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Statistical Piezotronic Effect in Nanocrystal Bulk by Anisotropic

Geometry Control

Shuhai Liu, Ming Han, Xiaolong Feng, Qiuhong Yu, Long Gu, Longfei Wang,* Yong Qin,*

and Zhong Lin Wang*

Utilizing inner-crystal piezoelectric polarization charges to control carrier
transport across a metal-semiconductor or semiconductor-semiconductor
interface, piezotronic effect has great potential applications in smart
micro/nano-electromechanical system (MEMS/NEMS), human-machine
interfacing, and nanorobotics. However, current research on piezotronics

has mainly focused on systems with only one or rather limited interfaces.
Here, the statistical piezotronic effect is reported in ZnO bulk composited

of nanoplatelets, of which the strain/stress-induced piezo-potential at

the crystals’ interfaces can effectively gate the electrical transport of ZnO
bulk. It is a statistical phenomenon of piezotronic modification of large
numbers of interfaces, and the crystal orientation of inner ZnO nanoplatelets
strongly influence the transport property of ZnO bulk. With optimum
preferred orientation of ZnO nanoplatelets, the bulk exhibits an increased
conductivity with decreasing stress at a high pressure range of 200400 MPa,
which has not been observed previously in bulk. A maximum sensitivity
0f1.149 uS m~' MPa~" and a corresponding gauge factor of 467-589 have
been achieved. As a statistical phenomenon of many piezotronic interfaces
modulation, the proposed statistical piezotronic effect extends the connotation
of piezotronics and promotes its practical applications in intelligent sensing.

effects to modulate the interface band-
structure has attracted much attentions.
For example, coupling between the piezo-
electricity (Figure 1a) and the semicon-
ducting properties, piezotronics has been
widely considered as an effective way for
active electronics. It uses strain-induced
piezoelectric charges at the interface to
redistribute the free carriers and thus
modify the energy profile, so as to tune
the electronic transport at interface/junc-
tion.P! The coupling effect of mechanical
stimuli and carrier transport opens path-
ways to new designs of multifunctional
devices with adaptive interaction between
electronics and physical environment for
applications including tunable electronics,
human-machine interface, and artificial
intelligence.l%]

By now, the researches about piezotronic
effect mainly focus on the systems with
only one or rather limited interfaces.”! Few
studies have been achieved on complex
systems containing nanocrystals with large
numbers of interfaces, as schematically

1. Introduction

It is important to investigate the physics of interfacial phe-
nomena in semiconductor devices!! for their applications
in electronics? and optoelectronics.’l As the promising
approaches for multifunctional electronics, utilizing local polar-
ization produced by piezoelectric, ferroelectric or flexoelectric

illustrated in Figure 1b. Effective control of such systems is a big
challenge, because of the complex and uncontrollable nanocrystal
orientation and the corresponding piezo-potential distribution.
The interface barriers formed between adjacent nanocrystals,
increase, decrease or remain unmodified depending on the ori-
entation of piezoelectric nanocrystals. Typically, there exists six
kinds of interface regulations inside the system when under
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Figure 1. lllustration of statistical piezotronic effect. a) Piezoelectric effect. The polarization charges and piezoelectric potentials correspond to the ¢-
axis of simplified piezoelectric unit under compressive strain. b) Piezoelectric potentials produced at large numbers of interfaces between piezoelectric
crystals with strain free and compressive strain. c) Six typical piezotronic modifications of the interface energy structure. Double Schottky barrier
remains unchanged (1, “side-to-side”), decreases at one side (ll, “side-to-tail”), increases at one side (Il “side-to-head”), decreases at both sides (1V,
“tail-to-tail”), increases at both sides (V, “head-to-head”), or increases at one side but decreases at another side (VI, “tail-to-head”). Note: case (IV)
and (V) respectively correspond to the interface electrical conduction (“ON” state) and electrical obstruction (“OFF” state). d) Schematic diagram of
a bulk containing large numbers of c-axis preferred piezoelectric units with strain free and compressive strain, and the corresponding current channel
controlled by the statistical piezotronic modification of large numbers of interfaces. The solid white line and arrow indicate interface and piezoelectric
polarization (c-axis), respectively. The solid red and blue lines represent positive and negative piezoelectric potentials generated at interfaces, respec-
tively. The white glow line represents the current channel across the bulk. Note: under the illustrated piezoelectric potential distribution, the current

channel twists and turns, leading to a high-resistance state of the bulk.

