nature materials

Article

https://doi.org/10.1038/s41563-023-01736-5

Auxeticpiezoelectriceffectin

heterostructures

Received: 4 April 2023

Accepted: 23 October 2023

Ming-Min Yang ®'**
He-Meng Sun??, Shi Liu® *%, Peter Michael Gammon® & Marin Alexe®'

, Tian-Yuan Zhu® *®, Arne Benjamin Renz®,

Published online: 30 November 2023

% Check for updates

Inherent symmetry breaking at the interface has been fundamental to
amyriad of physical effects and functionalities, such as efficient spin-

charge interconversion, exotic magnetic structures and an emergent
bulk photovoltaic effect. It has recently been demonstrated that interface
asymmetry caninduce sizable piezoelectric effects in heterostructures,
even those consisting of centrosymmetric semiconductors, which

provides flexibility to develop and optimize electromechanical coupling
phenomena. Here, by targeted engineering of the interface symmetry, we
achieve piezoelectric phenomenabehaving as the electrical analogue of
the negative Poisson’s ratio. This effect, termed the auxetic piezoelectric
effect, exhibits the same sign for the longitudinal (d;) and transverse

(dy, dy,) piezoelectric coefficients, enabling a simultaneous contraction
or expansioninall directions under an external electrical stimulus. The
signs of the transverse coefficients can be further tuned viain-plane
symmetry anisotropy. The effects exist in a wide range of material systems
and exhibit substantial coefficients, indicating potential implications for
all-semiconductor actuator, sensor and filter applications.

The piezoelectric effect has been discovered and exploited in a wide
range of materials with innate bulk non-centrosymmetric structures'>,
suchasferroelectric oxides possessing morphotropic phase bounda-
ries’, polymers®, two-dimensional layered materials’ and even bones®.
Despite these materials’ diverse symmetries, structures, chemical
natures and general material properties, the signs of their piezoelec-
tric coefficients can hardly be modulated. The longitudinal (d5;) and
the transverse (d;;, d;,) coefficients of the piezoelectric materials
experimentally explored so far are of opposite signs (Supplemen-
tary Table 1). For example, the PbTiO; crystal has d,;=83.7 pCN!
and d;, = -27.5 pC N!, whereas polyvinylidene difluoride films show
d;;=-20 pC N'and dy;= 20 pC N7 (refs. 9,10). These piezoelectric
materials expand longitudinally along the electric field direction but
contract transversally perpendicular to the field, or vice versa, exhib-
iting an electromechanical analogue of the positive Poisson’s ratio.

Piezoelectric materials with longitudinal and transverse coefficients
sharing the same sign, that is, both being positive or negative, have
not yet been experimentally demonstrated, to the best of our knowl-
edge. It has been theoretically predicted that some materials, such
as orthorhombic HfO, (belonging to the Pca2, symmetry group) and
quasi-two-dimensional ternary compounds, ASnX (A=Na, K; X=N,
P; P6;mc) can possess both negative d;; and d;;, though experimental
evidence remains absent". If realized, this exotic piezoelectric effect
wouldbe able toinduce expansion or contractionin all directions under
electric field stimulation. The effect would behave like the electrical
analogue of auxetic materials showing a negative Poisson’s ratio'>".
In addition to the bulk asymmetry discussed above, inver-
sion symmetry breaking at interfaces can also induce non-
centrosymmetry-related physical effects, including the piezoelectric
effect™*". Taking a Schottky junction as an example, the built-in field
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developedinthe depletionregion turns the semiconductor structure
intoa polar symmetry, regardless of the pristine symmetry of the semi-
conductor component. This gives rise to the interface piezoelectric
effect, which arises from the synergy between the electrostriction
effect and the electrical field, given as dy; = 2M,E, (ref. 14) where i, j,
k and [ are direction index, described in more detail in the following.
Concerning the case of the Schottky junction, its potential profile
changes quadratically with distance from the metal-semiconductor
interface, and the associated electric field decays linearly away from
the interface. The effective electrical field is determined by the semi-
conductor properties, including the dielectric permittivity (x) in the
direction perpendicular to the interface (x;), the dopant density (V)
andthebuilt-in potential V,;. Thus, the dependence of the piezoelectric
coefficientdy of aSchottky junction onits semiconductor properties
can be expressed as follows':

ik = QikisX31/ 2qNax3 Vo @

where Q;; is the electrostriction coefficient (My = QXX and g is
the elementary charge. The subscripts i, j, k and [ are the elements of
the right-handed coordinate direction group {1, 2, 3}. The direction 3
alwaysreferstothe direction normal to the Schottky junctioninterface,
while 1and 2 refer to the in-plane directions. Clearly, the controlling
factors of the interface piezoelectric effect are distinctive from those
of the bulk counterpart. Since y; and 4/2gN4 x3V,,; are both positive,
the sign of dj; is solely determined by the electrostriction coefficient
Q3 (refs. 20-22). While the magnitude of the electrostriction coeffi-
cientcanbe optimized by chemical doping and the superlattice struc-
ture”*, itis predicted that the sign of electrostriction can be tuned by
crystallographic orientation®?°. We demonstrate that this crystallo-
graphic orientation dependence of the electrostriction effect can
induce the auxetic piezoelectric effect at interfaces.

