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Interface engineering by local polarization using piezoelec-
tric1–4, pyroelectric5,6 and ferroelectric7–9 effects has attracted 
considerable attention as a promising approach for tunable 
electronics/optoelectronics, human–machine interfacing and  
artificial intelligence. However, this approach has mainly 
been applied to non-centrosymmetric semiconductors, such 
as wurtzite-structured ZnO and GaN, limiting its practical 
applications. Here we demonstrate an electronic regula-
tion mechanism, the flexoelectronics, which is applicable to 
any semiconductor type, expanding flexoelectricity10–13 to 
conventional semiconductors such as Si, Ge and GaAs. The 
inner-crystal polarization potential generated by the flexo-
electric field serving as a ‘gate’ can be used to modulate the 
metal–semiconductor interface Schottky barrier and further 
tune charge-carrier transport. We observe a giant flexoelec-
tronic effect in bulk centrosymmetric semiconductors of Si, 
TiO2 and Nb–SrTiO3 with high strain sensitivity (>2,650), 
largely outperforming state-of-the-art Si-nanowire strain sen-
sors and even piezoresistive, piezoelectric and ferroelectric 
nanodevices14. The effect can be used to mechanically switch 
the electronics in the nanoscale with fast response (<4 ms) 
and high resolution (~0.78 nm). This opens up the possibil-
ity of realizing strain-modulated electronics in centrosym-
metric semiconductors, paving the way for local polarization 
field-controlled electronics and high-performance electrome-
chanical applications.

The concept of flexoelectronics is schematically shown in  
Fig. 1a. When an inhomogeneous strain or stress is induced in a 
semiconductor, a flexoelectric polarization field can be generated 
due to the flexoelectric effect15–18 (Supplementary Note 1); this field 
not only presents on the material surface but also distributes inside 
the crystal over a range of lengths or volumes owing to the enormous 
non-uniform local strain. The inner-crystal polarization field has a 
huge impact on the concentration and distribution of free carriers 
at the metal–semiconductor interface as well as inside the semicon-
ductor (Fig. 1a(i)), resulting in band-structure engineering of both 
the metal–semiconductor interface and the inner crystal. In gen-
eral, the negative flexoelectric polarization potential induced at the 
semiconductor side can repel electrons while attracting holes near 
the interface, enabling the energy band to be bent upward. Thus, 
strain-gradient-induced flexoelectric polarization can effectively  

modulate the interface Schottky barrier height and width, thereby 
controlling the charge transport (Fig. 1a(ii)), in a manner analo-
gous to the piezotronic effect19–22. The magnitude and polarity of 
the flexoelectric potential depend on that of the applied inhomoge-
neous stress or strain, respectively. This is the flexoelectronic effect, 
which is universal and persistent and exists widely in most semi-
conductors. The use of the inner-crystal flexoelectric polarization 
potential as a ‘gate’ controlling signal to modulate the barrier profile 
and achieve a tunable electronic process is the basis of flexoelec-
tronics (Fig. 1a(iii)).

We explored the flexoelectronic effect induced by a point force 
applied to the surface of a Si single crystal. The point force, applied 
by an atomic force microscope tip, induced local inhomogeneous 
strain at the tip–surface contact, which caused a localized breaking 
of centrosymmetry. The direct-current electrical transport prop-
erties of the devices under nanoindentations were simultaneously 
characterized using a conductive atomic force microscopy (AFM) 
measurement system. The atomic force microscope tip can be 
approximated as a hemisphere, and hence the spatial distribution of 
the strain gradient can be calculated analytically from Hertzian con-
tact theory23 (Methods and Supplementary Note 2). The calculated 
strain distribution in Si in terms of both the x and z components, 
and the derivative of this strain distribution with respect to z, are 
shown in Fig. 1b and Supplementary Fig. 1, respectively. The calcu-
lated strain gradient is as high as 106 m−1, which is much higher than 
those achievable using conventional micrometre-/nanometre-thick 
beam-bending approaches (which achieve gradients in the range of 
~10–1–102 m−1) (refs. 15,24). In fact, the strain gradient in the experi-
ment may be smaller than the theoretical results because in the cal-
culations the tip is assumed to have infinite rigidity. Figure 1c shows 
the simulated flexoelectric polarization distribution corresponding 
to the same mechanical loading conditions. The out-of-plane polar-
ization P reaches a maximum of ~0.03 C m−2 beneath the centre of 
the contact region. In fact, experimental values are orders of mag-
nitude higher than the simulated results. The main reason for this 
discrepancy is that the theoretical effective flexoelectric coefficients 
(ueff) are calculated at 0 K and the materials are generally considered 
as intrinsic crystals without defects, whereas the experimental results 
are usually obtained at room temperature and depend strongly on 
both the amount of doping and the static dielectric constant of the 
sample25. For example, experimental flexoelectric coefficients of  
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Si as high as ~78 nC m−1 have been reported, whereas the theoretical 
values are only ~1 nC m−1 (ref. 25). Additionally, a nonlinear flexo-
electric response occurs under large strain gradients, which may 
enhance the flexocoupling coefficient (Supplementary Note 3).