compressive stress (Figure 1c), including double Schottky barrier
unchanged (I, “side-to-side”), decreased at one side (I, “side-to-
tail”), increased at one side (III “side-to-head”), decreased at both
sides (IV, “tail-to-tail”), increased at both sides (V, “head-to-head”)
and increased at one side and decreased at another side (VI,
“tail-to-head”). Due to the uncontrollable nanocrystal orienta-
tion, such system is generally regulated by randomly distributed
piezo-potential and exhibits an immutable electrical behavior
with applied uniaxial compressive stress,® which greatly hinders
the practical applications of piezotronic effect in multi-compo-
nent systems. Therefore, it is highly desired to explore a feasible
and controllable approach that can realize and utilize the piezo-
tronic modification of large numbers of interfaces in bulks.
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In this work, a statistical piezotronic effect is proposed for
the regulation of ZnO bulk made of ZnO nanoplatelets with
preferred orientations. It utilizes the statistical distribution of
crystal orientation and the corresponding piezo-potential at the
crystals’ interfaces under compressive stress to control the elec-
trical transport of ZnO bulk. Compared with the bulk made of
randomly oriented ZnO nanoparticles, the one with c-axis pre-
ferred ZnO nanoplatelets exhibits an increased conductivity
with decreasing stress at high pressure range of 200-400 MPa,
which has not been observed previously in bulk. The bulk with
optimum preferred crystal orientation of ZnO nanoplatelets
realizes a maximum sensitivity of 1.149 uS m™ MPa™' and a cor-
responding gauge factor of 467-589. Unlike the regulation for
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limited numbers of interfaces, the statistical piezotronic effect
proposed here is performed at large numbers of interfaces,
which will open up the macroscopic practical applications of
piezotronics in intelligent sensing and will greatly increase the
sensitivity of traditional force sensors or strain sensors.

2. Results and Discussion

2.1. Principle of Statistical Piezotronic Effect

The basic principle of statistical piezotronic effect is schemati-
cally illustrated in Figure 1d. The bulk with optimum preferred
orientation of ZnO nanocrystals under uniaxial compressive
stress will result in piezo-potentials along a certain direction.
Positive (red) and negative (blue) piezo-potentials can respec-
tively decrease and increase the interface barriers. The barrier
height increases, decreases or remains unmodified at interfaces
respectively labeled as blue, red and white lines, depending on
the crystal orientations of adjacent nanocrystals. Electrons can
flow through the interfaces with decreased barriers (red lines) or
with little resistance, while require higher energy to pass through
the ones with increased barriers (blue lines). Large numbers of
individual nanoscale interfaces modulated by oriented piezo-
potential will eventually lead current channel winding and
zigzag (particularly labeled with white glow line) and require
electrons to go a longer distance from one end of the bulk to the
other end. In this way, the bulk with optimum preferred orien-
tation of ZnO nanocrystals will exhibit a deceased conductivity
with increasing pressure. A more detailed 2D illustration is pre-
sented in Note S1 and Figure S1 (Supporting Information).

2.2. Electrical Property of the Bulk Made of ZnO Spherical
Nanoparticles under Pressures

In order to verify this scheme and characterize the electrical
transport of bulks under different pressures, the equipment
was set up as illustrated in Figure 2a. It mainly consists of two
parts: one is a hydraulic jack, which is mainly used to offer a
high uniaxial pressure (0-500 MPa); the other is an electrical
measurement system, used to apply a voltage across the bulk
and simultaneously measure their electrical transport.

Using this equipment, we first studied the bulk consisting
of ZnO spherical nanoparticles (Note S2 and Figure S2, Sup-
porting Information) with randomly oriented polar c-axis,
as shown in Figure 2b. At the beginning, the powder of ZnO
spherical nanoparticles was filled into the jack mold, and then,
was pressed into a bulk by gradually increasing the uniaxial
pressure to a very high value of about 500 MPa. This pressure
was remained roughly constant for about 12 h to get a ZnO nan-
oparticle bulk with stable structure. Second, after decreasing
the applied pressure to a preset value, the pressure remained
constant and the electrical measurements were made. At this
stage, a sweeping bias between —1 and +1 V was applied and the
current was measured simultaneously. After the [-V measure-
ments were performed, the pressure was adjusted to the next
preset value to start measuring the electrical characteristics
under this new set pressure.
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Prior to the [-V measurements, the nanoparticle’s crystal ori-
entation in pressed ZnO bulk was characterized. Since the ZnO
nanoparticles are approximately spherical and hence have no
shape anisotropy related to the crystal orientation, the nanopar-
ticles in bulks will not exhibit preferred orientation, but remain
randomly oriented, which can be seen from the X-ray diffraction
spectra before and after compressing (Figure S3, Supporting
Information). Also, by calculating the Lotgering orientation
factor f°! (Note S3 and Table S1, Supporting Information), the
orientation degree of ZnO spherical nanoparticles in the form
of powder before compression and bulk after compression can
be evaluated from the XRD data. Compared with the standard
random sample (PDF#36-1451), no preferred orientation and
almost a same random orientation distribution were found both
in the powder and the bulks (Figure S3, Supporting Informa-
tion), which confirms the random distribution of the crystal ori-
entation of ZnO spherical nanoparticles in bulks.

