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Abstract
Piezoelectric semiconductors (PSCs) find extensive applications in modern smart electronic devices because of their dual
properties of being piezoelectric and semiconductive. With the increasing demand for miniaturization of these devices, the
performance of their components needs to be carefully designed and optimized, especially when reduced to nanosize. It has
been shown that surface elastic properties play a substantial role in the mechanical performance of nanoscale materials and
structures. Building on this understanding, the surface elastic effects, encompassing surface residual stress, surface membrane
stiffness, and surface bending stiffness, are comprehensively taken into account to explore the electromechanical responses of
a PSCnanobeam.Additionally, the flexoelectric effect on their responses is also systematically studied. The results of thiswork
reveal that surface elastic properties predominantly influence mechanical performance, while the flexoelectric effect plays a
more dominant role in electric-related quantities at the nanoscale. Notably, the significance of surface bending rigidity, which
was often underestimated in the earlier literature, is demonstrated. Furthermore, owing to the flexoelectric effect, the linear
distribution of electric potential and charge carriers along the length transforms into a nonlinear pattern. The distributions
of electric potential and charge carriers across the cross section are also evidently impacted. Moreover, the size-dependent
responses are evaluated. Our findings may provide valuable insights for optimizing electronic devices based on nanoscale
PSCs.

Keywords Surface elastic effect · Flexoelectricity · Size effect · Piezoelectric semiconductor

1 Introduction

Piezoelectric semiconductors (PSCs) have garnered
widespread use in multi-functional and intelligent elec-
tronic devices due to their possession of both piezoelectric
and semiconductive properties [1]. In PSCs, a mechanical
force may stimulate polarizations/electric fields, leading
to a redistribution of their internal charge carriers. Con-
versely, deformations and motion of charge carriers in
PSCs can also be manipulated by an external voltage. It
is such a dual property that endows PSCs with even more
fascinating features compared to traditional piezoelectric
or semiconducting materials. In recent decades, theoretical
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studies on these materials have gained growing interest [2].
Particularly, driven by the demands for miniaturization of
intelligent electronic devices, a variety of PSC nanostruc-
tures have been designed and found numerous applications.
Examples include one-dimensional (1D) ZnO nanostruc-
tures for energy harvesting [3, 4], acoustic charge transport
devices and sensors [5, 6], and others [7–9]. In electronic
devices based on PSCs, a key characteristic is the response
of charge carriers to external fields such as mechanical
stresses. Consequently, numerous studies have focused on
the electromechanical behaviors of PSCs under different
conditions. It has been reported that stretching and bending
deformations can affect the electromechanical responses
and motion of charge carriers of the PSC nanowires [10, 11].
Fan et al. showed that carrier redistribution occurs inside
the cross section of a bent circular ZnO nanowire when
subjected to a static end force, and a smaller initial carrier
concentration results in better energy-harvesting efficiency
[12]. Additionally, the distribution of charge carriers in
a composite beam consisting of piezoelectric dielectric
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and non-piezoelectric semiconductor layers can be tuned
through their thickness ratio [13].

In addition to the intrinsic piezoelectricity in PSCs,
another novel electromechanical coupling between strain
gradient and electrical polarization, named flexoelectricity,
has become prominent and also found various applications
at the nanoscale [14]. The flexoelectric effect may be manip-
ulated to enhance the intrinsic piezoelectric response [15],
e.g., by building piezoelectric/dielectric superlattices. Ear-
lier theoretical work has shown that the flexoelectricity and
piezoelectricity are not simply superimposed and can further
modify the elastic responses of nanostructures [16]. In fact,
the flexoelectricity has been demonstrated to play a more
significant role in the electroelastic response of a nanobeam
than the piezoelectricity in certain cases [17].Moreover, flex-
oelectricity can be triggered in semiconductors, allowing the
induced electric potential to tune the distribution of charge
carriers. For example, it was found that the motion of charge
carriers in composite nanobeams consisting of dielectric and
semiconductors can be tuned through the flexoelectric effect
alone [18]. It was shown that flexoelectric effect enhances
the electric potential of the nanowire, while the semicon-
ducting properties reduce the electric potential [19]. The
flexoelectricity and strain gradient have been shown to have
noticeable effects on the extension and electronic behaviors
of PSCnanowires [20]. Although flexoelectricity is generally
induced by strain gradient, the strain gradient itself may have
a larger effect than flexoelectricity on the natural frequency
and stiffness in the vibration of PSC nanowires [21]. Besides
1D nanostructures, the electromechanical responses of their
2D counterparts, such as flexoelectric semiconducting plates
and bilayers, have also been reported [22, 23]. The vibra-
tion behaviors and their dependence on the density of charge
carriers and the length-to-radius ratio of a PSC plate were
studied under the action of biaxial compression and electric
potential [24].

