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Negative capacitance (NC) has the potential to enable low power microelectronics beyond the funda-
mental thermionic limit, and it has been theorized that the thermodynamically unstable NC of ferro-
electrics can be stabilized by linear dielectric, making negative capacitance ferroelectric field effect
transistors (NC-FeFET) possible. Nevertheless, the validity of NC as a physical concept for ferroelectrics
remain contentious despite numerous theoretical and experimental investigations, and the intrinsic
ferroelectric NC with suppressed polarization has not been demonstrated except locally at vortex core.
While NC-FeFET with subthreshold swing (SS) lower than 60 mV/dec limit has been reported, such
device characteristics has not been directly connected to suppressed polarization at materials’ level, and
alternative mechanisms other than NC have also been proposed. Here we demonstrate stable sub-60 mV/
dec SS with hysteresis free IeV in NC-FeFET based on SrTiO3/Pb(Zr0.1Ti0.9)O3/SrTiO3 heterostructure, and
observe its suppressed polarization at both macroscopic and microscopic scales. The intrinsic ferro-
electric NC thus is experimentally confirmed and directly connected to NC-FeFET performance, and the
mica-based device is also highly flexible and robust under cyclic bending as well as extended heating.
© 2023 Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Negative capacitance (NC) has attracted much attention in
recent years as it may decrease subthreshold swing (SS) of a field
effect transistor (FET) beyond the lower bound of 60 mV/dec [1,2],
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widely known as Boltzmann tyranny, which imposes a funda-
mental limit to reducing power consumption in microelectronics
[3]. Ferroelectrics have been extensively explored as a promising
candidate for possible negative capacitance field effect transistors
(NC-FET), and a large body of theoretical analysis as well as
experimental studies of NC have been carried out on both ferro-
electric materials and devices [4e7]. Landauer first suggested that
the capacitance of a ferroelectric can be negative, based on a
phenomenological argument, though it is energetically unstable
[8]. Salahuddin and Datta rationalized that such a negative capac-
itance can be stabilized in an overall positive capacitance device [2],
which has profound implication for low power microelectronics.
Since then, numerous negative capacitance ferroelectric field effect
transistors (NC-FeFET) have been reported with SS lower than 60
mV/dec [9e16], utilizing ferroelectric PVDF [10], BiFeO3 [11],
PbZr0.52Ti0.48O3 [12], Hf0.5Zr0.5O2 [14] and CuInP2S6 [15] as the
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insulating dielectrics. Here, it is important to note the distinction
between NC-FeFET and FeFET, as FeFET exhibits IeV hysteresis due
to polarization switching while NC-FeFET is expected to be hys-
teresis free. Nevertheless, only a minority of NC-FeFETs reported in
the literature exhibit hysteresis free IeV and sub-60 mV/dec SS
simultaneously [4], while the exact microscopic origin of apparent
NC characteristics remains contentious. For example, it has been
proposed that sub-60 mV/dec SS can arises from polarization
switching instead of NC, rending hysteresis in IeV curves despite a
SS lower than 60 mV/dec [17,18].

In fact, even the validity of NC as a physical concept for ferro-
electrics has been questioned [19], arguing that it misapplies the
Landau-Devonshire theory and draws the wrong conclusion [20].
Indeed, three distinct yet closely related phenomena have been
credited as NC on materials level, all of which are subjected to
different interpretations. The first is when polarization switches
from one orientation to another, across the barrier between two
corresponding energywells, temporary NC state is resulted that can
be captured by transient measurement [21]. Such transient NC has
shed considerable insight into the energy landscape of ferroelectric
[21,22], though its technological potential is limited [6]. Further-
more, it has been proposed that in transient measurement, increase
in charge with reduction in voltage is also possible via inherent
positive capacitance of ferroelectric [23] or reverse domain nucle-
ation and propagation in the absence of NC [24]. The second is
intrinsic NC stabilized by a dielectric, resulting in local NC in an
overall positive capacitance system as originally theorized [2]. Such
a scenario is also questioned, however, since ferroelectric tends to
form domains to reduce depolarization energy, making the
assumption of homogeneous polarization unrealistic [25]. It has
even been suggested that such intrinsic NC is not a physical concept
for ferroelectrics [19,20]. This has led to the proposal of extrinsic NC
arising from domain wall movement within a multi-domain
configuration [25], while the technological application of such
extrinsic NC face major challenges in switching time and energy
dissipation [6,26].