Phenomenological theory of the auxetic piezoelectric effect
To resolve this crystallographic orientation dependence, we take
Nb:SrTiO; crystal as an example. Its electrostriction tensor Qf.}k, inthe
(001) orientation has only threeindependent non-zero elements (that
is, QH, sz and Q24) withits coordinate axes x,,y,and z, along the main
crystallographic directions, thatis, [100],[010] and [001]. When form-
ing Schottky junctions on Nb:SrTiO, crystal with an orientation differ-
ent from the most usual (001) orientation, the electrostriction tensor
Q. ikl ofthe newly oriented device with a coordinate set xyz will be dif-
ferent from ka, The new coefficient Qj;, can be derived from Qy,d by
tensor transformation using the correlation between their coordinate
systems, whichis given by

Q;jkl = RiijanperQﬁ)nnpr (2)

where R;is the transformation matrix elements between coordinate
setsxyzandx, y,z,. Details are givenin the Methods and Supplementary
Fig.1. The subscripts m, n, p and ralso refer to {1, 2, 3} and the Einstein
summationisused here. The crystallographic-orientation-dependent
piezoelectric coefficients dj, can be obtained by putting equation (2)
into equation (1) and using the usual parameters of the Au/Nb SrTiO;
Junctlons prepared in our lab (for example, x;=1.68 x10°CV'm™,
=2.4x10® m~2and V,,;=1.43 V). Itis reasonable to assume that these
parameters areindependent of crystallographic orientation. As shown
inthe three-dimensional spherical polar plot (Fig. 1a), the longitudinal
coefficient d,; of the Au/Nb:SrTiO; junction retains a positive value in
allthe crystallographic orientations, with its maxima at the (001) direc-
tions. Onthe other hand, both the sign and magnitude of the transverse
coefficients d;, and d, vary with orientation (Fig. 1b,c). Interestingly,
they turn from classical negative values to positive at certain orienta-
tions, with their positive maxima appearing at some (110) directions.

To gain further insight, we extract a line profile of each piezoelectric
coefficient, asindicated by the red linein Fig. 1a (line profiles are shown
inFig.1d). Each profile corresponds to the crystal orientation (that is,
thezaxis) varying from (001) to (110) by sweeping angle 6 between the
zaxis and z, axis from 0° to 90° (Fig. 1e). The formula expressing the
dependence of dy;, d5, and d;; on the angle Ois given in the Methods.

AsshowninFig.1d, d;;remains always positive withits maximum
valueat 8= 0° (thatis, the (001) orientation) and minimum at 8 = 54.74°
(correspondingtothe (111) orientation). The d;, value turns from nega-
tive to positive at about 45°, whereas d;, turns positive at about 27° and
thenreturns to negative at= 63°. The d;; and d5, values are equal to each
other atthe (001) and (111) orientations due to the in-plane isotropy at
these two orientations. Based on the signs of the coefficients, especially
those of d;; and d;,, one can classify the piezoelectric behaviour of the
Au/Nb:SrTiO;junctioninto three different categories. In the first cat-
egory, dy; is positive while both d;, and d;, are negative, corresponding
tofintherange of 0-27°, whichis the same asin the conventional piezo-
electric effect (Fig. 1f). The second category corresponds to 8 in the
range of 45-63°, wherein d;, d;, and d;; are all positive. This means that
anexternal field along the polar direction willinduce expansion along
allthedirections, that s, the electrical analogue of a negative Poisson’s
ratio (Fig.1g). Thisis the auxetic piezoelectric effect as proposed. The
third category shows the in-plane anisotropy with one transverse coef-
ficient being positive while the other one remains negative, corre-
sponding to 6 in the ranges of 27-45° or 63-90°. This type of
piezoelectric effect gives rise to an expansion along the longitudinal
direction and one in-plane direction but contraction along the other
transverse direction when an external electrical field is applied
(Fig. 1h). This exotic effect is referred to here as the ‘type II’ auxetic
piezoelectric effect. The role of the electrostriction tensor in the mani-
festation of the auxetic piezoelectric effect, especially the key features
of the tensor elements that ensure this emerging phenomenon, is
further discussed in the Methods. In short, it is the anisotropy of the
electrostriction coefficients, especially the ratio between Q and Q44,
that determines the manifestation of the auxetic plezoelectrlc effect.
The larger the anisotropy, that is, the smaller Q /Qu' the more likely
ashow of'the auxetic piezoelectric effect. Note that the auxetic piezo-
electric effect demonstrated here is totally absent in conventional
piezoelectric bulk materials, such as BaTiO5;, when one simply changes
their device orientation, as is done here (Supplementary Fig. 2).