It is well known that when the dimensions of materials or
structures are reduced to nanoscale, the surface-to-volume
ratio increases significantly, leading to considerable surface
effects on their mechanical performance. The Gurtin–Mur-
doch (GM) theoretical framework is often employed to
account for surface elastic properties, typically including
surface residual stress and surface membrane stiffness, by
treating the surface as a deformable membrane with neg-
ligible thickness [25, 26]. It has been demonstrated that
surface effects can enhance elastic and vibration behaviors
[27, 28]. The GM models have been extended to study the
mechanical response of piezoelectric nanoplates [29] and
ultra-thin films [30]. Distinct from theGMmodel, Steigmann
and Ogden demonstrated the crucial role of curvature-
dependent surface energy in the mechanical response of
nanostructures by establishing the Steigmann–Ogden (SO)

framework [31]. Subsequently, Chhapadia et al. formu-
lated a curvature-dependent surface energy and employed
atomistic simulations to demonstrate the effect of surface
roughness on bending behaviors of nanostructures [32, 33].
A recent multiscale asymptotic homogenization approach
further emphasized the necessity of considering surface
bending resistance [34]. Moreover, the effect of surface flex-
ural rigidity on mechanical responses can be significant
in elastic medium with embedded spherical inhomogene-
ity [35] or in contact context [36]. These studies clearly
illustrate the importance of surface elastic effect on the elas-
tic performance of nanostructures, particularly the surface
bending stiffness for those under compressive or bending
loads.

Based on the aforementioned fact that both flexoelectric-
ity and surface elasticity become significant at the nanoscale,
a systematic theory has been established to account for them
in dielectrics [37]. Liang et al. later simultaneously consid-
ered the effects of surface and flexoelectricity on the static
bending properties of a dielectric nanobeam [38]. The effects
of surface residual stress and surface membrane stiffness
on electromechanical bending and vibration behaviors of
piezoelectric Timoshenko nanobeamswere studied [39]. The
impact of both surface and interface energies on the bend-
ing deformations of multilayer beams was investigated [40].
The nonlinear free vibration behavior of orthotropic piezo-
electric cylindrical nanoshells was reported based on the GM
surface energy theory [41]. The flexoelectric and size effects
on the static bending and vibration behavior of piezoelectric
nanobeams were studied using the GM model [42]. It was
found that flexoelectricity always stiffens the elastic behav-
iors of graphene-based nanobeams, while the surface stress
either softens or stiffens depending on its sign [43]. Recent
exploration of the surface contributions to flexoelectricity
in a finite sample emphasized the necessity of considering
the surface effect [44]. Nevertheless, most of these studies
have focused on piezoelectric materials, with less attention
paid to PSC nanostructures. Recently, Zhang et al. inves-
tigated the effects of surface piezoelectricity and surface
membrane stiffness on both the static bending and vibra-
tion responses of a PSC nanobeam based on the GM theory
[45].

Despite these advancements, previous studies primarily
focused on surface residual stress and surface membrane
stiffness. The importance of surface bending stiffness and
flexoelectric effects on the electromechanical behaviors of
PSCs has not been adequately addressed, which forms the
main motivation for this study. The remainder of this paper is
organized as follows: Sect. 2 presents detailed formulations,
Sect. 3 presents the electromechanical response of a piezo-
electric semiconducting nanobeam considering both surface
elastic and flexoelectric effects, and finally, Sect. 4 draws a
few conclusions.
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2 Theoretical Formulations

The entire theoretical framework for piezoelectric semicon-
ductors is composed of the linear piezoelectricity theory and
drift–diffusion theory for semiconductors. The electricGibbs
free energy density for a piezoelectric semiconducting mate-
rial can be written as