We characterized the electrical transport properties of a com-
mercial p-type Si single crystal with low doping under atomic force 
microscope tip indentations. For the device, the current–voltage 
(I–V) characteristics exhibit typical rectification behaviour and 
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Fig. 1 | the mechanism of flexoelectronics. a, Schematic showing the concept of flexoelectronics proposed here, according to which the flexoelectric 
polarization potential generated in a centrosymmetric semiconductor gates the electronic transport. (i) Inhomogeneous strained centrosymmetric 
crystal structure. A flexoelectric built-in electric field formed in a centrosymmetric semiconductor exerts a substantial influence on the concentration 
and distribution of free carriers near the interface, resulting in band-structure engineering ((ii)) that involves (1) metal–semiconductor (M–S) interface 
band-structure engineering and (2) inner-crystal band-structure engineering, and is a result of the changes in Schottky barrier height. This is the 
flexoelectronic effect. ϕn/ϕ′n and ϕp/ϕ′p represent the Schottky barrier heights formed between metal and n-type and p-type semiconductor contacts 
without (dashed line) and with (solid line) strain, respectively. CB, VB and EF represent the conduction band, valence band and Fermi surface, respectively. 
The red and blue lines represent the band structures of the n-type semiconductor and p-type semiconductor, respectively. The grey arrows represent 
the magnitude and direction of flexoelectric polarization under nanoindentation. (iii), Equivalent circuit diagram for the flexoelectronics. The region 
delineated by red dashed lines is a two-terminal device, in which Rflexo represents the equivalent tunable resistor modulated by a strain gradient. Using 
the strain-gradient-induced inner-crystal flexoelectric polarization potential as a ‘gate’ controlling signal to modulate the interface barrier profile and 
achieve tunable electronic process is the flexoelectronics. RA, VA and CD represent the series resistor, voltage source and equivalent parallel capacitance, 
respectively. b,c, Flexoelectricity in Si obtained from theoretical simulations with a tip-force model, showing the corresponding strain distribution (b) and 
the flexoelectric polarization distribution (c) under a tip force of 25 μN. Arrows in c denote the polarization direction. The force is directed downward by 
the atomic force microscope tip (radius, 25 nm), which is centred at the origin.
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are highly asymmetric (Fig. 2c and Supplementary Fig. 3). The 
forward current increases steadily with the increase in loading 
force, whereas the reverse current remains comparable to the noise 
level, which corresponds to the processes shown in Fig. 2d(i) and  
(ii), respectively. The I–V characteristic becomes maximally 
asymmetric at a critical force of ~7 μN. As the force continues to 
increase, however, the reverse current begins to increase substan-
tially, whereas the forward current is only slightly increased, cor-
responding to the processes in Fig. 2d(ii),(iv). A gauge factor of 
bulk p-Si of >2,650 is measured in our experiments (Methods), 
which is orders of magnitude larger than that of conventional bulk 
strain sensors (~0.7–11.45) and a state-of-the-art Si-nanowire strain  
sensor (~200), and even considerably higher than the values of  
pie zoresistive/piezoelectric/ferroelectric nanosensors (~2–2,000)14,26  
(Supplementary Table 1).