Experimental demonstration of the auxetic piezoelectric
effect

Guided by the above phenomenological theory, we chose Au/Nb:SrTiO,
Schottky junctions as the research object, with four crystallographic
orientations: (001), (112), (111) and (110). These are representatives of
the four angle ranges presentedin Fig.1d, which feature the piezoelec-
tric effect with conventional, type Il auxetic, auxetic and type Il auxetic
styles, respectively. These four interfaces with specific orientations
possess apolar point symmetry of 4mm, m,3m and mm2, respectively.
The fabrication details of these junctions are given in the Methods.
To demonstrate the manifestation of the auxetic piezoelectric effect,
especially the sign of the coefficients, we first used the direct piezo-
electriceffect, which detects the short-circuit currentinduced by the
application of auniform dynamic force or stress. (The demonstration
ofthe converse auxetic piezoelectric effect will be discussed later.) We
specifically used an aluminium electrode as an ohmic contact with
Nb:SrTiO;crystals, playing the role of the counter electrode and form-
ing a closed electrical circuit with the Schottky contact. The ohmic
contact exhibits a negligible piezoelectric effect as demonstrated in
our previous work'. To measure ds;, we applied a dynamic force on
the Schottky junction surface via two gold-coated ultra-flat sapphire
wafers and simultaneously read the output current. For the transverse
coefficients (dy, d5,), the dynamic force was applied to two parallel side
planes, and we monitored the current output by the Schottky junctions.
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Fig.1/Phenomenological theory of the auxetic piezoelectric effect.

a-c, Three-dimensional spherical polar plots of the crystallographic-orientation-
dependent longitudinal piezoelectric coefficient d;; (a) and transverse
coefficients d;, (b) and d, (c) of Au/Nb:SrTiO; Schottky junctions. The tan colour
indicates positive values while cyan indicates negative values. d, Angle
(6)-dependent piezoelectric coefficients dy,, ds, and d;;. e, Schematic showing the
orientation varying from (001) to (110) within the (110) plane with angle 6

(-}
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changing from 0° to 90°. Here, the x axis is along the [110] crystallographic
orientation. f-h, Schematics showing the lattice deformation under an external
electrical field (E) in the conventional piezoelectric effect (f), auxetic
piezoelectric effect (g) and type Il auxetic piezoelectric effect (h). The tanand
cyan cubes respectively refer to the structures before and after applying the
external electric field.

Details of the set-up and measurement methods are givenin the Meth-
ods and Supplementary Fig. 3. This approach, which characterizes
the direct piezoelectric effect, is free from the entanglements of the
electrostatic effect, electrochemical effect and strain-gradient effect,
which usually occur in the characterization process of the converse
piezoelectric effect®,

Wefirst compare the normal piezoelectric effectina (001)-oriented
Au/Nb:SrTiO; junction with that of a (111)-oriented junction.
Figure 2a,b showsboth the longitudinal and transverse piezo-response
ofthe (001)-oriented Au/Nb:SrTiO;junction. For the sake of clarity, the
amplitude of the dynamic stress applied to the samples is normalized
to 1 MPa for both measurement geometries. The current induced in
the longitudinal geometry (that is, d;;) exhibits a 90° phase shift with
respect to the dynamic stress, while current related to the transverse
geometry (that is, d;;) has a —90° phase shift, confirming the piezo-
electriceffectas the currentgeneration mechanismand indicating the
opposite signsbetween d;; and d,,. The exact value of d;; and d;; can be
obtained by measuring the output current density as a function of the
appliedstress. Theamplitude of the current density generated by both
d;; and dy, increases linearly with the amplitude of the applied stress,
confirming once more the piezoelectric nature. Based on the relation
J,=wd;0, where w =2mif and fis the frequency of applied stress, /; is
the amplitude of the current density and g; is the stress amplitude,
the value of the piezoelectric coefficients can be determined from the
slope ofJ;versus ;. From the phase, which for both dy; and d;; remains
constant over the measured stress range, we retrieve the sign of these
coefficients. Thus, the values of d,; and d;,; of the (001)-oriented Au/
Nb:SrTiO, junction are 13.1 pC N and -3.4 pC N, respectively. The
piezoelectric coefficients of this junction have been further confirmed
by the frequency-dependent measurement, revealing alinearincrease
of the output current density with frequency at constant load (Sup-
plementary Fig. 4). To compare these experimentally determined
values with the theoretical values predicted by equations (1) and (2),
the semiconductive properties of the junctions (thatis, x;, Vi,; and N)
were determined via current-voltage characteristics, capacitance—
voltage characteristics and the Hall effect (Supplementary Fig. 5).

The theoretical piezoelectric coefficients yielded from equation (1)
ared;;=12.2pmV*and d;; =-3.5 pm V!, which are consistent with
the experimental values. By contrast, the stress-induced current in
the (111)-oriented Au/Nb:SrTiO; junction shows a 90° phase shift in
both the longitudinal and transverse measurement geometries with
respect to the dynamicstress, indicating the same sign between ds; and
d;, (Fig. 2¢). This phase shift is almost constant over awide stress range
(Fig. 2e) and frequency range (Supplementary Fig. 4). The respective
experimental values of the piezoelectric coefficientsare d;; =5 pC N!
and d;; =1.9 pC N'(Fig. 2d), which are also close to the predicted values
of d;;=6.0 pm V'and d5 =2.9 pm V! (Supplementary Fig. 5 and Sup-
plementary Table 2). Thisis adirect experimental proof of the auxetic
piezoelectric effect, that is, both positive longitudinal and positive
transverse coefficients, in the (111)-oriented Nb:SrTiO; junction.