It is evident from the literature survey that for both fundamental
science and technological applications, it is critical to experimen-
tally demonstrate suppressed polarization for intrinsic NC, and
connect such microscopic mechanism to device performance, i.e.
NC-FeFET with sub-60 mV/dec SS and hysteresis free IeV curve.
Neither has been reported yet to our best knowledge. The most
compelling evidence of NC in a ferroelectric system so far is
spatially resolved steady state NC revealed by scanning trans-
mission electron microscopy (STEM), though its polarization is only
suppressed locally in the vortex core [27], and it is difficult to
connect such atomic-scale polar structure to device performance.
In this work, we use SrTiO3/Pb(Zr0.1Ti0.9)O3/SrTiO3 (STO/PZT/STO)
as a model system and PZT as a control, and observe that the po-
larization of PZT is suppressed when sandwiched between STO,
resulting in NC-FeFET with hysteresis free IeV curve and sub-
60mV/dec SS. In contrast, control sample without stabilizing STO
exhibits large spontaneous polarization at material level as well as
hysteretic IeV and large SS in the corresponding FeFET device. We
also demonstrate the robust NC-FeFET performance under large
bending deformation, extended bending cycles, and high temper-
ature operation up to 180 �C, all enabled by flexible yet robust mica
substrate [28,29].

2. Experimental section

Sample Fabrication: The CFO/SRO/STO/PZT/STO/ZnO hetero-
structure was prepared via pulsed laser deposition system (PLD,
Pascal Mobile Combi-Laser MBE) using a KrF excimer laser
(l ¼ 248 nm, Coherent) operated at a laser repetition rate of 10 Hz.
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CFO buffer layer of ~5.5 nm thickness was first epitaxially grown on
freshly cleaved mica substrate at 600 �C and 50 mTorr oxygen
pressure. On the buffer layer, the gate electrode SROwas epitaxially
grown at 600 �C in an oxygen atmosphere with a pressure of 80
mTorr. On the surface of SRO gate electrodes, the STO/PZT/STO gate
stack with thickness of ~3.8 nm, ~285.6 nm and ~3.8 nm was
deposited under an oxygen pressure of 200 mTorr at 600 �C. Af-
terward, ~38.6 nm ZnO thin film was deposited on the STO films at
400 �C in an oxygen atmosphere with a pressure of 8 mTorr. After
PLD growth, the heterostructure were cooled down to room tem-
perature at 25 �C/min cooling rates. Finally, the source/drain elec-
trodes (Au) were deposited by sputtering through a shadow mask
to form NC-FeFET device. The channel length (L) and width (W) of
the fabricated NC-FeFET device were 340 mm and 50 mm, respec-
tively. Same process was used to fabricate Mica/CFO/SRO/PZT/ZnO/
Au FeFET device except the deposition of STO layers.