This anomalous behaviour cannot be explained simply by 
the increase in contact area and the piezoresistive effect27. First, 
the local deformation on the p-Si surface caused by tip-induced 
non-uniform strain will increase the tip–surface contact area and 

create a piezoresistive effect (Supplementary Fig. 4). However, the 
piezoresistive effect is a symmetric volume effect without polarity, 
in which a change in the strain-induced bandgap or charge-carrier 
density can modulate the entire resistance of Si, and hence the I−V 
curve should change symmetrically from forward bias to reverse 
bias. Our theoretical analysis also shows that the piezoresistive 
effect in bulk Si is too small to be responsible for our observations 
(Supplementary Fig. 5). Second, mechanical control of electrical 
transport in the p-Si is highly asymmetric and reversible, properties 
that cannot be attributable only to the change in the contact area 
between the microscope tip and the Si surface.

The origin of this mechanically tunable electronic process is the 
flexoelectronic effect. Figure 2b shows the proposed mechanism of 
the modulation process in p-Si, corresponding to changes in con-
tact as the loading force increases (Fig. 2a). Under weak indenta-
tion, a contact barrier exists at the metal–semiconductor interface 
and gradually decreases as the loading force increases (Fig. 2b(i)). 
Meanwhile, local strain-gradient-induced flexoelectric polarization 
attracts holes near the interface, resulting in a decreased interface 

Indentation

Weak
indentation

a

P

(ii)  Indentation (forward bias)

h+

b

–3 0 3
–4.0

–2.0

0

2.0

Voltage (V)

–3 0 3
–4.0

–2.0

0

2.0

Voltage (V)

–3 0 3
–4.0

–2.0

0

2.0

Voltage (V)

1.7 µN 3.3 µN 6.7 µN

10.0 µN 13.4 µN 16.7 µN

c

Reverse
bias 

Forward
bias

Silicon

p-
S

i (
re

ve
rs

e)

p-Si (forward)

–3 0 3

0

0.4

0.8

1.2
C

ur
re

nt
 (

µA
)

C
ur

re
nt

 (
µA

)

Voltage (V)

–3 0 3

0

0.4

0.8

1.2

Voltage (V)

–3 0 3

0

0.4

0.8

1.2

Voltage (V)

AFM tip

Pt /Ir

P

(iv)  Strong indentation
(reverse bias) 

Pt/Ir

Ld p-Si

EF

VB

CB

(i)  Weak indentation

Strong
indentation

d

(iii)  Indentation (reverse bias)

0 10 20

0

3.0

6.0

N
or

m
al

iz
ed

 c
ur

re
nt

Loading force (µN)

(i)
(ii)

(iii)

(iv)

V = ±3 V

Ld p-Si Ld p-Si
Ld p-Si

Pt /IrPt /Ir

P

h+

h+

Fig. 2 | Flexoelectronic effect in low-doped p-Si single crystal. a, Schematic of the experimental setup illustrating the change in contact between an 
atomic force microscope tip and sample as the contact force increases. The red arrowheads represent the process of contact. b, Band diagrams showing 
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the magnitude and direction of flexoelectric polarization under nanoindentation. c, The asymmetric modulation of electrical transport by a flexoelectric 
polarization field induced by a gradient in stress and/or strain under opposite bias in p-Si single-crystal-based devices shows the characteristics of the 
flexoelectronic effect. d, Normalized current distribution versus loading force shows the flexoelectronic process in low-doped p-Si, corresponding to the 
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barrier (Fig. 2b(ii)). The joint modulation of the two synergistic 
effects increases the charge transport under forward bias (Fig. 2d(i)).  
However, in reverse-bias mode the local barrier (Fig. 2b(iii)) is 
still large enough to limit the charge transport (Fig. 2d(iii)). Under 
strong indentation, the Schottky barrier height is greatly decreased 
by the strong flexoelectric polarization induced by a larger strain 
gradient (Fig. 2b(iv)), which improves electrical transport under the 
reverse bias (Fig. 2d(iv)), but has only a weak effect on electrical 
transport under the forward bias (Fig. 2d(ii)).

