5/+1.1 MV cm−1).36 As

Figure 3. PFM phase and amplitude switching hysteresis for 20 nm PZT and 20 nm PZT/10 nm LSMO membranes on different base layers. (a)
PZT on Au. (b) PZT on LSMO. (c) PZT on MoS2. (d) PZT/LSMO on Au. (e) PZT/LSMO on LSMO. (f) PZT/LSMO on MoS2.
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these two systems possess similar surface roughness, a
possible mechanism affecting Ec is the interfacial defect
states imposed by substrate clamping effect, which can
lead to enhanced DW pining.30

• The PZT/LSMO membrane on the LSMO base layer
exhibits symmetric coercive fields, while for the PZT/
LSMO membranes on Au and MoS2, the polarization
asymmetry reverses sign, preferring the Pup state. The
latter is consistent with the polarization asymmetry
observed in epitaxial PZT/LSMO heterostructures
deposited on STO substrates.36

Overall, the PZT/LSMO membranes transferred on the
LSMO/STO base layer exhibit the lowest Ec and symmetric
polarization switching behavior, suggesting the existence of
competing factors in determining DW pining and polarization
switching dynamics. Besides interface screening of depolariza-
tion field28 and roughness induced rippling effect,4 possible
mechanisms include interfacial bonding/reconstruction,37
defects such as oxygen vacancies,30,38 and strain,29 which can
tilt the ferroelectric double well energy in opposite directions.
2.3. Domain Wall Pinning and Thermal Roughening

We then investigate the effect of the bottom electrode on the
static configuration of DW. The ferroelectric DW can be
treated as an elastic manifold roughened by disorder pinning
and thermal fluctuation (TF).39 The DW roughness contains
the information about the dimensionality of the system, the
type of disorder, and the range of elastic interaction.36,39−42

The correlation function of the DW displacement u from a
straight configuration, B(L) = ⟨[u(L) −u(0)]2⟩, characterizes
the thermodynamic and disorder ensemble of the variance of
relative displacement between two points separated by a
distance L along the DW (Figure 4a). In the elastic regime,
B(L) follows a power law dependence: B(L) ∝ L2ζ, with ζ
being the roughness exponent. Previous studies have shown
that DW roughness in epitaxial PZT thin films can be
dominated by the 2D RB disorder and thermal fluctuation,41
corresponding to the roughness exponents of ζ2D, RB = 0.31
and ζTF = 0.5, respectively, and their competition is strongly
affected by the correlated electrode.36 Theoretically, 1D RB
disorder yields an enhanced DW roughness with ζ1D, RB = 2/3,
which has not been observed in experimental systems at large
length scales (>10 nm), where the dimensionality crossover to
1D DW is always dominated by thermal fluctuation.36,41,43
To evaluate the DW roughness, we write oppositely

polarized stripe domains on each sample and identify the
DW position using the midpoint of the PFM phase response
between the Pup and Pdown states (Figure 4b). Figure 4c shows
the log−log plot of B(L) calculated from three DWs written on
a 50 nm PZT membrane on the LSMO base layer. The typical
B(L) follows the power law growth at L smaller than 100 nm,
from which we calculate ζ. For each sample, we extract an
average ζ value based on 4 to 12 DWs. Figure 4d summarizes
the ζ values obtained on 10−50 nm PZT and PZT/LSMO
membranes prepared on different base layers. For most
samples, the roughness exponent is close to ζ2D, RB, similar to
those reported for epitaxial PZT thin films.36,41 The 10 nm
PZT membrane on Au shows a higher ζ, which approaches ζTF
for 1D DW, which suggests thermally activated DW depinning
upon the dimensionality crossover.36 Previous transmission
electron microscopy studies of polarization reversal in PZT
have revealed the existence of strong polarization pinning at
the epitaxial interface,30 which can be released in the PZT

membranes, resulting in lower pinning energy. As the Au
substrates possess the highest surface roughness, where the
PZT membrane does not fully conform to the substrate
morphology, it is plausible that the transition to 1D DW occurs
in the 10 nm sample and the thermal energy is sufficient for
DW depinning at room temperature. This explains why the
higher ζ value is observed only in the PZT membrane on Au.
We then thermally anneal the PZT membranes at