Film and Device Characterization: The crystalline structure of
the Mica/CFO/SRO/STO/PZT/STO/ZnO heterostructure was charac-
terized by using XRD (Bruker/AXS D8-ADVANCE X-ray diffractom-
eter). The cross-sectional TEM specimens were lift-out by Focused
Ion beam (FIB, Thermal Fisher Helios G4). TEM images were ob-
tained through an aberration-corrected JEM-ARM300F. Micro-
scopic ferroelectricity of Mica/CFO/SRO/STO/PZT/STO and Mica/
CFO/SRO/PZT heterostructure was conducted by dual AC resonance
tracking PFM (Asylum Research, Cypher-ES). The first and second
harmonic responses were respectively excited at u0 and u0/2, while
both measured at u0. For the measurement of properties, Au elec-
trodes with a diameter of 100 mm were deposited by sputtering
through a shadow mask. The PeV loops were measured using a
Radiant Technology Precision Premium II tester (Radiant Technol-
ogies, Inc.) at a frequency of 1 kHz. The output and transfer char-
acteristics of the fabricated NC-FET devices and FE-FET devices
were measured using a semiconductor parameter analyzer (Agilent
Technologies, B1500A). For the bending text, the mold with
different bending radii were used to adhere sample on its surface,
and the bending performances of sample were tested by semi-
conductor parameter analyzer.
3. Results and discussion

The typical energy landscape of a ferroelectric is schematically
shown in Fig. 1a, wherein two energy wells with opposite spon-
taneous polarizations are connected by an energy barrier with a
local maximum, making the energy profile nonconvex [30]. In the
central part of the energy barrier around the local maximum, the

dielectric constant is negative since v2U
vP2 <0, corresponding to a NC,

though it is energetically unstable. As a result, the ferroelectric
usually sits in either of the energy wells and breaks into 180� do-
mains, as schematically shown in Fig. 1b. However, when the
ferroelectric is sandwiched between two linear dielectrics of
appropriate thickness, the overall energy profile of the resulting
heterostructure becomes convex [31], as schematically shown in
Fig. 1c, wherein two energy wells collapse into one and the energy
barrier disappear. In other words, the central NC region is stabilized
with diminished polarization [27], as schematically shown in
Fig.1d. Consequently, both ferroelectric hysteresis and piezoelectric
effect diminish at macroscopic scale. We seek to experimentally
verify such theoretical expectations, which has not been reported
to our best knowledge.

Inspired by the stabilization of NC via linear dielectric, a NC-
FeFET with a ferroelectric PZT film sandwiched between two ul-
trathin dielectric STO layers [32] on flexible mica [33e35] substrate
is designed, as schematically illustrated in Fig. 2a, wherein CoFe2O4
(CFO) and SrRuO3 (SRO) serve as buffer layer and gate electrode,