(1)

Ub � 1

2
ci jklεi jεkl − 1

2
ai j Ei E j − eki j Ekεi j

− fi jkl Eiη jkl +
1

2
gi jklmnηi jkηlmn

where Ei represents the electric potential, εi j denotes the
strain component, η jkl is the strain gradient, ci jkl and gi jklmn

are elastic constants and high-order ones, and ai j , eki j , and
fi jkl stand for the dielectric, piezoelectric, and flexoelec-
tric coefficients, respectively. The equilibrium equations of
motion, together with the charge equation of electrostatics,
i.e., Gauss’s law involving both doped electrons and holes,
are then written as

σi j , j − σi jk, jk + ρ fi � ρüi

Di , i � q(�p − �n)

J p
i , i � −q

∂�p

∂t

J ni , i � q
∂�n

∂t

(2)

where ui and Di are the displacements and electric dis-
placements, respectively. The remaining physical quantities
are the body force components fi , the elementary charge
q � 1.6 × 10−19 C, the hole and electron current densities
J p
i and Jni , the hole and electron densities p and n, which are

far greater than their perturbations �p and �n, respectively.
The associated constitutive equations are obtained as

σi j � ∂Ub

∂εi j
� ci jklεkl − eki j Ek

σi jk � ∂Ub

∂ηi jk
� gi jklmnηlmn − fli jk El

Di � −∂Ub

∂Ei
� ai j E j + ei jkε jk + fi jklη jkl

(3)

The kinematic equations are expressed as

εi j � (ui , j + u j , i )/2

ηi jk � εi j , k � (ui , jk + u j , ik)/2

Ei � −φ, i

(4)

Additionally, the current densities for both electrons and
holes are linearized as

Fig. 1 The schematic diagram of the PSC nanobeam in this work, with
the rectangular cross section displayed on the right and the very thin
surface layer indicated by the shaded area

J p
i � qpμp

i j E j − qDp
i j p, j

∼� qp0μ
p
i j E j − qDp

i j (�p), j

J ni � qnμn
i j E j + qDn

i j n, j
∼� qn0μ

n
i j E j + qDn

i j (�n), j
(5)

where initial concentrations of holes and electrons are p0 �
p − �p and n0 � n − �n, respectively. Dp

i j and Dn
i j denote

the diffusion constants of holes and electrons, and μ
p
i j and

μn
i j denote themobilities of holes and electrons, respectively.
Surface elastic constitutive relations based on the GM the-

ory are written as

σ s
αβ � σ 0

αβ + csαβγ δεγ δ

σ s
nα � σ 0

αβun,β

σ s
iα,α + σ BS

in � ρs üi

(6)

where σ 0
αβ denotes surface residual stress components, csαβγ δ

denotes surface elastic constants (surface membrane stiff-
ness), and σ BS

in denotes the reaction forces of the bulk core
against the surface. On the other hand, surface constitutive
equations based on the SO theory are expressed as

σ s
αβ � σ 0

αβ + csαβγ δεγ δ

σ s
nα � σ 0

αβμn,β

Ms
αβ � csbαβγ δκγ δ

σ Ms
nα � Ms

αβ,β

σ s
iα,α + σ BS

in − σ Ms
nα,α � ρs üi

(7)

in which csbαβγ δ denotes surface bending stiffness, and Ms
αβ

and κγ δ denotes surface bending moment and bending cur-
vature, respectively.

This work considers a simply supported Euler–Bernoulli
nanobeam made of n-type ZnO subjected to a uniformly dis-
tributed load q0 (Fig. 1). The length of the nanobeam is 2L
with a rectangular cross section having a width of b and
a height of h. For simplicity, shear deformation is ignored
without loss of generality. The hole charge-related terms like
�p are thus omitted in the subsequent calculations. There-
fore, the displacement, electric potential, and charge carrier
redistribution in the Euler–Bernoulli nanobeam theory are
simplified as
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Table 1 Material parameters
used in this work Materials Elastic properties

(10−12 m2/N)

Piezoelectric properties

(10−12 C/N)