Demonstration of the type Il auxetic piezoelectric effect

We applied dynamic stress to the parallel side planes of the
(110)-oriented Au/Nb:SrTiO, junction along the [110] and [001] crystal-
lographic orientations, respectively, to characterize d;, and d;,
(Fig. 3a,b). Figure 3c-e shows the transverse piezoelectric response
under pulsed dynamic stress. When the pulsed stressis applied to the
samplealong the [110] in-plane direction, the transient current output
is negative; when the pulsed stress is withdrawn, the current output
turns positive. However, when the stress is applied along the [001]
direction, turning on the stress causes a positive peak current, whilea
negative peak current appears after turning off the stress. This result
clearly confirms the opposite signs of the piezoelectric coefficients
along the two orthogonal in-plane directions, that is, d;; and d5,. The
values of the measured piezoelectric coefficients under sinusoidal
stressared;; =6.2pCN™, d;,=-6 pCN'and d;;=9.3 pC N, whichare
also consistent with the values predicted by phenomenological theory,
confirming the type Il auxetic piezoelectric effect (Supplementary
Figs.6and 7 and Supplementary Table 3). In addition, the (112)-oriented
Au/Nb:SrTiO; Schottky junction also shows the type Il auxetic piezo-
electriceffect, as predicted. Details are given in Supplementary Fig. 8
and Supplementary Table 4.
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Fig.2| Experimental demonstration of the auxetic piezoelectric effectin Au/
Nb:SrTiO; Schottky junctions. a, Measured waveform of applied sinusoidal
stress. The positive and negative signs refer to tensile and compressive stress,
respectively. b, Current density waveform output by a (001)-oriented Au/
Nb:SrTiO;junction with the mechanical stress applied normal to the junction
interface, thatis, dy; (blue curve), and with the stress applied to the side planes

ofthesample, thatis, d;, (red curve). ¢, Current density waveform output by a
(111)-oriented Au/Nb:SrTiO; junction in the d;; (green curve) and d;, (orange
curve) measurement geometries, respectively.d,e, Load dependence of
amplitude (d) and phase (e) of the current density output by the (001)- and
(111)-oriented Au/Nb:SrTiO;junctions.
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Fig.3|Demonstration of type Il auxetic piezoelectric effect in (110)-
oriented Au/Nb:SrTiO; Schottky junction. a,b, Schematics show the
measurement geometries when force is applied along the [110] in-plane
direction to measure d;, (a) and [001] in-plane direction to measure d, (b).
¢, Waveform of pulsed stress applied to side planes of the crystal. The stress
amplitude (o) has been normalized to 5 MPa. d,e, Piezoelectric current
waveforms generated by the junction when stress is applied along the [110]
in-plane direction (d; signal proportional to d;) and [001] in-plane direction
(e; signal proportional to ds,).

Key features of the auxetic piezoelectric effect

Having demonstrated the two types of auxetic piezoelectric effect
in Nb:SrTiO, Schottky junctions, we highlight four important fea-
tures of the emergent phenomena. First, the auxetic piezoelectric
effect demonstrated here also can be studied and elaborated on
by density functional theory (DFT) calculations. Our DFT calcula-
tionreplicates the auxetic behaviour of the (110)- and (111)-oriented
SrTiO; heterostructures (Supplementary Figs. 9 and 10). More impor-
tantly, our calculationindicates that the auxetic piezoelectric effect
atthe oxide interfaces mainly originates from the domination of the
internal-strain relaxation mechanism over the clamped-ion contribu-
tion (Supplementary Table 5).

Second, giventheinherentinversion symmetry breaking at the
interface, the auxetic piezoelectric effect is expected to occurin var-
ious heterostructures consisting of diverse components regardless
of their pristine symmetry. In this regard, we have discovered simi-
lar piezoelectric behaviours in (001)- and (100)-oriented Nb:TiO,
Schottky junctions. Rutile TiO, has a centrosymmetric 4/mmm
tetragonal structure, with a symmetry-forbidden piezoelectric
effect. Once a Schottky junction is formed on its (001)-oriented
surface, the interface symmetry reduces to the polar tetragonal
4mm point group. On the other hand, forming a Schottky junc-
tion on the (100)-oriented surface turns the interface symmetry
to the orthorhombic mm2 point group, showing a piezoelectric
effect with in-plane anisotropy. The piezoelectric coefficients
of the (001)-oriented Au/Nb:TiO, junction are measured to be
dy =d;,=2pCN'andd;;=5.9 pC N7, corresponding to the auxetic
piezoelectric effect. The (100)-oriented Au/Nb:TiO, junction has
piezoelectric coefficients of d;;=2.3 pC N, d;,=-1.5pC N*and
dy;=3.4 pC N7, thatis, the type Il auxetic piezoelectric effect (Sup-
plementary Figs. 11 and 12). In addition to the built-in field in the
Schottky junctions, interface asymmetry can also be induced by
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Fig. 4 | Demonstration of converse auxetic piezoelectric effect. a, Positive
voltage induces upward bending in a cantilever with conventional piezo-active
top layers. This cantilever is made of a piezo-inactive substrate, piezo-active layer
and Pt top electrode. b, Auxetic piezoelectric effect induces downward bending.
Prefers to theinduced electrical polarization arising from interface asymmetry.
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¢, Waveform of applied a.c. voltage and induced bending displacement at the end
ofthe cantilever made of a (001)-SrTiO,/Ba, ¢Sr,,, TiO,/BaTiO; superlattice grown
onaNb:SrTiO; substrate. d, The a.c.-voltage-induced vibration of a (111)-oriented
superlattice cantilever. The frequency of the excitation signal here is 1.33 kHz,
and theamplitudeis 0.25V.