Fig. 1. Phenomenological description of NC. (a) Energy landscape of a ferroelectric, wherein NC around local maxima is unstable. (b) Corresponding structure model of a ferro-
electric capacitor. (c) Overall energy landscape of a ferroelectric sandwiched between two thin dielectrics, which stabilize its NC. (d) Corresponding structure model with sup-
pressed polarization in the ferroelectric.
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respectively, and ZnO is the semiconducting layer. It is worth noting
that in the dielectric-ferroelectric-dielectric structure, the ferro-
electric film can works as a quasistatic negative capacitor which is
crucial for achieving the hysteresis free IeV curve [36].The device is
fabricated by pulse laser deposition (PLD), as detailed in Experi-
mental Section, and for comparison, the structure without dielec-
tric STO layers is also fabricated. The AFM topography of SRO, PZT
Fig. 2. Configuration and microstructure of flexible NC-FeFET. (a) Schematic configuration o
Au source/drain on the top. (b) XRD patterns from mica/CFO/SRO/STO/PZT/STO/ZnO heter
structure. (d) Zoom-in TEM images from selected regions of PZT/STO/ZnO interfaces. (e) Zo
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and ZnO layers are shown in Supplementary Fig. S1, demonstrating
their smooth surfaces, and the crystallinity of heterostructured
mica/CFO/SRO/STO/PZT/STO/ZnO is verified by X-ray diffraction
(XRD) in Fig. 2b. (jjj) reflections from SRO (j¼ 2) and PZT (j¼ 1,2) as
well as (00j) reflections from ZnO (j ¼ 2,4) are observed, indicating
the preferential growth along [222]-, [111]-, and [002]-orientation
for SRO, PZT, and ZnO, respectively, and the wide-angle XRD
f flexible NC-FeFET consisting of mica/CFO/SRO/STO/PZT/STO/ZnO heterostructure with
ostructure. (c) Cross-sectional TEM image of mica/CFO/SRO/STO/PZT/STO/ZnO hetero-
om-in TEM images from selected regions of SRO/STO/PZT interfaces.
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patterns in Supplementary Fig. S2 shows no impurity phases. Note
that ultrathin STO layer is not detectable via XRD, and the corre-
sponding XRD in the absence of STO layers is presented in
Supplementary Fig. S3. The high quality CFO/SRO/STO/PZT/STO/
ZnO heterostructure is also confirmed by cross-sectional trans-
mission electron microscopy (TEM) in Fig. 2c, revealing clear in-
terfaces between each layer, with the thickness of ZnO, STO, PZT,
STO, SRO, CFO and mica estimated to be approximately 38.6, 3.8,
285.6, 3.8, 30.2, 5.5 nm, and 20.0 mm, respectively. Moreover, the
energy dispersive X-ray spectroscopy (EDS) element mappings in
Supplementary Fig. S4 exhibit uniform distribution of Al, Fe, Ru, Sr,
Ti, Pb and Zn in each layer without interfacial diffusion. The higher
magnification TEM images in Fig. 2dee further confirm the sharp
and coherent interfaces of PZT/STO/ZnO and SRO/STO/PZT,
respectively, while selected-area electron diffraction (SAED) in
Supplementary Figs. S5aeb also confirm the single-crystalline ZnO
and PZT films. These XRD and TEM data demonstrate the high-
quality growth of CFO/SRO/STO/PZT/STO/ZnO heterostructure on
mica substrate, and similar high quality is observed in CFO/SRO/
PZT/ZnO heterostructure in the absence of STO layers, as shown in
Supplementary Fig. S6. Note that the high-quality single crystalline
STO/PZT/STO/ZnO heterostructure are critically important for
achieving the theoretically expected hysteresis-free NC-FeFET IeV
curve [36,37].

In order to verify that STO dielectric indeed stabilizes the NC of
PZT, the characteristics of FeFET based on both PZT and STO/PZT/
STO are examined. The output IDSeVDS curves of PZT-based FeFET
are shown in Fig. 3a, which is clearly modulated by the gate volt-
ages. The corresponding transfer characteristic under 6 V of VDS is
shown in Fig. 3b, exhibiting a counterclockwise hysteresis loop
consistent with polarization switching. The SS is determined from
the transfer curve as (369.2 ± 18.9) mV/dec, much larger than 60
mV/dec, as expected for the normal behavior of FeFET. The forward
transfer curves under different VDS of 6, 5 V and 4 V in Fig. 3c reveal
comparable SS of (369.2 ± 18.9) mV/dec, (358.7 ± 21.7) mV/dec and
(504.2 ± 28.5) mV/dec consistently larger than 60mV/dec, and thus
no NC is observed in PZT-based FeFET in the absence of dielectric
Fig. 3. Electrical characteristics of flexible ferroelectric transistor. (a) Output curves (IDS vs
Corresponding transfer curves (IDS vs. VGS) at VDS ¼ 6.0 V. (c) Forward transfer curves under
STO-based NC-FeFET under different gate voltage between 0 V and 3 V. (e) Corresponding tr
of 1.5, 2.0 V and 3.0 V.
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STO. When the two dielectric STO layers each of ~3.8 nm thick is
added, however, the FeFET characteristics is changed dramatically.
The IDSeVDS output curves in Fig. 3d show similar modulation to
Fig. 3a, though the current is reduced due to the increased thickness
of the gate stack layer. More interestingly, little hysteresis is seen in
the transfer curve under a gate voltage of 3 V, as shown in Fig. 3e,
and the corresponding SS is determined to be as small as
(23.1 ± 3.7) mV/dec at forward sweeping, much lower than the
conventional lower limit of 60 mV/dec, signifying a possible NC.
Furthermore, such NC characteristics is very stable under repeated
testing, as shown by 5 continuously measured forward transfer
curves in Supplementary Fig. S7, which all overlap on each other.
We also record the forward transfer curves under different VDS of
1.5, 2.0 V and 3.0 V in Fig. 3f, and the forward transfer curves almost
overlapwith SS values varying slightly between (19.4 ± 2.1) mV/dec
to (22.4 ± 2.4) mV/dec, further confirming the NC of our device is
stable. Similarly, when VGS sweeps from �6 V to 6 V in
Supplementary Fig. S8, SS value of (31.1± 3.4) mV/dec is recorded at
forward sweeping. The effect of STO thickness is shown in
Supplementary Fig. S9, with SS of (39.1 ± 3.6) mV/dec and
(21.0 ± 3.0) mV/dec recorded for 1.9 nm and 3.8 nm STO respec-
tively. Regarding to the reverse sweeping, a traditional subthresh-
old response rather than NC phenomena was observed from
transfer characteristics at both VGS ¼ ±3 V and VGS ¼ ± 6 V, which
may results from the stifled polarization by the emptying/charging
of traps in the gate stack heterostructure [38]. Note that the
interface density of states (Dit) at the ZnO/STO interface is esti-
mated to be about 4.5 � 1012 cm�2$eV�1, evaluated based on the