To understand in depth the flexoelectronic effect in Si, we inves-
tigated the electrical transport characteristics in low-doped n-type 
Si single crystal under a tip force. The current first increases steadily 
and then gradually decreases, reaching a maximum value at a criti-
cal force of ~10 μN, which corresponds to processes (1)–(2) and  
(3) shown in Fig. 3b and Supplementary Fig. 6. The reverse stages 
of the electrical transport modulation process can be attributed to 
the competition between the decrease in the contact barrier caused 
by the increased contact area and the strain-gradient-induced  

flexoelectric polarization ((i) and (ii) in Fig. 3a). As in the case of 
p-Si, a decrease in the contact barrier at the tip–surface interface 
enhances the electrical transport (Fig. 3b(1) and (2),c). Under strong 
indentation, the modulation effect of larger strain-gradient-induced 
flexoelectric polarization on the band structure begins to dominate 
the charge transport across the Schottky contacts ((iii) in Fig. 3a), 
resulting in weakened electrical transport (Fig. 3b,d). The detailed 
evolution of barrier height and the width of tip–Si Schottky contact 
under nanoindentation is shown in Supplementary Figs. 7 and 8. 
Theoretical simulations further reveal that flexoelectric polarization 
can effectively modulate the carrier distribution, interface barrier 
and hence the electrical transport of low-doped Si (Supplementary 
Figs. 9 and 10). Additionally, we also exclude the possible effect of 
surface contribution on the results, which is always combined with 
the bulk flexoelectric polarization in the case of materials under 
bending (Supplementary Note 4).

In reality, the presence of free charges in the Si volume may cre-
ate a screening effect28 on the flexoelectric polarization and hence 
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reduce the flexoelectric performance (Supplementary Note 5), we 
nevertheless observed a flexoelectronic effect in low-doped Si due 
to the screening of flexoelectric polarization being only partial. 
However, the screening effect of free charges may be substantial in 
heavily doped Si. The proposed mechanism shown in Figs. 2b and 
3a may therefore be invalid. We performed the same experiments 
on heavily doped Si crystals. In this case, the responses of the bulk 
Si devices are all piezoresistive in nature: the current increases sym-
metrically with loading force, and this effect is independent of dop-
ing type (Fig. 3e–g and Supplementary Fig. 11).

To show that the flexoelectronic effect is not limited to cova-
lent crystals, we performed the same series of experiments with 
single-crystal rutile-TiO2 and Nb–SrTiO3 (NSTO). Supplementary 
Fig. 2 demonstrates that tip nanoindentation can produce a large 
strain gradient and effective flexoelectric polarization in TiO2 
and NSTO. The I–V characteristics of the TiO2 and NSTO under 
mechanical loading forces are similar to those of low-doped n-Si 
(Fig. 4a,b,d,e and Supplementary Figs. 12 and 13). The electrical 

transport characteristics under loading forces are the consequence 
of two opposing modulation processes (Fig. 4c,f), which are mainly 
attributable to competition between the lowering of the contact 
barrier due to the increased contact area and the increase in the 
Schottky barrier caused by strain-gradient-induced flexoelectric 
polarization (Fig. 3a). To quantitatively analyse the performance of 
ionic semiconductor-based flexoelectronic devices further, we char-
acterized the strain sensitivity in terms of the gauge factor. The strain 
sensitivity values for TiO2 and NSTO are ~472 and ~183, respec-
tively, which are orders of magnitude larger than those of conven-
tional bulk strain sensors (~0.7–11.45) (refs. 14,26) (Supplementary 
Table 1). The difference between TiO2 and NSTO may be due to 
the more effective flexoelectric polarization of the former, which 
possibly results from the reduced screening effect caused by the 
decreased carrier concentration and mobility. The theoretical simu-
lations also highlight the crucial role of flexoelectric polarization 
in the modulation process of ionic semiconductors (Supplementary 
Fig. 14). These results demonstrate the effectiveness and universality  
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of the flexoelectronic effect in bulk centrosymmetric semiconduc-
tors, including covalent crystals and ionic crystals, under static 
nanoindentation.