In the subsequent -V measurements, a pressure ranged
from 30.4 to 480.1 MPa was applied to ZnO bulk composed
of ZnO spherical nanoparticles. As shown in Figure 2¢,d, an
enhanced conductivity can be found when applied uniaxial
compressive stresses. Being subjected to external stimuli, ZnO
spherical nanoparticles in the bulk will experience compressive
strains and produce piezoelectric charges across each two ends,
which distributed within a thickness of 1-2 atomic layers.['%
The charge distribution around the interface can be modeled
as a combination of a trapped negative interface charges, two
positive depletion layers, and two piezoelectric polarization
charges. The sign of piezoelectric charges depends on the polar-
ization c-axis of adjacent nanoparticles. Due to the randomly
crystal’s orientation of spherical nanoparticles, the distribution
of piezoelectric charges and potentials inside the bulk belong
to a random one. Therefore, the conductivity of such ZnO bulk
composed of ZnO spherical nanoparticles increases as the pres-
sure increases, which is mainly attributed to the piezoelectric
effect between randomly oriented nanoparticles. It is consistent
with previous reports. 811

The electron affinity of ZnO and the work function of elec-
trodes (Fe) are both =4.5 eV,[!?] resulting in a little barrier at the
ZnO-Fe interface and an Ohmic contact. The electrical charac-
teristics show a symmetric property under both forward bias
and reverse bias, whereas the I-P curve derived from the -V
curves is asymmetric (Figure 2d). That is, under small pres-
sures, the positive-biased and the negative-biased currents are
slightly different from each other. It may result from the une-
venness of the stress across the bulk caused by the pressure
transmission among the nanoparticles.

Additionally, the same measurements were also performed
on the ZnO spherical nanoparticles bulk after it was sintered,
as shown in Figure 2e,f. The current increases gradually with
increasing pressure, which is same as the one without sin-
tering. The difference is that the forward and reverse currents
here overlap very well, indicating a symmetric carrier trans-
port of the sintered bulk. By plotting the current presented in
semilog form via applied pressure, it is found to be in good
agreement with previous theory prediction in ZnO varistor/8’l
(Note S4 and Figure S4, Supporting Information). It shows that
the sintered bulk composed of randomly oriented ZnO spher-
ical nanoparticles exhibits the same [-P characteristics as a

© 2021 Wiley-VCH GmbH
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Figure 2. Electrical properties of the bulk made of ZnO spherical nanoparticles as a function of mechanical pressure. a) Schematic diagram of the meas-
urement setup. The electrical transport is performed under different pressures. b) SEM image of ZnO nanoparticles, which has no shape feature related to
the crystal orientation and is approximately spherical. c) -V and d) I-P characteristics of the ZnO bulk composed of ZnO spherical nanoparticles without
sintering under a pressure ranged from 30.4 to 480.1 MPa, indicating an enhanced current with increased pressure. e) |-V and f) |-P characteristics of
the same ZnO bulk in (c,d) after sintering under a pressure ranged from 48.6 to 499.1 MPa. An increased current is also shown with increased pressure.

varistor. It is also worth noting here that, compared with the
one without sintering, the sintered ZnO bulk demonstrates a
lower current under the same bias voltage, which may result
from the enhanced crystallinity and the reduced conductivity
through sintering.