expression SS ¼ lnð10Þ KB
q

h
1þ qDit

CG

i
[39], where q is the elementary

charge, kB is Boltzmann constant, T is temperature and CG is the gate
capacitance obtained from capacitance measurements
(Supplementary Fig. S10).

In order to understand the mechanism behind the measured
sub-60 mV/dec SS, we compare the polarization hysteresis loops of
PZT with and without STO layers in Fig. 4a. The Mica/CFO/SRO/PZT/
Au capacitor shows robust polarization switching hysteresis, with
. VDS) of the PZT-based FE-FeFET under different gate voltage between 0 and 6 V. (b)
different VDS of 4.0, 5.0 V and 6.0 V. (d) The output curves (IDS vs. VDS) of the STO/PZT/
ansfer curves (IDS vs. VDS) at VDS ¼ 3.0 V. (f) Forward transfer curves under different VDS



Fig. 4. Ferroelectric characteristics of the PZT and STO/PZT/STO films. (a) PeE loops of mica/CFO/SRO/PZT/Au capacitor and mica/CFO/SRO/STO/PZT/STO/Au capacitor. (b) Phase
mapping of mica/CFO/SRO/PZT after poling. (c) Phase mapping of mica/CFO/SRO/STO/PZT/STO after poling. (d) Piezoresponse hysteresis loops of mica/CFO/SRO/PZT and mica/CFO/
SRO/STO/PZT/STO films. (e) First and second harmonic responses of mica/CFO/SRO/PZT and mica/CFO/SRO/STO/PZT/STO films under 3 V AC excitation. (f) First and second harmonic
responses of mica/CFO/SRO/PZT and mica/CFO/SRO/STO/PZT/STO films under different AC excitation.
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coercive voltage of þ2.7 V and �2.1 V and large remnant polari-
zation (Pr) of about 59 mC/cm2. For theMica/CFO/SRO/STO/PZT/STO/
Au capacitor, on the other hand, PE loop is almost linear with much
reduced polarization and diminished hysteresis, suggesting that
the polarization is suppressed by the dielectric STO. This contrast
has been confirmed by hysteresis loops measured at a series of
frequencies, as shown in Fig. S11. We also examine the local
ferroelectricity via piezoresponse force microscopy (PFM) [40,41],
wherein a 1 mm2 inner box is poled by þ4 V DC voltage after the
4 mm2 outer box is poled by �4 V DC voltage applied through the
conductive AFM tip. The poling is successful in PZT, as shown in
Fig. 4b, wherein clear 180� contrast corresponding to upward and
downward polarizations is observed from PFM phase mapping (the
corresponding amplitude mapping in Supplementary Fig. S12. No
contrast is seen, however, in STO/PZT/STO shown in Fig. 4c, and the
poling fails, consistent with suppressed ferroelectricity demon-
strated by Fig. 4a. This can also be verified by point-wise PFM
switching in Fig. 4d, with characteristic hysteresis loop for PZT yet
linear behavior for STO/PZT/STO. Furthermore the piezoresponse of
PZT is dominated by first harmonic response [42e45], as exhibited
by both tuning curves in Fig. 4e and variation with respect to AC
excitation in Fig. 4f, consistent with built-in spontaneous polari-
zation. STO/PZT/STO, on the other hand, exhibits higher second
harmonic response than the first harmonic one, consistent with
suppressed polarization. The NC seen at the device level thus is
directly connected to suppressed spontaneous polarization at the
material level.