To gain an insight into the dynamics of the flexoelectronic effect, 
we performed conventional two-dimensional scanning via conduc-
tive AFM with tip motion along the surface of various semiconduc-
tors, including Si, TiO2 and NSTO (Fig. 5a,b). A trailing flexoelectric 
polarization field can be effectively induced by the strain gradi-
ent beneath the tip via flexoelectricity, and is much larger with tip 
motion than that in the static case29. When the trailing flexoelectric  

field is large enough to affect the local metal–semiconductor con-
tacts by exerting a substantial influence on the modulation of elec-
tronic charges in the interface states, switching electronics is enabled 
by controlling the tip scanning force. Figure 5c,e,g,i,k shows current 
mapping images of Si, TiO2 and NSTO during mechanical scanning 
at fixed bias and various scanning forces with accurately determined 
values over the 0.2 × 0.2 μm2 areas (Supplementary Figs. 15–19). The 
corresponding absolute average current variations versus scanning 
forces are calculated from the statistical distributions of the values 
of current mappings, which display the mechanical modulation 
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fixed contact force, and the flexoelectric polarization field (Eflexo) generated by the tip motion along the surface of a semiconductor. c,e,g,i,k, The corresponding 
current mappings in p-Si under a fixed forward bias of 0.5 V (c), in p-Si under a fixed reverse bias of −1.0 V (e), in n-Si under a fixed bias of −1.0 V (g), in TiO2 
under a fixed bias of −1.0 V (i), in NSTO under a fixed bias of −2.0 V (k) and increased contact loading forces, respectively. Scale bars, 50 nm. d,f,h,j,l, The 
corresponding absolute average current variations versus loading force calculated from the statistical distributions of the values of the current mappings shown 
in c,e,g,i,k, which displays the stress and/or strain modulation process on electrical transport. The results of mechanical 2D scanning are consistent with the 
results of static measurement, further demonstrating the flexoelectronic effect in centrosymmetric semiconductors. The different colours in d,f,h,j,l, show the 
corresponding average current variations of different semiconductors during the mechanical 2D scanning processes. Error bars indicate standard deviations.
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process of the electrical transport across the metal–semiconductor 
contacts (Fig. 5d,f,h,j,l). Similar to the static electrical character-
istic measurements, the current in p-Si increases gradually under 
both positive and negative bias, whereas the current first increases 
and then decreases in n-Si, TiO2 and NSTO with increased scan-
ning forces. Although not every pixel is modulated effectively, pos-
sibly owing to localized changes in contact caused by the surface 
unevenness of the samples during dynamic scanning, the flexoelec-
tronic effect in these centrosymmetric semiconductors is never-
theless obvious and can be further improved in the future through 
design adjustment. Furthermore, dynamic flexoelectronics by 
mechanical two-dimensional scanning offers a response time <4 ms  
and a pixel size of 0.78 nm, which is promising for the design of 
future electronic devices with fast responses and high resolutions. 
This statistical approach eliminates the issues caused by artifi-
ciality and satisfactorily demonstrates that a dynamic flexoelec-
tric polarization field can be used as an effective but simple route  
for the mechanically tunable electronics. Other factors, such as  
surface charges and the triboelectric effect during the mechanical 
scanning process, may have some influence on the results but do not 
play a major role (Supplementary Notes 6 and 7, and Supplementary 
Figs. 20–23).

The flexoelectronic effect differs from, but is closely related to, 
the piezotronic effect19–22 (Supplementary Figs. 24 and 25). These 
two effects are both interface effects that use polarization charges to 
asymmetrically modulate local Schottky contacts at different metal–
semiconductor terminals. The piezotronic effect manifests only in 
piezoelectric/ferroelectric semiconductors regardless of whether 
there is a strain gradient, whereas the strain-gradient-induced 
flexoelectronic effect can be realized in any semiconductor regard-
less of its crystal structure. In addition, the magnitude of tuning by 
the piezotronic effect can be much more effective than the flexo-
electronic effect in centrosymmetric crystals. In piezoelectric semi-
conductors, the piezoelectric polarization charges are only present 
within one or two atomic layers of the surface, and therefore mainly 
affect the electronic charges at the metal–semiconductor interface, 
while flexoelectric polarization, which depends on the magnitude 
of the strain gradient, is distributed inside the semiconductor over a 
range of lengths or volumes and will exert a substantial influence on 
the concentration and distribution of free carriers of semiconduc-
tors near the interface. The flexoelectronic effect therefore seems 
to be an integration of the piezotronic effect over a length or vol-
ume or area, that is, an ‘integration’ of many piezotronic segments, 
which is similar to integration and differentiation in calculus. At the 
same time, it should be pointed out that those materials exhibiting a 
piezotronic effect also exhibit a flexoelectronic effect.