many other stimuli, such as a strain gradient®’, compositional gradi-

ent®, tricolour superlattices® and so on. Among them, the tricolour
superlattices possess aninherentinversion asymmetry and electri-
cal polarization due to the particular (ABCABC...)-style stacking
of their three different components, offering a fertile platform to
explore and exploit effects and functionalities induced by interface
asymmetry”. In this regard, we have prepared and studied (001)- and
(111)-oriented SrTiO;/Ba, ¢Sr, ,TiO5/BaTiO; superlattices with each
layer of about 3 nm and a total thickness of about 100 nm. Details
of the sample preparation and device characterization are givenin
the Methods. We discovered the auxetic piezoelectric effectin the
(111)-oriented superlattice with effective piezoelectric coefficients
of dy;=6.6 pCN'and d;, = 3.3 pC N (Supplementary Figs.13-15).In
comparison to Schottky junctions that have only one interface and
limited functional thickness, the thickness of the tricolour superlat-
ticecanbe designed as any rational value, which effectively turns the
auxetic piezoelectric effect, which originates frominterface asym-
metry, to a bulk effect with no fundamental thickness limitation.

The auxetic piezoelectric effect demonstrated by the direct
method also functions in the converse manner, converting electrical
energy to mechanical energy. To demonstrate the converse auxetic
piezoelectric effect, especially the transverse deformation under an
external bias induced by d;;, we developed a voltage-induced bend-
ing measurement using a cantilever device configuration, which is
similar to that of a piezoelectric bimorph actuator (Fig. 4a,b). Due to
the opposite signs of the transverse piezo-coefficients d;, (= d5,), the
conventional and auxetic piezo-effects will induce cantilevers that
bend in opposite directions. Details of the measurement mechanism
and technical details are given in the Methods. Figure 4c shows the
vibration waveform of the (001)-oriented SrTiO,/Ba, (Sr,,TiO;/BaTiO,
superlattice under the application of an a.c. voltage. The a.c. voltage
and induced dynamic bending are ~180° out of phase. By contrast,
the vibration of the (111)-oriented cantilever is fully in phase with the
applied a.c. voltage (Fig. 4d). This difference relates to the opposite
signs of the d,, values between the (001)- and (111)-oriented SrTiO,/
Ba, (Sr,,TiO,/BaTiO;superlattices and proves the auxetic nature of the
converse piezoelectric effect in the (111)-oriented tricolour superlat-
tice. Further characterization and discussion of the cantilever vibration
measurements are given in the Methods.

Conventional PE effect
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Z 15[
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Fig. 5| Summary of auxetic piezoelectric coefficients in heterostructures.
Coefficients for conventional and auxetic piezoelectric (PE) effects are shown.
NSTO refers to the Au/Nb:SrTiO; Schottky junction; NTO refers to the Au/
Nb:TiO, Schottky junction; SL refers to the SrTiO,/Ba, (Sr, ,TiO5/BaTiO; tricolour
superlattice; 4H-SiC refers to the Mo/4H-SiC junction. The index enclosed by
parentheses refers to the device orientation, while the index enclosed in brackets
refers to the transverse direction along which force is applied. Data of LINbO; and
LiTaO,crystals are fromref. 32.

The auxetic piezoelectric effect is of technical importance. For
example, the exotic piezoelectric effect demonstrated here can be
potentially applied in acoustic wave devices. The great flexibility in
tuningits piezoelectric coefficients would facilitate the elimination of
spurious modes of acoustic wave filters. As demonstrated in Fig. 1b,c
and Supplementary Fig. 16, we can tune the transverse piezoelectric
coefficients to zero in the 110)-Au/Nb:SrTiO; junction if we set the
in-plane edge directions along [11\/5] and [il\/i . In this specified
crystallographic geometry design, an external field applied to the
heterostructure will not induce transverse deformation, leaving this
direction electromechanically inactive. In addition, being universalin
nature, the auxetic piezoelectric effect allows us to explore and exploit
this effect in materials compatible to complementary metal-oxide
semiconductor technology. In this regard, we have explored
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heterostructures based on (0001)-oriented 4H-SiC. Despite being
innately a polar material with 6mm point symmetry, the high carrier
density and conductivity of the as-grown 4H-SiC prohibitits application
inelectromechanical devices. However, by forming a Schottky junction
with Mo electrodes, we discovered the auxetic piezoelectric behaviour,
with dy; =9.1pCN'and dy; = 0.32 pC N' (Fig. 5 and Supplementary
Fig.17). The fabrication details and generic characterization are given
inthe Methods. Interestingly, while the dy; valueis rather small, the d5;
valueisverylarge.Itisthreetimeslargerthanthat of LiTaO;crystaland
oneorder of magnitude larger than that of LiNbO,, the latter two being
the workhorses in filters of communication devices®. Together with
the wafer-fabrication-compatible nature and extraordinary mechanical
properties, this auxetic piezoelectric effect of the Mo/SiC junction
possesses great potential in applications such as all-semiconductor
surface acoustic wave filters, sensors, actuators and so on*.

