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Silicon (Si) crystals are important materials for the modern microelectronics industry. While Si crystals
are not piezoelectric materials due to their centrosymmetric structure, it is found in this work that Si crys-
tals exhibit a large piezoelectric-like response under bending deformation. We show that this response is
not intrinsic, but rather originates from the surfaces of crystals that are slightly oxidized upon their expo-
sure to air. The weak piezoelectric response of the surface is amplified by high conductivity of the bulk
and bending deformation of Si plates. In addition, the piezoelectric-like response is strongly dependent
on the conduction type and the resistivity of the crystals and on the metal electrode used for piezoelectric
measurements. A multilayer model is proposed to explain the piezoelectric-like response of the Si crys-
tals. This finding may be exploited to design piezoelectric devices using Si only, without the integration
of additional piezoelectric materials, and is important for understanding the Si crystal surfaces.

DOI: 10.1103/PhysRevApplied.14.034008

I. INTRODUCTION

Piezoelectric materials generate an electrical response
due to an applied mechanical stress and vice versa [1–5].
These materials are used in a wide range of applica-
tions, such as sensors, actuators, transducers, and energy-
harvesting devices. In addition to bulk piezoelectric mate-
rials that have been widely used in many applications,
microelectromechanical systems have become mainstream
devices in applications due to their small size, high inte-
gration density, and multifunctionality [6–10]. For com-
patibility with current semiconductor device technology,
piezoelectric thin films are often fabricated on semicon-
ductor substrates, which, in most cases, are Si crystals.
The integration of piezoelectric materials, many of which
are oxides, with Si crystals requires advanced fabrica-
tion techniques and complex procedures to achieve high-
performance devices and has been a subject of intense
research [9,10].

For the piezoelectric effect to exist, the crystal struc-
ture of a material should not have a center of symmetry
[1]. While some III-V and II-VI semiconductors are piezo-
electrics, Si crystals that form the basis of the current
microelectronics industry should not exhibit the piezo-
electric effect because of their face-centered-cubic crystal
structure [11–13]. Similar to piezoelectric materials, Si
crystals can be used to detect mechanical stress, but this
is realized by exploiting the piezoresistance effect, which
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is the change of electrical resistance under a mechani-
cal load [14–17]. Unlike piezoelectric devices, an external
power source is required for measurements of the resistiv-
ity change in piezoresistive devices. Thus, the integration
of a piezoelectric thin film on Si to obtain a piezoelectric
device can simplify the design of a stress sensor [9,10].

Here, we demonstrate that, although Si crystals are
not piezoelectric materials, a Si crystal plate can gen-
erate a strong piezoelectric-like response under bending
deformation. We show that the piezoelectric-like response
originates mainly from the surface of the Si crystals. This
discovery is important for understanding the nature of
the surface of Si crystals. The observed piezoelectric-like
response can also be explored for potential applications in
piezoelectric devices.

II. EXPERIMENTAL METHODS

The n-type and p-type Si wafers [(100) oriented and
(111) oriented] with different resistivity values are pur-
chased from Suzhou Crystalline Silicon Electronic Tech-
nology (Suzhou, China). The n-type polycrystalline Si
is obtained from Dalian University of Technology. The
resistivity of the Si wafers is measured using a four-
probe measurement system (RTS-8, four-probe technol-
ogy, Guangzhou, China). For (100)-oriented Si, the resis-
tivity values of the n-type wafers are 3, 4, 3700, and
15 500 � cm, and those of the p-type wafers are 8 and
5700 � cm. The resistivity of (111)-oriented n-type Si is
9 � cm and that of n-type polycrystalline Si is 4 � cm. The
Si wafers are cut into rectangular plates with a length,
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width, and thickness of 30, 4.5, and 0.5 mm, respectively.
Gold electrodes are sputtered onto the top and bottom
surfaces of the plates using a sputter coater (EMS150T,
Electron Microscopy Sciences, Hatfield, PA, USA) prior to
the piezoelectric measurements. Other types of electrodes,
namely, Pt, Ag, and Al, are deposited using an electron-
beam evaporator (K. J. Lesker, LAB 18, USA). To measure
the electromechanical response, the silicon plates are sup-
ported at the two ends, and a dynamic force (110 Hz) from
a quasi-static d33 meter (ZJ-6A, Institute of Acoustics,
CAS, Beijing, China) is applied at the center of the sam-
ples [the three-point bending (TPB) approach], as shown
schematically in Fig. 1(a). Under bending deformation, a
piezoelectric-like response is generated by the Si plates.
The response can be directly read from the d33 meter. In
the measurement of the piezoelectric response by the d33
meter, the piezoelectric charge is determined by a capacitor
in parallel to the piezoelectric materials. The capacitance