progressively higher temperatures and quench the samples to
room temperature (Methods). During the rapid cooling, the
domain structure does not have sufficient time to reach its
thermal equilibrium state, so that the high temperature
characteristic can be effectively preserved. In previous studies,
we have shown that the thermal quench method yields highly
consistent DW roughness with those obtained from high
temperature in situ PFM imaging.36 Figure 5a shows the PFM
images of the same set of DWs written on a PZT membrane on
Au upon different thermal quench temperatures. The domain
structures are stable up to 700 °C, where the DW becomes
visibly rougher. At 750 °C, bubble domains emerge in both Pup
and Pdown regions, and clear domain structures can no longer
be recognized at 775 °C. We thus deduce a TC of 763 ± 12 °C.
Similar temperature dependence has been observed in the PZT
membranes on LSMO (Figure 5b) and MoS2 (Figure 5c), with
corresponding TC of 725 ± 25 and 588 ± 12 °C, respectively.
Regardless of the bottom electrodes, TC for the PZT
membranes is comparable with those of epitaxial PZT thin
films and well above the bulk value,36 attesting to the strong
technological potential for this materials system for high
temperature applications.

Figure 4. PFM study of DW roughness. (a) DW schematic. (b) PFM
phase image of stripe domains written in a 50 nm PZT membrane on
LSMO/STO. The lower panel shows the signal profile along the
dashed line. (c) Log−log plot of B(L) vs L extracted from three DWs
for the sample shown in panel (b). The dashed line corresponds to a
fit ∝ L2ζ with ζ = 0.31. (d) ζ vs PZT thickness at room temperature
for PZT and PZT/LSMO membranes on different base layers. The
dashed lines mark the theoretical ζ values for DW roughening due to
2D RB disorder and TF.
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For all samples, the DWs became rougher at high
temperatures. Figure 5d shows the B(L) vs L extracted from
DWs for 50 nm PZT membranes on different base layers after
high temperature thermal quench. As shown in Figure 5e, ζ
increases gradually with the thermal quench temperature. For
PZT on MoS2, ζ starts to deviate from ζ2D, RB at a crossover
temperature Tcr = 400 °C and saturates at ζTF close to TC,
which is similar to epitaxial PZT films. This temperature
dependence reflects a dimensionality crossover from 2D to 1D
when the thermal energy is larger than the disorder pinning
energy. For PZT on LSMO and Au, despite their much higher
TC, ζ starts to increase at much lower Tcr values of 250 °C and
room temperature, respectively, suggesting the existence of
DW trapping sites with shallow well energy.36 Previous PFM
studies of epitaxial PZT/LSMO heterostructures reveal a high
Tcr of 450−500 °C, which has been attributed to the migration
of oxygen vacancies supplied by the LSMO electrode as well as
substrate clamping effect; a much lower Tcr close to room
temperature has been observed in epitaxial PZT/SrIrO3
heterostructures, with the pseudocubic SrIrO3 possessing
higher energy barrier for oxygen vacancy migration and
imposing less lattice clamping.36 Both the DW pinning and
substrate clamping scenarios can account for the relatively low
Tcr observed in the PZT membranes on LSMO and Au. For
the former mechanism, the absence of interfacial atomic
bonding imposes a natural barrier for oxygen migration
between the LSMO and PZT membrane, and Au cannot
serve as an oxygen reservoir. Another critical factor is the
rippling induced flexoelectric effect, which further suppresses
the mobility of charged disorders (e.g., oxygen vacancies). For
the latter mechanism, the much smoother surface morphology
of the PZT membranes compared with the LSMO and Au base
layers (Table 1) suggests that the interface is constitued of a
network of point contacts rather than a fully conformed
surface, which facilitates strain release. In contrast, the flat
interface for the PZT membrane on MoS2 not only facilitates
the migration of charged defects but also helps preserve the
original strain state of the sample, thus resulting in a much

higher Tcr. It is expected that these mechanisms become
increasingly dominant in thinner membranes, which explains
the yet lower Tcr (below room temperature) observed in the 10
nm PZT membrane on Au (Figure 4d).
At high temperature, ζ for the 50 nm PZT membranes on

Au and LSMO settles at ζ1D, RB, consistent with the creep
motion model within quasi-equilibrium-nucleation picture.44

Such high ζ1D, RB has not been observed in epitaxial PZT films
at a large length scale, where the 1D DW is dominated by
thermal roughening and cannot fully equilibrate according to
the disorder landscape. For PZT membranes on a relatively
rough interface, the local flexoelectric field facilitates the DW
to settle upon the disordered potential and suppresses thermal
fluctuation, allowing the DW roughness to be dominated by
the 1D RB disorder.