Piezoelectric
properties (F/m)

s33 s44 d33 d15 a22 a33

ZnO 6.94 23.57 11.67 − 11.34 8.55ε0 10.2ε0

Si 7.68 12.56 0 0 11.7ε0 11.7ε0

Fig. 2 a The deflection, b electric potential, and c redistribution of charge carriers in the PSC nanobeam when only considering surface membrane
stiffness

u2(x, t) ∼� v(x3, t)

u3(x, t) ∼� −x2v, 3(x3, t)

φ(x, t) ∼� x2φ
(1)(x3, t)

�n(x, t) ∼� x2n
(1)(x3, t)

(8)

in which the superscript (1) indicates they are the first-order
components of φ and n after they are expanded into power
series. By ignoring the higher-order elstic terms, the stresses,
electric displacements, and current densities are thus

σ33 � c3333ε33 − e333E3

σ332 � − f2332E2

D2 � a22E2 + f2332η332

D3 � a33E3 + e333ε33

Jn2 � qn0μ
n
22E2 + qDn

22(�n), 2

Jn3 � qn0μ
n
33E3 + qDn

33(�n), 3

(9)

Surface stresses are thus written as
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Fig. 3 Surface residual stress effect on a the deflection, b electric potential, and c redistribution of charge carriers in the PSC nanobeam

κ33 � u2, 33 � v, 33

σ s
33 � σ 0

33 + cs33ε33

σ s
23 � σ 0

33μ2, 3 � σ 0
33v, 3

Ms
33 � csb33κ33 � csb33v, 33

σ Ms
23 � Ms

33, 3 � csb33v, 333

(10)

in which cs33 � cs3333 and csb33 � csb3333.
The reaction force of interior body to the surface stress is

σ BS
32 � −σ s

33, 3 + ρs ü3

σ BS
22 � −σ s

23, 3 + σ Ms
23, 3 + ρs ü2

(11)

Finally, the 1D equilibrium equations for the
Euler–Bernoulli nanobeam are obtained as

−(c3333 I + cs33 I
s + 2bcsb33)v, 3333 + 2bσ0

33v, 33 + e333 Iφ
(1)
, 333 + f2332Aφ

(1)
, 33 � q0

−e333 Iv, 333 + f2332Av, 33 − a33 Iφ
(1)
, 33 + a22Aφ(1) � −q In(1)

−qn0μ
n
33 Iφ

(1)
, 33 + qn0μ

n
22Aφ(1) + qDn

33 Iφ
(1)
, 33 − qDn

22Aφ(1) � 0

(12)

The boundary conditions for a simply supported
nanobeam are set as

v(−L) � v(L) � 0

M(−L) � M(L) � 0

D(1)
3 (−L) � D(1)

3 (L) � 0

Jn(1)3 (−L) � Jn(1)3 (L) � 0

(13)

where the bendingmomentM , electric displacement Di , and
current density Ji at the boundaries are expressed as

M � c3333 Iv, 33 + e333 Iφ
(1)
, 3 + f2332Aφ(1)

D(1)
3 � −a33 Iφ

(1)
, 3 − e333 Iv, 33

Jn(1)3 � −qn0μ
n
33 Iφ

(1)
, 3 + qDn

33 I n
(1)
, 3

(14)

The general solution is postulated as

v � C1e
λx3

φ(1) � C2e
λx3

n(1) � C3e
λx3

(15)
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Fig. 4 Complete surface elastic effects on a the deflection, b electric potential, and c redistribution of charge carriers in the PSC nanobeam

Fig. 5 Electric potential distribution in the PSC nanobeam consider-
ing a piezoelectric effect only, b piezoelectric effect as well as surface
residual stress and surfacemembrane stiffness, c piezoelectric effect and

surface membrane stiffness, and d piezoelectric effect with complete
surface elastic effects across the longitudinal section

123



604 A. Bao et al.

Fig. 6 The surface flexural rigidity effect on the PSC nanobeam without considering flexoelectricity

The particular solution can be set as

v � Cl+1
1 xl−a

3 , φ(1) � Cl+1
2 xl−a

3 (16)

As a result, the final solution takes the following form,

v �
a∑

m�1

Cm
1 e

λmx3 +
l∑

m�a+1

Cm
1 xm−a−1

3 + Cl+1
1 xl−a

3

φ(1) �
a∑

m�1

Cm
2 e

λmx3 +
l∑

m�a+1

Cm
2 xm−a−1

3 + Cl+1
2 xl−a

3

n(1) � C3

C2
φ(1) � n0μn

33

Dn
33

φ(1) � n0μn
22

Dn
22

φ(1)

(17)

where μn
33/D

n
33 � μn

22/D
n
22 � q/kBT , kB is the Boltzmann

constant, and T is set as 300 K.