We have demonstrated a strong flexoelectronic effect in centro-
symmetric semiconductors, in which the band structure and hence 
the electrical transport can be effectively modulated by flexoelectric 
polarization. Active electronics based on centrosymmetric semicon-
ductors with high strain sensitivity, fast response and high resolution 
have been achieved. The effectiveness and universality of the flexo-
electronic effect show promise for semiconductor-based electronic 
device design and electromechanical applications. This study also 
has the potential to stimulate new research on semiconductor-based 
flexoelectric technology, such as enhanced solar technology30, 
stretchable electronics/optoelectronics, and hybrid spintronics and 
valleytronics (Supplementary Fig. 26 and Supplementary Note 8).
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Methods
Materials. The p-type Si wafers (B-doped (100) wafers, ~10 Ω cm and  
~0.001–0.005 Ω cm) and n-type Si wafers (As-doped (100) wafers, ~10 Ω cm  
and ~0.0010.005 Ω cm) were from University Wafer. The (100)-oriented  
rutile TiO2 single crystals were from Sigma-Aldrich. The 0.05% Nb-doped  
SrTiO3 (100) NSTO single crystals were from MTI. The dimensions of TiO2  
and NSTO were 10 mm × 10 mm × 0.5 mm (length × width × thickness).  
All of the crystals were washed in an ultrasonicator with acetone, isopropyl  
alcohol and distilled water for 15 min each, and then vacuum dried. The  
Si wafers were etched in buffered HF solution for 5 min before measurements  
were obtained.

Single-point electrical transport measurements under tip force. The electrical 
transport characterizations of cubic-structured Si and centrosymmetric 
semiconductors (TiO2, NSTO) under a tip force were measured with an  
Asylum Research MFP-3D atomic force microscope with ORCA mode  
(conductive AFM). Conductive Pt/Ir-coated atomic force microscope tips 
with a radius of ~25 nm and spring constants of ~30–50 N m−1, and the ORCA 
module with measurement ranges of 2 nA, 20 nA and 20 μA, were used to apply 
compressive forces and simultaneously measure the current. An electrical  
bias was applied through the substrate, which was swiped at a ramping rate  
of ~1.0 V s−1. The background noise is lower than ±10 pA and ±50 pA in the 
2 nA and 20 nA measurement ranges, respectively. To characterize the electrical 
transport characteristics of the flexoelectronic devices under different tip  
forces, each experiment involved three steps. (1) The AFM tip was placed in 
contact with the surface of the crystal with a preset force. The applied force was 
increased by further deflecting the AFM tip cantilever. (2) After the applied 
force reached a preset value, the compressive force was maintained constant by 
the feedback amplifier circuit of the ARC2 controller, and then the electrical 
measurements were initiated. In this stage, a sweeping bias was applied  
between the substrate and the tip. (3) After the I–V measurement had been 
performed, a new compressive force was applied by setting a new target  
setpoint value and the corresponding electrical measurement was performed.  
The AFM tips are calibrated by the thermal noise method. We can precisely  
obtain the inverse optical lever sensitivity (InvOLS) and the spring constant  
of the tips. The precise force is calculated by multiplying the spring constant, 
InvOLS and cantilever deflection (force = spring constant × InvOLS × (preset 
deflection − initial deflection)). All measurements were performed in air  
at room temperature. The gauge factor is defined as: GF = (∆I/I)/∆ε, σ = Eε,  
where I, ε, σ and E represent the current, the strain, the normal pressure, and the 
effective Young’s modulus, respectively.