2.3. Theoretical Simulation of Statistical Piezotronic Effect

The commonly used “Finite Element Analysis” (FEA) shows
limited performance in bulks composed of huge numbers
of nanocrystals with lots of interfaces. So, an equivalent cir-
cuit model is built here to analyze bulks with millions of
nanocrystal units (Figure 3a). Each piezoelectric nanocrystal is
simplified as a cube with six surfaces, and is equivalent to a
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circuit cell consisting of six diodes. Contact potential between
adjacent nanocrystals is also considered as a strain-controlled
resistance (R =&, 0.5 < k < 1.0, Note S5 and Figures S5 and S6,
Supporting Information).3] Information about the equivalent
circuit cell model has been detailed in Note S6 and Figure S7
(Supporting Information). In Figure 3b, by properly adjusting
the parameters (e.g., threshold voltage) of the corresponding
equivalent circuit cell (including the diodes and strain-con-
trolled resistance), we can approximate the strain-controlled
I-V curves of typical interfaces “IV,” “V,” and “VI” in Figure Ic,
which is in well agreement with the result simulated by the
method of FEA. It indicates the feasibility of using equivalent
circuit cell to simplify the piezoelectric nanocrystal, which
greatly reduces the computational complexity. Using this sim-
plification, we can equate a bulk with millions of nanocrystals

© 2021 Wiley-VCH GmbH
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Figure 3. Simulation of statistical piezotronic effect. a) Schematic diagrams of the simplified piezoelectric units, contact resistance between them, and
the corresponding equivalent circuits. Each piezoelectric unit is equivalent to a combination of six diodes. The red and blue diodes represent the interface
barriers regulated by positive and negative piezoelectric potentials, respectively. The yellow resistance represents the contact resistance. b) Calculated
|-V characteristics of typical interface “IV,” “V,” and “VI” in Figure 1c as a function of compressive strain by methods of “Finite Element Analysis” (color
points) and corresponding equivalent circuits (color lines). The consistency of the two simulation results shows the possibility of using equivalent circuits
to replace piezoelectric units. c) 3D equivalent circuit diagram of a bulk consisting 10 x 10 x 10 piezoelectric units. d) Calculated statistical piezotronic
modification of the current-strain of 10 x 10 x 10 units with different orientation distribution (Case I-1, 2 and Case II-1, 2) by the method of “Electronics
Design Automation”. Cases | and Il respectively represent the piezoelectric units with distributions of random orientation (suitable for spherical nano-
particles in Figure 2) and consistent orientation (c-axis preferred orientation, suitable for nanoplatelets in Figures 4 and 5) under uniaxial pressure and
isostatic pressure. Note: in the case of c-axis preferred orientation (002) (Case II-1, 2), the current of bulk eventually decreases with increased strain.

to a simple circuit system, which can be easily simulated by
the method of “Electronics Design Automation” (EDA) that is
widely used in the field of digital systematic design.

Figure 3c shows a 3D equivalent circuit constructed to mimic
a ZnO bulk consisting of 10 x 10 x 10 piezoelectric nanocrystals.
Particularly, two cases are focused on here: ZnO nanocrystals
with random orientation (Case I) and c-axis preferred orientation
(Case II). The probabilities of each c-axis direction are presented
in Figure 3d. There are six possible orientations in Case I, in

Adv. Funct. Mater. 2021, 2010339 2010339

which the possibilities are all 1/6. In contrast, the directions of
c-axis in Case II are only up or down, and their probabilities are
both 3/6. Both uniaxial pressure (Case I-1 and Case II-1) and iso-
static pressure (Case I-2 and Case II-2) are also considered here.
The current of such 10 x 10 x 10 nanocrystals was calculated by
EDA. No matter in Case I or Case II, the calculated conductivi-
ties both exhibit critical behavior as a function of strain, and
show similar properties under a uniaxial pressure or an isostatic
pressure. The simulation of Case I, in which the conductivity

(5 of 9) © 2021 Wiley-VCH GmbH
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Figure 4. Statistical orientation degree of bulks made of ZnO nanoplatelets before and after pressing. a) Schematic diagram of nanoplatelet powder
being pressed into bulk disk specimen, which can uniformly align the nanoplatelets in some degree by the torque induced by compressive force.
b) SEM and AFM images of ZnO nanoplatelets, and the compressed disk made of ZnO nanoplatelets. c) XRD data of ZnO nanoplatelet powder and
disk composed of ZnO nanoplatelets respectively. After pressing, the (002) diffraction intensity is obviously improved. d) Change of the statistical
degree of orientation (Lotgering orientation factor) derived from the XRD data, indicating the greatly enhanced statistical orientation degree (good) of
ZnO nanoplatelets after compressive pressing. The c-axis (002) is the preferred orientation.

increases with applied pressure, is consistent with the measured
result of the bulk composed of ZnO spherical nanoparticles in
Figure 2. While, it is important to note here that, compared
with the bulk made of randomly oriented ZnO nanocrystals in
Case I-1 and Case -2, the conductivity of bulk containing c-axis
preferred ZnO nanocrystal in Case II-1 and Case II-2 initially
increases and eventually decreases with increasing strain. This
simulation shows the possibility to control the conductivity of
bulks composed of large interfaces under pressures by adjusting
the distribution of nanocrystal orientation, which theoretically
confirms our design scheme in Figure 1.