In summary, the pronounced tunability of the heterostructure
interfaces facilitates the precise control of their electromechanical
behaviors, leading to the discovery of the auxetic piezoelectric effect—
aphenomenon that acts as the electrical counterpart to the negative
Poisson’sratio. These results will allow us to explore the piezoelectric
effect in a wide range of established semiconductor materials and
heterostructure configurations. Thus, the results offers innovative
approaches to design and optimize electromechanical devices com-
patible with complementary metal-oxide semiconductor technology.
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Methods

Phenomenological theory of auxetic piezoelectric effect

The transformation matrix R between the default coordinate set {x,,
Yo Zo} and the new set {x, y, z} used in Fig. 1 of the main text is given as
follows:

cos f+sin B — cos B+sin 0
V2 V2
_ | cos6b(cosB—sinp) cosb(cosB+sinB) G
R= 5 7 sin@ 3)
(cos B—sinB)sin@ (cosfB+sinB)sin 6 cos 6
V2 2

where 6 is the angle between the z axis and z, axis, and B is the angle
between x and the [110] crystallographic direction (Supplementary
Fig. 1). With this setting, the x axis always remains in the xyy, plane.
Figure 1d in the main text corresponds to the scenario when =0 and
theright-handed coordinate axis are rotated along the [110] axis.

Based on equations (1)-(3), the dependence of the Au/Nb:SrTiO,
Schottky junction piezoelectric coefficients ds;;, d5; and d;,, on angle
6 canberesolved as follows:

dss3 = 1[2Q5 cos*0 + (@) + Q% +2Q2,)sin0
+(Q%, +2Q3,) sin”26] X3v/2qNaxs Ve

203,)sin’0| s 2aNats Vo (S)

@)

1
dyy = [szcosze +3 Q0+

1 0 0 0
T [3Q11 +13Q;, - 6Q,,

i = 5
(6)
+(-3Q% +3Q% + 6QY,) cos 48] x33/2gNgx3 Vyi

In addition to the centrosymmetric cubic semiconductor repre-
sented by Nb:SrTiO,, the phenomenological theory represented by
equations (1) and (2) in the main text is applicable to semiconductors
of any symmetry. In other words, the methodology developed here for
Nb:SrTiO; junctions as a generic example can be readily transferred
to the case of other semiconductor Schottky junctions, such as the
Nb:TiO, junction, with minor modifications related to the dielectric
permittivity. In the case of Nb:SrTiO,, its dielectric permittivity is
independent of the crystallographic orientation and can be treated
as a constant since its permittivity tensor has only one independent
non-zero element. However, rutile TiO, crystal has two independent
non-zero elements in its permittivity tensor, that is, x;; and xs;. Thus,
the dielectric constant of TiO, is dependent on the crystallographic
orientation and cannot be treated as a simple scalar. One needs to
calculate the orientation dependence of the dielectric permittivity
viatensor transformation, as well, which is given by

X;-j = Riijnan 7)

where R, is the transformation matrix given in equation (3).

Note that the auxetic piezoelectric effect of a Schottky junction
induces the same volume change as that of the conventional piezoelec-
tric effect when an external voltage is applied. To elucidate the volume
effect, we use Schottky junctions composed of a cubic semiconductor
as the example, such as the Nb:SrTiO; crystal. The dimension of the
junctions stays constant as length x width x thickness=a x a x t. The
volume variation when a unit external bias is applied to the junction
along the thickness direction can be given as follows:

AV=a2(1+1d )(1+1d )(t+d33)—a2t. @®)
t a1 t 3

Sincejunctionlength/width and thickness are respectively onthe
scale of 100 pm and 100 nm, 1> 1d X and1> d . Thus, the above
equation can be simplified to

AV = X (d3 + d3; + dy3). 9

Note that, although the respective value of d;,, d;, and d;; of the
Schottky junctions changes while varying the crystallographic orienta-
tionasshowninFig.1ofthe maintext, the sumofd;,, d;,and ds; retains
aconstantvalue, given as follows:

dy; + ds; + d3z = (Q% +2Q%)x31/ 2gNg X3 V-

This indicates that the auxetic piezoelectric effect induces the
same volume change as the conventional piezoelectric effect in
Schottky junctions consisting of the same type of cubic semiconduc-
tors. Therefore, the auxetic piezoelectric effect requires the same elas-
tic energy cost compared to the conventional piezoelectric response
interms of volume change.