Two-dimensional scanning electrical transport measurements. The  
dynamic flexoelectronics in centrosymmetric semiconductor by mechanical 2D 
scanning were performed using conductive AFM under fixed bias and  
various scanning forces with accurately determined values over areas.  
The scanning zones corresponding to all current mapping images in each  
scanning series are the same area. By setting a preset force, a scan range and  
a scan rate, the mechanical 2D mappings of preset compressive forces were  
applied to the experimental crystals (Si, TiO2 and NSTO). Meanwhile,  
a constant electrical bias was applied through the crystals to provide the  
power. At the same time, the current amplifier in the ORCA module was  
utilized to measure the corresponding current flow through the Schottky contact 
formed between the conductive tip and the crystals. During the mechanical 
scanning process, the preset force remained constant by controlling the bending 
degree of the microscope tip cantilever. All measurements were performed  
in air at room temperature.

Theoretical simulations of the strain distributions in centrosymmetric 
semiconductors. The Hertz contact mechanics of a spherical indenter are used 
here to investigate the strain distribution and strain-gradient-induced flexoelectric 
polarization distribution of centrosymmetric semiconductors under a mechanically 
loaded tip-force model23. The spatial distributions of strain and strain-gradient 
were calculated by the theory of potential introduced by Boussinesq and Cerruti. 
Here the normal pressure distribution beneath a spherical indenter given by Hertz 
was used:

σz rð Þ
pm

¼ � 3
2

1� r2

a2

� �1
2

r≤a ð1Þ

where pm is the mean pressure on the contact surface, σz is the normal pressure and 
a is the contact radius, respectively. The radius and depth of contact area under 
load F are given by:
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where R is the radius of the indenter and E is the effective Young’s modulus. With a 
point force F0 on the origin, the stress components can be given by:
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where v is the Poisson’s ratio, r2 ¼ x2 þ y2

I
, and ρ ¼ ðx2 þ y2 þ z2Þ1=2

I
.

According to the principle of superposition, the strain distribution under a 
spherical indenter can be given in cylindrical coordinates by:
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where σr is the radial stress distribution. With Hooke’s law, the strain 
distribution can be obtained by31

εi ¼
1
E

σi � vðσj þ σkÞ
� �

ð15Þ

εij ¼
1þ v
E

τij ð16Þ

where i, j and k represent the x, y and z axes with different values, respectively.  
In our calculation, we set the Poisson’s ratio to 0.2, 0.24 and 0.27 for Si, rutile-TiO2 
and SrTiO3, respectively, and the effective Young’s modulus to 188 GPa, 210 GPa 
and 264 GPa for Si, rutile-TiO2 and SrTiO3, respectively. The mechanically loaded 
tip force is 25 μN and the tip radius is 25 nm.

The calculated strain distribution in the centrosymmetric semiconductors Si, 
TiO2 and SrTiO3 in both the x and z components, and its derivative with respect to 
z under a force of ~25 μN with a tip radius of 25 nm, at the origin are shown in  
Fig. 1b and Supplementary Figs. 1 and 2, respectively. However, it should be  
noted that the spherical indenter is assumed to be rigid in the theoretical model, 
whereas in the actual experiment the atomic force microscope tips are not ideally 
rigid. Hence, the strain gradient in the experiment is smaller than the theoretical 
results. We can, however, still induce an effective strain on the semiconductor 
surface by applying the microscope tip, since a tip with a large force constant is 
highly rigid.

Theoretical simulations of the polarization distribution in centrosymmetric 
semiconductors. Considering the coupling between the electric polarization and 
the strain gradient, direct flexoelectric polarization distributions of semiconductors 
under a mechanically loaded tip-force can be described as32:

Pi ¼ uijkl
∂εjk
∂xl

ð17Þ
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where Pi is the polarization, uijkl is the flexoelectric coefficient and xl = x, y, z.  
With the obtained polarization, one can then calculate the flexoelectric charge 
density through33:

q ¼ �∇  P ð18Þ

Here, earlier symmetry-adapted flexoelectric coefficients are applied. For 
Si and SrTO3, the non-zero flexoelectric coefficients include three independent 
coefficients, μ1111 = μ2222 = μ3333, μ1122 = μ1133 = μ2211 = μ2233 = μ3311 = μ3322 and 
μ1221 = μ1331 = μ2112 = μ2332 = μ3113 = μ3223. For rutile-TiO2, the corresponding eight 
independent coefficients are μ1111 = μ2222, μ1122 = μ2211, μ1221 = μ2112, μ1133 = μ2233, 
μ1331 = μ2332, μ3113 = μ3223, μ3311 = μ3322 and μ3333, respectively. Supplementary Table 2 
shows the assumed corresponding flexoelectric coefficients of the semiconductors 
in our calculation.