of the piezoelectric materials should be much smaller than
that of the capacitor to enable accurate charge measure-
ments. Since the capacitance values of some Si samples
used in our study are comparable to that of the capacitor
for charge measurements, the measured d33 is corrected
after measurements (see the Supplemental Material for a
detailed explanation [18]). Prior to electrode deposition
and piezoelectric measurements, the as-received Si wafers
are etched with a solution of NH4F-HF solution [a mixture
of NH4F solution (40%) and HF solution (49%), at a mix-
ing ratio of 6:1] for about 2 min. Some of the Si crystals are
abraded with polishing papers (particle size 20–28 μm) at
room temperature for comparison. For NH4F-HF-etched Si
plates, the gold electrode is sputtered on the surface of the
plate after exposure to air for 2 h. The piezoelectric-like
response (effective db) is measured after the electrome-
chanical response is stabilized after 24 h. To study the
effect of abrasion on the piezoelectric-like response, the

(a) (b)

(c) (d)

FIG. 1. Piezoelectric-like response of n-type and p-type Si plates under TPB load. (a) Schematic for the measurement of the
piezoelectric-like response of the Si plate using the TPB approach. (b) Piezoelectric-like response of Si plates with different resis-
tivity values before and after abrading. Electrode used for the measurement is sputtered Au. Effective db is measured under opposite
bending directions by flipping over the Si plate and the test fixture, as schematically shown in the inset. (c) Piezoelectric-like response
of n-type Si plates [(100) oriented and resistivity 3 � cm] coated with different metal electrodes prepared by electron-beam evaporation.
(d) Calculated piezoelectric response of the surface of n-type Si plates with different resistivity values [(100) oriented].
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abraded Si plates are sputtered with a gold electrode imme-
diately after abrasion and the effective db is then measured.
To observe the effect of the SiO2 layer on the electrome-
chanical response, SiO2 films with different thicknesses (5,
10, 20, and 60 nm) are deposited using a plasma-enhanced
chemical vapor deposition (PECVD) system (Plasma Pro
System 100, Oxford, UK). The surface chemistry of the Si
crystals is examined by x-ray photoelectron spectroscopy
(XPS, Escalab 250, Thermo Fisher Scientific, UK). The
work function of the metal electrode was measured by
ultraviolet photoelectron spectroscopy (UPS, Escalab 250,
Thermo Fisher Scientific, UK). X-ray diffraction (XRD)
is measured by a Rigaku Smartlab diffractometer (Rigaku,
Tokyo, Japan).

III. RESULTS AND DISCUSSION

The piezoelectric coefficient d33 (the ratio of the gener-
ated electric charge to the applied force) of piezoelectric
materials is usually evaluated using a commercial d33
meter. In these measurements, a dynamic force is applied
to the materials by two-point probes, and the piezoelec-
tric coefficient d33 can be directly read from the equipment
[19]. When a Si plate is placed between the point probes
of a d33 meter, a d33 value in the range of 5–8 pC N−1

is obtained. After the plate is turned upside down, a d33
value of the same magnitude and sign is obtained. Because
the sign of d33 does not change with the orientation of
the Si plate, the measured d33 is not due to the piezo-
electric effect, but rather is due to the high conductivity
of the Si crystals (see the Supplemental Material for a
detailed explanation [18]). However, when a TPB load is
applied to the plate using the sample configuration shown
in Fig. 1(a), a large d33 value is measured. After the bend-
ing direction is changed by turning the Si plate and the
test fixture upside down, the d33 value changes sign and
shows a smaller absolute value (see Table S1 within the
Supplemental Material [18]). The sign change indicates
that the measured d33 is not due to the conductivity, but
rather arises from a true piezoelectric response. The differ-
ence in the absolute values of d33 under opposite bending
directions can be attributed to the spurious signal due to
the conductivity of the sample. The conductivity contri-
bution to the value of d33 is determined by placing the
plate between the two-point probes of the d33 meter, with-
out applying the TPB load, and subtracting this value from
that of d33 measured under the TPB load. After subtraction,
the absolute d33 values measured from opposite bending
directions are almost identical (Table S1 within the Sup-
plemental Material [18]). Those values represent the true
piezoelectric-like response from the bent Si plates. The
effective db values of the n-type Si plates [(100) oriented]
under the TPB load are summarized in Fig. 1(b), which are
in the range of 35–75 pC N−1, and decrease with increas-
ing resistivity of the Si crystals. In addition to the n-type

Si crystals, the effective db of the p-type Si crystals [(100)
oriented] is measured. As shown in Fig. 1(b), the effective
db of the p-type Si crystals exhibits a different variation
trend with resistivity from that of the n-type Si crystals.
In contrast to the n-type Si crystals, the effective db of the
p-type Si crystals increases with resistivity. Also, the effec-
tive db is smaller than that of the n-type Si crystals at low
resistivity.