3 Results and Discussion

Table 1 summarizes the elastic and electromechanical mate-
rial parameters used in this study, unless otherwise specified.
Due to difficulties in experimental measurement of surface
elastic constants, the surface membrane stiffness is deter-
mined based on a proportional relationship cs � h0c,
and the intrinsic material length h0 is fixed as 0.4 nm in
this work [45]. The surface residual stress is set similar to
other literature, except for parametric studies. For similar
argument, the flexoelectric constants are also given accord-
ing to [5]. It is worthwhile to emphasize that although
these material coefficients may be challenging to obtain at
present, parametric studies still provide valuable insights
for the underling mechanism. ε0 is the dielectric constant
of vacuum 8.5 × 10−12 F/m. The carrier mobility is set
as μn

22 � μn
33 � 1 m2/Vs, and the diffusion constants

Dn
22 � Dn

33 � 0.026 m2/s.
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Fig. 7 Flexoelectric effect on a the deflection, b electric potential, and c redistribution of charge carriers in the PSC nanobeam

3.1 Piezoelectricity and Surface Elasticity

First and foremost, our numerical results, without involving
any surface effect, align well with earlier findings reported
by Zhang et al. [45] However, upon considering surface elas-
tic effects (See Fig. 2), we notice that our results only agree
accurately with theirs for relatively small loads; larger forces
lead to significant discrepancies. This can be attributed to
the absence of surface piezoelectric properties in our work.
As a result, to isolate the impact of the surface piezoelec-
tric effect, q0 is set to be of a relatively small value of
5 × 10−3 N/m in the subsequent discussions for compari-
son purposes. The largest deflection occurs at the midpoint
of the nanobeam, where the electric potential and redistri-
bution of charge carriers are nullified due to the problem’s
symmetric nature. The deflection increases as a larger force
is applied, and the electric potential and the redistribution of

charge carriers decrease linearly along the length. Addition-
ally, the maximum/minimum electric potential is observed
at both ends of the nanobeam. To clarify the significance
of surface residual stress effect, the dependence of deflec-
tion, electric potential, and redistribution of charge carriers
on it is calculated. Consistent with other reports [45], the
nanobeam becomes stiffer with increasing surface resid-
ual stress (Fig. 3), resulting in reduced deflections. It is
important to note that in this analysis, only positive residual
stresses are considered, and negative ones may yield oppo-
site observations. Similarly, the electric potential and thus
redistribution of charge carriers decrease with rising surface
residual stresses.

In the subsequent numerical examples, surface residual
stress, surfacemembrane stiffness, and surface flexural rigid-
ity are altogether considered. Compared to the intrinsic PSC

123
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Fig. 8 Flexoelectric effect together with complete surface elastic effects on a the deflection, b electric potential, and c redistribution of charge
carriers of the PSC nanobeam. For comparison purpose, the piezoelectric effect together with complete surface elastic effects is also presented

Fig. 9 Electric potential in the PSC nanobeam considering a piezo-flexoelectric effect only, b piezo-flexoelectric and residual and surface elastic
effects, c piezo-flexoelectric and surface elastic effects, and d piezo-flexoelectric and complete surface elastic effects across the cross section
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Fig. 10 Electric potential in the PSC nanobeam with different initial
carrier concentrations: a FPS with n0 being 1022, c FPS with n0 being
1023, and e FPS with n0 being 1024 without considering surface effects;

and b FPS with n0 being 1022, d FPS with n0 being 1023, and f FPS
with n0 being 1024 considering complete surface elastic effects across
the longitudinal section