It should be noted that the flexoelectric coefficients μijkl are not known  
with certainty due to the difficulty of extracting these coefficients from the 
experiment, and orders-of-magnitude discrepancies may exist between experiment 
and theory for a variety of reasons18,25,34. We also note that a hidden symmetry 
was proposed in the flexoelectric tensor, which allows a further reduction of the 
independent coefficients35.

Theoretical simulation of the modulation effect of flexoelectric polarization 
on the electrical transport property. To fully demonstrate the flexoelectronic 
effect in centrosymmetric semiconductors, we investigate the modulatory effect of 
flexoelectric polarization charges on the Schottky contact and calculate the current 
density across the Schottky contact via COMSOL Multiphysics version 3.5.

The drift-diffusion model is applied through the electrostatic and 
convection-diffusion modules. The following assumptions are adopted in 
our calculation: (1) the barrier height is much larger than kBT, where kB is the 
Boltzmann constant and T is the temperature; (2) electron collisions only occur 
in the depletion region; (3) the carrier concentrations at the boundaries are not 
affected by the current; (4) the impurity concentrations are non-degenerate.  
Basic equations for drift-diffusion model include:

�∇  ðεs∇ψ iÞ ¼ qðp� nþ NÞ
�∇  Jn ¼ �qRSRH

�∇  Jp ¼ qRSRH

8
><
>:

ð19Þ

where εs is the dielectric constant, ψi is the electrostatic potential, p and n denote 
the hole and electron concentrations, respectively, N stands for the fixed charge 
associated with doping and Jn and Jp represent the electron and hole current density, 
respectively. RSRH is the Shockley–Read–Hall recombination, which reads:

RSRH ¼ np� n2i
τpðnþ n1Þ þ τnðpþ p1Þ

ð20Þ

where τn(p) is the carrier lifetime, ni is the intrinsic carrier concentration, n1 and  
p1 are the trap-level-related electron and hole concentrations, respectively.  
The current densities are given by:

Jn ¼ qμnnE þ qDn∇n
Jp ¼ qμppE � qDp∇p

(
ð21Þ

where μn(p) is the electron (hole) mobility and Dn(p) is the electron (hole)  
diffusion coefficient.

One more term is considered in the Poisson’s equation for the flexoelectronic 
effect, which results in:

�∇  ðεs∇ψ iÞ ¼ qðp� nþ N þ ρf Þ ð22Þ

where ρf represents the flexoelectric polarization charges near the tip–surface contact. 
For the negative polarization charges in our simulations, the distribution on the centre 
line is taken to be within a depth xd, which denotes the boundary of negative charge. 
Nonlinear function fitting is applied to formulate the distribution, which results in:

ρf ¼ ρm 1þ x
x0

� ��1

x≤xd ð23Þ

where ρm denotes the peak charge density near the contact and x0 characterizes 
the decay of charge distribution. It is also appropriate to assume that the decay of 
charge distribution varies within the materials.

Supplementary Tables 3 and 4 show the corresponding parameters of  
the semiconductors in the theoretical model for the qualitative simulations.  
Three points should be noted here. (1) To facilitate the simulations, we have 
simplified and idealized some set conditions in the theoretical calculation.  
In fact, the tip–surface contact area will increase under increased loading forces.  
To simplify the theoretical model, we have not considered it in the calculation.  
(2) The flexoelectric polarization charges will not only present on the material 
surface but are also distributed inside the crystal over a range of lengths and 
volumes. However, to make the calculation results converge, we assume that  
the flexoelectric polarization charges are distributed near the contact interface.  
(3) The parameters of these semiconductors for COMSOL Multiphysics 
simulations may not be completely consistent with those of the materials used in 
the experiments, but the theoretical results nevertheless reflect the modulatory 
effect of flexoelectric polarization charges on electron concentration, the energy 
band and hence electrical transport.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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