(10)

Therole of electrostriction coefficients on the auxetic
piezoelectric effect
Variation of the electrostriction coefficients with respect to the crystal-
lographic orientation plays an essential role in the manifestation of the
auxetic piezoelectriceffect. Thus, itisimportant to elucidate the way to
specify or design materials with certain electrostriction tensors that can
showthe auxetic piezoelectric effect at theirinterfaces. To thisend, we
would like to first discuss the case of Schottky junctions composed of
centrosymmetric cubic semiconductors, such as Nb:SrTiO; and silicon.
The methodology used for this type of material can thenbe generalized
to other crystallographic structures, with some minor modifications.
The crystallographic-orientation-dependent piezoelectric coef-
ficients d;, d5, and d;, are expressed by equations (4)-(6). Since
X3V2qNax3Vy: is always positive, the signs of ds;, d5; and ds, are deter-
mined by the parts of these equations enclosed by brackets, that is, the
transformed electrostriction coefficients. Here we set the ratio
between the electrostriction coefficients as Q%/Q% =v and
Q?,/Q% = n.Thus, the transformed electrostriction coefﬁcrents canbe
rewritten asfollows:

5 = g Q% [(9+7v+14n) + (1 —v—2n)(4cos20 +3cos46)] (11)

Q [@+3v—2n)—1-v-2n)cos20] 12)

1133

Q [B+13v—6n) —3(1—v—2n)cos40] @13)

2233

According to these equations, the possibility to have the auxetic
piezoelectric effect is determined by the values of v and 1. The maxi-
mum and minimum values of Q,,,, by varying angle 6 are Q% and
—(5 33 +10.67v + 21. 34n)Qu, respectively. For most solid materrals the
ratlo v between Q and Q can be approximated as Poisson’s ratio,
whichis usually in the range of -0.3to —0.2. Also, @2, is usually of the
same sign as QY, thatis, n> 0. Thus, Q},,, is always of the same sign as
Q%; namely, the bracketed part on the right side of equation (11) is
always positive. Therefore, to have the type Il auxetic piezoelectric
effect, one needs to have

1+3v-2np)—(1-v-2n)cos26 > 0,0 € [0,] (14)

or

B3+13v-6n)-3(1—-v-2n)cos46> 0,0 € [0,m]. 15)
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To satisfy the above equations, one needs to, respectively, have
the following:

(16)

or

(17)

Sincevisnegative, (1+v)/2islarger than (3 + 5v)/6. Thus, the least
condition to show the type Il auxetic piezoelectric effect with one of
d,, and d;, being positive is n<(1+v)/2. An example of the
orientation-dependentelectrostriction coefficient with g < (1+v)/2is
shown in Supplementary Fig. 18. In this case, Q) ,, turns positive, as

1233 When angle 6 gets close to 90°, which gives rise to the type I
auxetic piezoelectric effect. Once n decreases further, that is,
(1+2v)/2<n<(3+5v)/6,there will exist two angle regions that exhibit
the type Il auxetic piezoelectric effect, marked in grey in Supplemen-
tary Fig. 18c. The three-dimensional variation of the electrostriction
coefficients corresponding to Supplementary Fig. 18 is given in Sup-
plementary Fig.19.

To have both d;, and d;, being the same sign as d,;, 7 at least needs
to satisfy the following:

1+3v-2n)—(1-v-—2n)cos26

(18)
=B+13v-67)—-3(1-v-2n)cos40 >0

whichresultsin

cos 260 = 1 19)
T3
and
1+2v

< (20)

Supplementary Fig.18d shows the variation of the electrostriction
coefficients withrespect to the angle when n < % Theanglerange
to show the auxetic piezoelectric effect is marked by yellow, and the
ranges to show the type Il auxetic piezoelectric effect are marked by
grey.Supplementary Fig.19d is the corresponding three-dimensional
version.

Overall, the manifestation of the auxetic piezoelectric effectina
Schottky junction made of semiconductors of cubic structure mainly
depends on the relative value of Q2, with respect to that of Q7. The
smaller QY,, the easier to have an auxetic piezoelectric effect. To have
d;;, d5, and d;; of the same sign, one needs to have 5 < % Regarding
semiconductors with other crystallographic structures, the same
method exploited above canbe used toidentify the possibility of having
an auxetic piezoelectric effect. One can use first-principles theory to
calculate the electrostriction tensor of the material of interest and then
use the tensor transformation method used in our work to decipher
the crystallographic orientation dependence.

Sample preparation

Nb:SrTiO;and Nb:TiO, single crystals with different orientations (Sur-
faceNet) werefirst cleaned by acetone, isopropyl and waterinanultra-
sonicbath. The (112)-oriented Nb:SrTiO, substrates were prepared by
HefeiKejing Materials Technology. Afterward, the crystal surface was
cleaned by oxygen plasma for 60 s before sputtering gold electrodes
(Cressington sputter coater 208HR, or ET-NanoSputter from Anhui
Epitaxy Technology). The ohmic contacts were formed by evaporating

a Pt (40 nm)/Al (10 nm) bilayer on the crystal surface. The SrTiO,/
Ba, Sr,,TiO5/BaTiO, superlattices were grown by the pulsed laser
deposition method at 650 °C with an oxygen pressure of 0.15 mbar
(ET-NanoPLD from Anhui Epitaxy Technology).