2.4. Bulks Made of ZnO Nanoplatelets

Next, we designed a scheme shown in Figure 4a to align the
nanocrystals’ orientation in bulks for effective piezotronic mod-
ulation. A torque generated by uniaxial compressive stress will
align the plate-like nanocrystals in one direction." ZnO nano-
platelets (Note S2 and Figure S2, Supporting Information) as
shown in Figure 4b was synthesized through a low temperature
hydrothermal method. It is a kind of piezoelectric nanocrystal
(Figure S8, Supporting Information) with a standard hexahe-
dral morphology and an aspect ratio of =0.4 (Figure S9, Sup-
porting Information). The nanoplatelets were pressed into a
disk-like bulk (inset of Figure 5b). X-ray diffraction spectrum
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was utilized to characterize the crystal orientation of powder
and disk composed of ZnO nanoplatelets respectively. The
enhanced peak (002) and suppressed peaks like (100) and (101),
can be clearly observed from the change of X-ray diffraction
spectra of the ZnO nanoplatelets powder before uniaxial com-
pression and after uniaxial compression (Figure 4c), indicating
the c-axis preferred orientation of ZnO nanoplatelets in the
pressed disk (inset of Figure 4b). By calculating the Lotgering
orientation factor f’! the degree of orientation is evaluated in
Figure 4d. The (002) c-axis preferred orientation degree is more
than two times enhanced after compression, accompanied with
a decreased orientation degree of other directions. Therefore,
the ZnO disk shows c-axis preferred orientation distribution of
ZnO nanoplatelets.

2.5. Statistical Piezotronic Modification of ZnO Bulk Composed
of c-Axis Preferentially Oriented ZnO Nanoplatelets

The statistical piezotronic modification of the electrical trans-
port of the ZnO bulk disk composed of c-axis preferentially
oriented ZnO nanoplatelets was studied. The -V curves pre-
sent a symmetrical Ohmic characteristic and the conductivity
increases with decreasing external pressures from 483.1 to
163.5 MPa (Figure 5a), which is different from the previously
ZnO bulk composed of randomly oriented ZnO nanoparticles

© 2021 Wiley-VCH GmbH
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Figure 5. Statistical piezotronic modification of ZnO bulk composed of ¢-

axis preferentially oriented ZnO nanoplatelets. a) |-V characteristics of the

ZnO bulk without sintering under various pressures, indicating an increased current with decreased pressure. b) -V characteristics of the ZnO bulk disk
in a) after sintering under pressures. c) Variation of conductivity of the bulk without sintering. d) Enlarged details of the dotted box in (c), indicating a
linear relationship between the conductivity and the applied pressure. e) Comparison of the gauge factor of this work with some existing piezotronic

and piezoresistive sensors. “HV” represents “high voltage.”

in Figure 2. This comparison shows that the electrical con-
trol of the bulks is related to the statistical distribution of the
crystals’ c-axis orientation in bulks, indicating the dominant
role of the piezotronic effect, rather than the piezoresistive
effect. This trend of piezotronic regulation, making current to
increase with decreasing pressure, is a particular phenomenon
that occurs only in systems with a few interfaces and has not
been observed previously in bulks with millions of interfaces.
Further data analysis shows that the currents under biases of
+1 V and -1 V both exhibit approximately linear relationship
with applied pressures (Figure S10, Supporting Information).
The linear regulation is also different from the piezotronic
exponential regulation of a single interface or few interfaces. It
may come from the statistical result of large numbers of inter-
face regulations, showing the features of statistical piezotronic
effect. The electrical transport of the ZnO bulk composed of
c-axis preferentially oriented ZnO nanoplatelets after sintering
was studied (Figure 5b), showing that current increases with
increased pressures. It is opposite to the observed statistical
piezotronic modulation of the ZnO bulk without sintering, but
consistent with the results of the bulk composed of randomly
oriented ZnO nanoparticles in Figure 2. During the sintering
process, the crystal structure of ZnO nanoplatelets have been
destroyed, resulting in randomly oriented ZnO nanocrystals
(Figure S11, Supporting Information). Thus, the statistical
piezotronic modulation becomes invalid in the ZnO bulk after
sintering. This change further confirms the dominant regula-
tion of the statistical piezotronic effect in the bulk of Figure 5a.