Because Si crystals are not piezoelectric materials, it
is unusual to observe a large piezoelectric-like response
in the crystals under a TPB load. The origin of the
piezoelectric-like response is further explored. The results
shown in Fig. 1(b) indicate that, overall, the effective db
of the n-type Si crystals is larger than that of the p-type
Si crystals. Because the electron affinity of Si is about
4.1 eV and the band gap is about 1.1 eV, n-type Si forms a
Schottky contact with the Au (work function W ∼ 5.1 eV)
electrode [13]. On the other hand, for p-type Si, an Ohmic
contact should be formed between Si and the Au electrode.
The difference in the effective db between the n-type and
p-type Si crystals implies that the formation of a Schottky
contact is important for achieving a higher piezoelectric-
like response. This conclusion is further supported by the
measurement of a piezoelectric-like response in the n-type
Si plates [(100) oriented and resistivity 3 � cm] coated
with different metal electrodes. As shown in Fig. 1(c), the
effective db of the n-type Si plates is about 29 pC N−1 when
Pt (W ∼ 5.6 eV) is deposited as the electrode. The effec-
tive db then decreases with the decreasing work function
of the electrode and is reduced to about 7 pC N−1 when
Al (W ∼ 4.45 eV) is used as the electrode. By reducing
the electrode work function, the contact between Si and
the metal electrode changes from a Schottky contact to
an Ohmic contact [13]. Accordingly, the effective db will
approach a value close to zero when a metal with a low
work function is used as the electrode.

We also discover that the surface of Si plays an impor-
tant role in the observed piezoelectric-like response. The
Au electrodes used in this work are mostly fabricated by
the sputtering method, while the Pt, Ag, and Al electrodes
are deposited by the electron-beam evaporation method.
When the Au electrode is deposited on the Si plates by
the electron-beam evaporation method, the effective db is
significantly reduced. For example, the effective db of the
n-type Si plate with a resistivity of 3 � cm is 22 pC N−1,
as shown in Fig. 1(c), which is smaller than that measured
for the same plate with the sputtered Au electrode [effec-
tive db ∼ 75 pC N−1, Fig. 1(b)]. Because different electrode
deposition processes affect only the surface of the Si crys-
tals, this result reveals that the surface of Si crystals
has a significant effect on the measured piezoelectric-
like response. Therefore, the role of the surface in the
observed piezoelectric-like response is investigated. For
the above-described piezoelectric measurements, the Si
plates are subjected to NH4F-HF etching and exposed to
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the atmosphere for approximately 2 h prior to electrode
deposition. It is found that, when the surface of the Si
plates [(100) oriented] is abraded with sandpaper, and the
Au electrode is deposited rapidly to minimize the expo-
sure time in air, the piezoelectric-like response of the bent
Si plates is significantly reduced, as shown in Fig. 1(b).
For example, the effective db of the abraded n-type Si plate
with a resistivity of 3 � cm is only 8 pC N−1, whereas that
of the nonabraded Si plate with the same resistivity is about
75 pC N−1 [Fig. 1(b)]. However, for p-type Si plates, the
effective db is reduced to about 0 pC N−1 after abrasion.
The significant effect of abrasion on the piezoelectric-like
response of the bent Si plates suggests that the response
is not an intrinsic property of Si crystals, but primarily
originates from the Si surface.

We start by assuming that the two surface layers
possess a piezoelectric effect to generate the observed
piezoelectric-like response in the sample and propose
a multilayer model to explain the mechanism for the
piezoelectric-like response of the bent Si plate, as schemat-
ically shown in Fig. 2. A possible origin of the piezoelec-
tricity at the surfaces is discussed later. Because the two
opposite surfaces are symmetric, the signs of the piezo-
electric response from the two surfaces should be opposite,
and the magnitude of the response should be equal if a uni-
form load is applied. The responses from the two surfaces
should cancel each other out under uniform deformation.
Because one surface is in tension and the other surface is
in compression under a nonuniform bending deformation,
the responses of the two surfaces lead to a nonzero total
piezoelectric response. For n-type Si, after the formation
of a Schottky contact with the Au electrode, two depletion
layers that are more insulating than the bulk are present
adjacent to the piezoelectric surface layers. These deple-
tion layers are absent in p-type Si. Because the surface
layer can be very thin (as discussed below), the tunneling
mechanism becomes an important conduction mechanism
and the layer might not be very insulating [20,21]. In