3. CONCLUSIONS

In summary, we have investigated the effects of electrostatic
and mechanical boundary conditions on the polarization
switching behavior and DW configuration of high-quality
freestanding PZT and PZT/LSMO membranes prepared on
different bottom electrodes: metallic Au, correlated oxide
LSMO, and 2D semiconductor MoS2. All samples show robust
ferroelectric switching, and the PZT membranes exhibit TC
values well above the bulk value. PFM studies reveal the
collective effects of the screening capacity, surface roughness,
defect state, and interfacial epitaxy of the bottom electrode in
determining the coercive field, Curie temperature, and domain
wall roughness of the PZT membranes. The polarization
switching in PZT induces nonvolatile current switching in few-
layer MoS2 FETs, with an on/off ratio up to 2.04 × 105
achieved at room temperature. Our study provides important
material parameters for designing PZT membrane-based
nanoelectronic devices, paving the path for their implementa-
tion in programmable, flexible nonvolatile memory, neuro-
morphic computing, and optoelectronic applications.

Figure 5. DW roughness upon thermal quench. (a−c) PFM phase images of the same stripe domains at selected thermal quench temperatures for
50 nm PZT membranes on (a) Au, (b) LSMO, and (c) MoS2. All images are shown at the same scale. (d) Log−log plot of B(L) vs L extracted
from selected DWs for PZT membranes on different base layers at high temperatures. The dashed lines correspond to fits ∝ L2ζ with ζ values
labeled. (e) ζ vs T for PZT membranes on different base layers. The dashed lines mark the ζ theoretical values for DW roughening due to 2D RB
disorder, TF, and 1D RB disorder.
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■ METHODS

Sample Preparation

Epitaxial 10−50 nm PZT thin films and PZT/10 nm LSMO
heterostructures were deposited on 20 nm SAO buffered (001) STO
substrates by using off-axis radio frequency magnetron sputtering. For
SAO, LSMO, and PZT layers, the growth temperatures/process gas
conditions were 650 °C/10 mTorr processing gas (Ar:O2 = 1:8), 650
°C/150 mTorr processing gas (Ar:O2 = 2:1), and 500 °C/120 mTorr
processing gas (Ar:O2 = 2:1), respectively. The samples were then
immersed into deionized water at room temperature for about 2 h to
dissolve the SAO buffer layer. After being dried, selected membrane
flakes were picked up by Gel-Film on a microscope stage. After 50 °C
heating for 5 min, the Gel-Film with the PZT or PZT/LSMO
membranes attached was slowly detached from the STO substrate and
placed on three types of base layers, 20−50 nm Au coated SiO2/Si, 20
nm LSMO deposited on (001) STO substrates, and FL MoS2 flakes
exfoliated on SiO2/Si, which serve as the bottom electrodes. The Gel-
Film was then released slowly, with the PZT or PZT/LSMO
membrane staying on the conducting base layers.
Sample Characterization

XRD measurements were performed using a Rigaku SmartLab
Diffractometer (3 kW Cu Kα source, Ge(220)x2 monochromator
and analyzer). The AFM and PFM measurements were taken using a
Bruker Multimode 8 AFM. To write the domain structures, we
applied a bias voltage (Vbias) larger than the film’s coercive voltage
between a scanning conductive AFM probe (NanoSensors PPP-EFM,
Pt/Ir-coated probe) and the bottom electrode. To image the domain
structures, we conducted PFM close to the resonance frequency of the
cantilever (370 ± 30 kHz). For the thermal quench experiments, the
samples were heated to progressively higher temperatures in a Muffle
Furnace (Thermo Scientific FB1315M) in no-overshoot mode. After
being heated for 30 min at the settled temperature, the sample was
placed on a large metal plate to quench it to room temperature
rapidly. The resulting domain structures were imaged at room
temperature.
Device Fabrication and Electrical Measurements

To fabricate the MoS2 FET, we first fabricated electrode patterns in
two-point geometry on 300 nm SiO2/p-type Si substrates using
photolithography and deposited 10 nm Au/2 nm Ti via e-beam
evaporation. Mechanically exfoliated FL MoS2 flakes were transferred
onto the prepatterned electrodes via Gel-Film. We then transferred 50
nm free-standing PZT membranes on MoS2. The samples were
thermally annealed in Ar gas at 200 °C for 120 min to improve the
interface contact. The electrical measurements were performed using
the Semiconductor Device Parameter Analyzer (Keysight B1500A) at
room temperature.
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