nanobeam, the deflection is reduced as any surface elas-
tic effect incorporated. In particular, the introduction of
complete surface elastic properties, including surface mem-
brane stiffness and flexural rigidity, can further reduce the
deflection by about 2/3, essentially stiffening the nanobeam
(Fig. 4a). This result is consistentwith the findings of the pure
elastic problem on a nanobeam [32]. Both electric poten-
tial and redistribution of charge carriers exhibit a similar
decreasing trend, as shown in Fig. 4b and c. Notably, the
surface bending stiffness does show a pronounced effect
on electromechanical behavior and the motion of charge
carriers, as illustrated in Fig. 4. This effect seems to have
been overlooked in the previous literature. In Fig. 5, one
can further observe the effects of complete surface elas-
tic properties on the distribution of the electric potential.
The electric potential primarily changes at four corners of
the nanobeam. Additionally, it is noted that the surface
bending stiffness has a smaller effect compared to surface
residual stress and membrane stiffness on the electric poten-
tial.

To further investigate the influence of surface bending
stiffness, the surface flexural rigidity is varied from zero
to a relatively great value. Similar to the effect of surface
residual stress, the PSC beam stiffens as surface flexural

rigidity increases (Fig. 6). In particular, it appears that sur-
face bending stiffness can be disregardedwhen its magnitude
is less than 10–15. The electric potential and redistribution
of charge carriers also decrease as surface bending stiffness
increases.

3.2 FlexoelectricityWithout Surface Effect

In this section, the flexoelectric effect is studied in the PSC
nanobeam without considering any surface effect, by vary-
ing the flexoelectric coefficient from zero to a relatively high
value. It is evident that the increasing flexoelectric effect
indeed enhances the effective bending stiffness, as indicated
by decreased deflection as shown in Fig. 7a. Compared to the
linear distributions of electric potential and charge carriers
in the presence of only piezoelectricity, their distributions
become nonlinear and asymmetric due to the superposition
of the piezoelectric and flexoelectric effects. We observe that
the stronger is the flexoelectric effect, the larger the electric
potential and redistribution of charge carriers at the midpoint
of the PSC beam can be achieved, as shown in Fig. 7b and
c. More importantly, it is noticed that the difference in elec-
tric quantities at the two ends of the beam remains nearly
unchanged for increased flexoelectric effect.
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Fig. 11 Distribution of carriers in the PSC nanobeam with different ini-
tial carrier concentrations: a FPS with n0 being 1022, c FPS with n0
being 1023, and e FPS with n0 being 1024 without considering surface

effects; and b FPS with n0 being 1022, d FPS with n0 being 1023, and
f FPS with n0 being 1024 considering complete surface elastic effects
across the longitudinal section

3.3 Flexoelectricity with Surface Effect

Now, both the complete surface elastic effects and flexo-
electric effect are considered in the PSC nanobeam. From
Fig. 8, it is clearly seen that surface elasticity has a greater
impact on deflection when comparing the solid and dashed
lines. In contrast, flexoelectricity demonstrates amore promi-
nent effect on the electric quantities (as indicated by the
markers in the figure). Both surface elastic and flexoelectric
effects enhance the effective bending stiffness. Moreover,
the incorporation of complete surface elastic effects results
in a reduction in maximum deflection and electric quanti-
ties in the PSC nanobeam. It should be pointed out that such
enhancement depends on the sign of surface elastic constants,
as discussed in [43], where it is also stated that the negative
values weaken the bending stiffness of the nanobeam. In par-
ticular, through careful numerical studies, it is noticed that the
flexoelectricity begins to affect electromechanical responses
when its magnitude reaches approximately 10−9 C/m. Their
effects on the electric potential distribution across the cross
section of the nanobeamcan be further observed in Fig. 9. It is
noticed that the electric potential distributes across a larger
area and achieves greater extreme values in the nanobeam
without surface effect compared to the one in the presence of
the surface. Furthermore, a comparison between Figs. 5a and

9a reveals that the electric distribution across the rectangular
cross section becomes asymmetric and covers a larger area.