Semiconductive

bulk

FIG. 2. Schematic of the multilayer model proposed to explain
the observed piezoelectric-like response of the Si plates under
bending deformation. Arrows in the surface layers indicate the
polarity of the surface piezoelectric response.

n-type Si, the depletion layers separate the piezoelectric
surfaces from the highly conductive bulk, protecting the
piezoelectric charge of the surfaces from being screened
by the free charge from the bulk, which can increase the
piezoelectric response of the surfaces. This explains why
the n-type Si crystals generally show a larger piezoelectric-
like response than that of p-type Si crystals. A comparison
of the piezoelectric-like response between the abraded n-
type crystals and p-type Si crystals suggests that the two
depletion layers may have a weak piezoelectric response,
which most likely arises from the space-charge layer in the
depletion layer [22]. However, it is also possible that abra-
sion cannot eliminate the piezoelectric surface completely.
In p-type Si crystals, because the piezoelectric surface after
abrasion is so thin that the piezoelectric charge from the
surface can be easily screened by the free charge, no piezo-
electric response can be measured [Fig. 1(b)]. On the other
hand, in n-type Si crystals, the piezoelectric response is
protected by the insulating depletion layers, and hence, a
weak piezoelectric response is still measured. In this case,
the depletion layer may not possess a piezoelectric effect
and the piezoelectric-like response in abraded n-type Si
plates is also due to the surface. The remaining portion
of the crystal is the nonpiezoelectric and conductive bulk.
Because of high conductivity, free charge in the bulk can
compensate for the piezoelectric charge generated by the
surface layer, which is equivalent to the generation of a
polarization response similar to that from the piezoelec-
tric surface and improves the overall polarization response.
This phenomenon is similar to the barrier-layer effect in
dielectrics [23,24]. The piezoelectric response from the
surface is further enhanced because of the bending defor-
mation of the Si plates (see the Supplemental Material for
a detailed explanation [18]), leading to the measured large
piezoelectric-like response.

Using the proposed multilayer structure shown in Fig.
2, the magnitude of the piezoelectric response of the sur-
face dS can be estimated using the measured effective db
of the bent Si plates (see the Supplemental Material [18])
according to

dS = 2dbh2

3l2
, (1)

where h (0.0005 m) and l (0.02 m) are the thick-
ness and length of the Si plates, respectively. Using the
data in Fig. 1(b) and Eq. (1), the dS values are esti-
mated for the n-type Si crystals [(100) oriented] with
different resistivity values and the results are shown in
Fig. 1(d). It is found that dS of the n-type Si crystals
is in the range of 0.016–0.032 pC N−1, which is much
lower than the response measured in many well-studied
piezoelectric materials (for example, BaTiO3 ceramics,
d33 ∼ 190 pC N−1 [25]). It is also observed from Fig. 1(d)
that dS decreases with increasing resistivity of the Si
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crystals. Based on the proposed multilayer structure shown
in Fig. 2, this can be understood as follows. The combi-
nation of the depletion layer and the surface layer can be
treated as a composite. Because the depletion layer is either
nonpiezoelectric or has only a weak piezoelectric response,
this layer reduces the effective piezoelectric response from
the surface. The thickness of the depletion layer xd can be
estimated by [26]

xd =
√

2εsε0

qND

(
VD − k0T

q

)
, (2)

where VD is the built-in potential in the depletion layer; k0
is the Boltzmann constant; T is the temperature; q is the
electron charge; εs and ε0 are the dielectric constant of Si
and the vacuum permittivity, respectively; and ND is the
donor concentration of the n-type Si crystals. For the n-
type Si crystals used in this study, ND is in the range of
1 × 1021 to 1 × 1017 m−3 [27], and εs (∼11) is assumed
not to be dependent on the dopant concentration [28]. It is
clear that xd increases with increasing resistivity, resulting
in a reduction of dS with increasing resistivity.