Characterization methods of the auxetic piezoelectric effect
The piezoelectric coefficients were evaluated by adirect experimental
approach, thatis, by applying to the sample ahomogeneous dynamic
stress and measuring the short-circuit current as the main output. To
measure dy;, the Schottky junctions were clamped between two sap-
phiresubstrates coated with gold electrodes. Special care was taken to
keep the sapphire substrate surface flat and clean as well as perfectly
aligned and parallel to each other, to avoid any spurious effects aris-
ing from inhomogeneous strain. Au/Al,O; plates applied the stress
directly to the Schottky junction and collected the generated current
(Supplementary Fig. 3a).

The measurement set-up for the transverse coefficients was the
same as that used in our previous work (Supplementary Fig. 3b). The
piezoelectric measurement set-up measures simultaneously both the
piezoelectric current and the applied force (stress) using a force sen-
sor.The generated currentis first read by a transimpedance amplifier
(DLPCA-200, Femto) and then displayed by oscilloscope as awaveform
or measured by alock-inamplifier as a vector signal.

Demonstration of the converse auxetic piezoelectric effect

To detect the converse effect of the demonstrated auxetic piezoelec-
tric effect, especially the transverse deformation under external bias
induced by d;;, we developed avoltage-induced bending measurement
using a cantilever device configuration, which is similar to that of the
piezoelectricbimorphactuator (Fig.4a,b). We used ablade saw and pol-
ishingtechnique to prepare samples, prepared on Nb:SrTiO; substrates
into the cantilever geometry. The dimension of the (001)-oriented
superlattice cantilever was about 3.5 mm x 1.2 mm x 0.15 mm, and
that of the (111)-oriented one was about 4.0 mm x 1.6 mm x 0.12 mm.

Once avoltage parallel to the built-in polarization was applied to
the piezo-active layer (thatis, the superlattice or depletion layer of the
Schottky junction) of the cantilever, the piezoelectric effect occurred
and induced stress/strain. In the case of the (001)-oriented superla-
ttice, this voltage induced an out-of-plane expansion and in-plane
contraction, which generated anin-plane compressive stress to the top
surface of the piezo-inactive substrate and bent the cantilever upward
(Fig. 4a). By contrast, in the case of the (111)-oriented superlattice,
due to the auxetic nature of its piezo-effect, the same applied voltage
induced expansion in both the out-of-plane and in-plane directions,
which exerted anin-plane tensile stress to the top layer of the cantile-
ver and bent the cantilever downward (Fig. 4b). Thus, the (001)- and
(111)-oriented cantilevers bent in opposite directions under the appli-
cation of the same voltage, since the auxetic piezo-effect happenedin
the (111)-oriented samples. To demonstrate this scenario, we applied an
a.c.voltage to both cantilevers and measured their vibration using an
atomic force microscopy tip that contacted the end of the cantilevers.
In our measurement set-up, a positive sign of the voltage represented
itsdirection being parallel to the built-in polarization, that s, pointing
from the bottom layer (that is, Nb:SrTiO; here) to the top electrode
(that s, Pt); a positive sign of the bending displacement at the end of
the cantilevers meant abending downward.

In addition to the vibration waveform shown in Fig. 4, we also
measured the dependence of a cantilever vibration of both orientations
onthea.c.voltage amplitude and frequency (Supplementary Fig. 20).
Thebending amplitude of both orientations increased linearly with the
amplitude of the a.c. voltage. The vibration phase with respect to the
a.c.voltage of the (001)-oriented cantilever almost retained a constant
value of about 170°, while that of the (111)-oriented cantilever showed
a phase of about -9°. This conforms to a negative sign of d, in the
(001)-oriented superlattice but a positive sign of d;; in the (111)-oriented
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superlattice, that is, the auxetic feature. Both cantilevers showed a
resonant frequency at around 10 kHz. The most important feature in
Supplementary Fig.20c¢,d is the opposite change of the vibration phase
between the two orientations. With increasing a.c. voltage frequency
and passing through the resonance, the vibration of the (001) cantilever
changed from out of phase to almost in phase, while that of the (111)
cantilever evolved fromin phase to out of phase, further conforming to
the opposite signs of their transverse piezo-coefficients. Experimental
dataonthe converse auxetic piezoelectric effect of Nb:SrTiO, Schottky
junctions are given in Supplementary Fig. 21.

Overall, these sophisticated characterizations clearly demonstrate
the manifestation of both direct and converse auxetic piezoelectric
effects in a symmetry-engineered tricolour superlattice, confirming
the general nature of the auxetic piezoelectric effect. The results offer
a promising platform to optimize the performance and exploit the
potential of this emerging phenomenon.

Data availability
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