The motion of charge carriers also plays a vital role in the
performance of semiconductors. As the initial doping den-
sity of charge carriers increases, the electric potentials and
their distribution decrease because of the screening effect
(Figs. 10a, c, and e, and b, d, and f) regardless of whether sur-
face elastic effects are considered or not. This validates that
surface elastic properties have a minimal impact on electric
potential distribution. Similarly, charge carrier redistribution
can also be tuned through the initial doping concentration.
It can be observed from Figs. 11a–f that redistribution is
insignificant for lower initial concentrations, but becomes
more pronounced for higher initial concentrations.Moreover,
the initial doping density of charge carriers has a negligible
effect on the deflection.

The surface elastic and flexoelectric effects on intrinsic
semiconductors are also of interest. For instance, similar cal-
culations are conducted on a nanobeam made of silicon. As
shown in Fig. 12a, the introduction of surface elastic effects
results in an increase in the effective bending rigidity of the
beam. In contrast, surface elastic effects reduce the electric
quantities, particularly when the flexoelectric coefficient is
larger (Figs. 12b and c). This observationmaybecome clearer
in the electric potential distribution along the height of the
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Fig. 12 Flexoelectric effect together with complete surface elastic effects on a the deflection, b electric potential, and c redistribution of charge
carriers in a silicon nanobeam. For comparison purpose, the results for a ZnO nanobeam are also presented

Fig. 13 Electric potential along the longitudinal section in the silicon
nanobeam including a flexoelectricity only, b flexoelectricity and com-
plete surface elastic effects, with an initial charge carrier density of 1023

m−3, c flexoelectricity only, and d flexoelectricity and complete surface
elastic effects, with an initial charge carrier density of 1024 m−3
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Fig. 14 Size effect on a the deflection, b electric potential, and c redistribution of charge carriers in the PSC nanobeam considering flexoelectric
effect. The deflection and electric quantities are normalized by the values obtained in the absence of any surface elastic effect

silicon nanobeam, as shown in Figs. 13a and b. Moreover,
the screening effect of charge carriers can also be seen in
Figs. 13a and c, in which the initial density of charge carriers
is higher. One may also notice that the flexoelectric effect in
silicon is weaker than that in PSCs, although identical coef-
ficients are assumed. Nevertheless, the flexoelectric effect
remains an effective way to tune electronic behaviors, par-
ticularly in the absence of piezoelectricity. From Fig. 13, it
is also observed that the electric potential symmetrically dis-
tributes along the length and vanishes at the two ends of the
beam, which differs from ZnO nanobeam behavior due to the
existence of piezoelectric effect, as shown in Figs. 5 and 9.

3.4 Size Effect

Last but not least, it is known that the flexoelectric effect
is induced by the strain gradient, which typically becomes
more significant as the structural size decreases to nanoscale.
In fact, both surface elasticity and flexoelectricity show
size-dependent characteristics. Therefore, it is also of great
interest to explore the size effect on electromechanical

coupling behaviors in a PSC nanobeam when considering
flexoelectricity. As shown in Fig. 14, the height exhibits a
clear size effect on both deflection and electric quantities,
repented by values at the midpoint of the PSC nanobeam,
especially for those with a height h ≤ ∼ 30 nm when con-
sidering surface elastic effects. It is evident that among all
surface elastic moduli, surface membrane stiffness and sur-
face residual stress show more prominent effect than surface
bending stiffness at small sizes,while suchdifferences dimin-
ish as sizes increase.

4 Conclusions

In summary, the governing equations and associated consti-
tutive relations for a piezoelectric semiconducting nanobeam
were established, considering full surface elastic effects such
as surface residual stress, surface membrane, and surface
bending stiffness, as well as the flexoelectric effect. It was
found that surface elastic properties have a significant impact
on the deflection of a PSC nanobeam, while the flexoelectric
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effect plays a more dominant role in electric quantities such
as electric potential and the redistribution of charge carriers.
In particular, both surface elastic and flexoelectric effects
may enhance the bending rigidity and reduce the deflection
depending on their signs and magnitude. The presence of the
flexoelectric effect disrupts the antisymmetric linear distri-
bution of these electric quantities. Additionally, the initial
carrier doping density plays a crucial role in electrome-
chanical behaviors. Moreover, it is evident that both surface
elastic and flexoelectric effects vary with size. The results
of this work can provide valuable insights for the design of
nanoscale electronic devices based on PSCs.
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