Additionally, the conductivity of the bulk (without sintering)
consists of ZnO nanoplatelets with c-axis preferred orientation
was further investigated (Figure 5c). As decreasing the pressure
from 450 to 20 MPa, the conductivity initially increases to a max-
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imum value at a pressure of =200 MPa, then begins to decrease,
which coincides with the previous prediction using “Electronics
Design Automation” in Figure 3d. As a comparison, apart from
the randomly oriented ZnO spherical nanoparticles in Figure 2,
we also measured the conductivities of non-piezoelectric mate-
rials such as TiO,, BN, ZnCO; and MgSO, as under compres-
sive pressures (Figure S12, Supporting Information), in which
the conductivities gradually increase with increasing pressures.
It mainly results from the strain-controlled contact poten-
tial/resistance, which is decreased with increasing pressures
(Note S5 and Figures S5 and S6, Supporting Information).
These comparison experiments further confirm that the elec-
trical regulation of the bulk made of c-axis preferred ZnO nano-
platelets actually comes from piezotronic effect. Meanwhile,
the consistency of the four cycles (Figure 5c¢) also indicates
the modulation is reversible and reproducible. Particularly,
as presented in Figure 5d, the conductivity exhibits a strong
linear relationship with compressive pressures ranged from
200 and 400 MPa, which is consistent with the result of the
inset of Figure 5a. A high sensitivity of 1.149 uS m™ MPa' s
and a corresponding gauge factor (defined as [Ac/0O(&0yw)]/AE)
of 467-589 are obtained at the range of 200-400 MPa.
Nevertheless, when the pressure exceeds =400 MPa, the
increased barriers become large enough and hence will be dif-
ficult to further change the current channel, making the curve
gradually becomes flattened.

As summarized in Figure 5e ! and Table S2 (Supporting
Information), the performance of ZnO bulk composed of pref-
erentially orientated ZnO nanoplatelets as a static pressure
sensor shows a high gauge factor particularly at the high-pres-
sure range of 200400 MPa, which exhibits the potential in high
pressure sensing. Although various sensors with high gauge

© 2021 Wiley-VCH GmbH
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factor can achieve ultra-sensitive strain/stress sensing, they are
usually flexible and mainly work at low pressure (usually from
~Pa to =KPa). Most sensors are difficult to withstand such a
high pressure, except for certain devices based on ceramic or
single crystal bulk materials. Nevertheless, the main principle
of these high-pressure sensors is the piezoelectric effect or pie-
zoresistive effect. For some piezoelectric sensors based on bulk
materials, they can work under high pressure but usually needs
high frequency (=kHz) and complicated structures (such as the
novel POSFET, piezoelectric oxide semiconductor field effect
transistor), thus limiting its application performance.®l As for
piezoresistive sensor, the high sensitivity is usually achieved at
lower pressure range; while the performance under high pres-
sure is very limited with gauge factor usually on the order of
100.1”1 In contrast, the piezotronic sensor can perfectly achieve
high gauge factor at high pressure range, but currently the con-
trollable regulation is limited to the device containing only a few
interfaces. The statistical piezotronic effect proposed here pro-
vides a controllable strategy to extend the piezotronic effect from
nanoscale to macroscale, expanding its scope of practical appli-
cations. It is also worth noting that, although ZnO nanoplatelets
are used here, it is equally feasible for other piezoelectric semi-
conductors in principle. Therefore, the statistical piezoelectric
effect has wide potential in the field of high-pressure sensing.

3. Conclusion

In summary, a kind of statistical piezotronic effect is proposed
and demonstrated to control a complex system through the pre-
ferred orientation of ZnO nanoplatelets. Unlike the regulation
for a limited number of interfaces, the statistical piezotronic
effect is a statistical phenomenon that the electrical transport
of bulks containing large numbers of interfaces can be effec-
tively modulated by controlling the orientation distributions
of the nanocrystals and thus the interfacial piezo-potentials.
A maximum sensitivity of 1.149 uS m™ MPa! and a corre-
sponding gauge factor of 467-589 at a high-pressure range of
200—400 MPa are obtained in the bulk with optimum preferred
orientation of ZnO nanoplatelets. The statistical piezotronic
effect can be used for macroscopic practical applications in tun-
able electronics and smart sensors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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