To evaluate the reliability of the flexible NC-FeFET, bending tests
under different radii and cycles were carried out. As shown in
Supplementary Fig. S13, the forward transfer curves remain nearly
unchanged under bending radii of 10, 8, 6 mm and 4 mm, with the
corresponding SS ranging between (18.7 ± 3.0) mV/dec and
(23.9 ± 3.0) mV/dec. Furthermore, after 0, 100, 300 and 500
bending cycles under a small radius of 6 mm as shown in
Supplementary Fig. S13b, the forward transfer curves show little
766
variation, with the corresponding SS ranging between (18.0 ± 2.9)
mV/dec and (21.9 ± 3.8) mV/dec. One of the defining characteristics
of our all-inorganic NC-FeFET is its excellent high temperature ca-
pabilities, as shown in Supplementary Fig. S13c, with the forward
transfer characteristics curves measured during heating at tem-
perature of 25 �C, 100 �C, 150 �C and 180 �C, exhibiting SS of
(22.3 ± 2.6) mV/dec, (25.6 ± 3.7) mV/dec, (28.1 ± 2.9) mV/dec and
(34.6 ± 4.0) mV/dec respectively. Furthermore, the forward transfer
curves with SS value of (25.3 ± 3.5) mV/dec is recorded after we
keep the NC-FeFET at high temperature of 180 �C for an hour, as
shown in Supplementary Fig. S13d. These results demonstrate that
the flexible NC-FET is robust under high temperature and can be
reliably operated over a wide temperature range. For comparison,
we summarize the state of art NC-FeFET reported in literature in
Supplementary Table 1, and it is evident that our all-inorganic
flexible NC-FeFETs not only enjoys a low SS, but also shows
robust NC-FeFET performance under large bending deformation,
extended bending cycling, and high temperature operation up to
180 �C, which open a route for the application of flexible NC-FeFET.
4. Conclusion

In conclusion, we have explored the relationship between
spontaneous polarization, intrinsic NC and device performance of
NC-FeFET by using STO/PZT/STO as a model system and PZT as a
control, the results suggest that the device performance of NC-
FeFET with sub-60 mV/dec SS and hysteresis free IeV curve can
be traced back to the suppressed spontaneous polarization at the
material. We also investigated the flexibility and high temperature
stability of NC-FeFET, the results indicated that our NC-FeFET not
only exhibits remarkable mechanical flexibility with robust oper-
ation in bent states having bending radii down to 4 mm and cycling
tests of 500 cycles, but also can be operated in a wide temperature
range from room temperature to 180 �C. Our work is of significant
references for the physical understanding of NC effects and offers a
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new option of all-inorganic flexible NC-FeFET for next-generation
flexible electronics with low-power consumption and high tem-
perature operation.
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