Our results also reveal that the piezoelectric surface can-
not be eliminated, even when an additional layer of SiO2
films is intentionally deposited on the surface of the n-type
Si plates. Because the deposited SiO2 films are amor-
phous, they should not exhibit a piezoelectric response.
The addition of the SiO2 layer further reduces the effective
piezoelectric response dS

eff, similar to the effect of the deple-
tion layer. The dS

eff value after deposition of the SiO2 films
is related to the thickness, xf , of the SiO2 films, according
to (see the Supplemental Material [18])

dS
eff = dS tS

xf
, (3)

where tS is the thickness of the piezoelectric surface layer.
Figure 3 shows the dependence of the piezoelectric-like
response of the n-type Si plates [(100) oriented and resis-
tivity 3 � cm] under a TPB load on the thicknesses of
the deposited SiO2 films. The effective db decreases with

FIG. 3. Dependence of the piezoelectric-like response of the
bent Si plates [(100) oriented and resistivity 3 � cm] on the
thicknesses of the deposited SiO2 films.

an increase of the thickness of the SiO2 films, and the
two parameters roughly follow the inversely proportional
relationship expected from Eq. (3).

The origin of the piezoelectric effect observed for the
surface of the Si crystals is investigated. Because the
piezoelectric-like response of bent Si plates is strongly
dependent on abrasion of the surface, we speculate that
the piezoelectric surface may be produced by the interac-
tion between the Si crystals and surrounding environment.
An analysis of the surface chemistry by XPS indicates that
there exists an oxidation layer on the Si surface, as shown
in Fig. 4(a), where the peak at about 102.75 eV is assigned
to oxidized Si [29,30]. Previous studies have shown that,
upon exposure to air, Si crystals are easily oxidized, even at
room temperature [31]. While it is generally believed that
SiO2 obtained by the oxidation process is amorphous, it is
possible that, because the thin oxidized layer grows on the
Si crystals, it may possess a certain ordering in the vicin-
ity of the surface. This leads to a weak piezoelectric effect
in the surface because crystalline SiO2 is a well-known
piezoelectric material. If the oxidized surface is sufficiently
thick, it can also function as an insulating layer that pro-
tects the piezoelectric charge from the surface from being

(a) (b) FIG. 4. (a) XPS of the surface
of n-type Si [(100) oriented]
with resistivities of 3 and
15 500 � cm. (b) Time depen-
dence of piezoelectric-like
response of the bent n-type
Si plates [(100) oriented and
resistivity 3700 � cm] exposed
to air or Ar after etching and
sputtering with Au electrode.
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screened by the conduction charge. This is the reason why
the piezoelectric-like response can also be observed in the
nonabraded p-type Si plates in which the depletion layer is
absent.

The argument that the piezoelectric response from the
Si surface originates from the oxidization of the surface is
further supported by the observation that the response is
strongly dependent on the exposure time of the Si crystals
in air. After the surface of a piece of n-type Si plate [(100)
oriented and resistivity 3700 � cm] is etched by NH4F-HF,
the plate is exposed to air for 2 h before the gold electrode
is sputtered on the surface. After that, the time dependence
of the effective db is measured. As shown in Fig. 4(b),
the effective db initially increases with time and reaches
a nearly constant value after exposure to air for approxi-
mately 24 h. However, if the etched Si plate is protected
from exposure to air by sealing the plate in Ar gas after
etching, except for the short exposure time in air during
the piezoelectric measurement and transfer of the sample,
the effective db is much reduced, as shown in Fig. 4(b). The
result reveals that the piezoelectric response of the surface
of the Si crystals is indeed generated during exposure to air.
From Fig. 4(b), we notice that the sputtered gold electrode
cannot completely protect the Si surface from exposure to
air probably because the gold layer prepared by sputtering
is thin (estimated to be <100 nm) and not dense.

In addition to (100)-oriented Si, the piezoelectric-like
response of the (111)-oriented n-type Si crystal (resistivity
9 � cm) and n-type polycrystalline Si (resistivity 4 � cm)
is also measured, and the results are shown in Fig. 1(b). A
db of about 80 pC N−1 is obtained in (111)-oriented Si crys-
tals. The response is larger than the db of (100)-oriented
Si with similar resistivity. One possible explanation is that,
because the (111) plane is close packed in Si crystals, more
Si atoms can be oxidized (more polar Si—O bonds), result-
ing in a larger piezoelectric response near the surface. For
polycrystalline Si, the measured db (∼26 pC N−1) is much
smaller than that of single-crystalline Si with similar resis-
tivity. On the sample surface, similar to single-crystalline
Si, each grain still has a polarity, but different grains
have different orientations. This may reduce the observed
piezoelectric-like response of polycrystalline Si. It should
be noted that the grain size of polycrystalline Si is often
large (typically >1 mm) and, for the samples used in this
study, the grain size is in the millimeter range, which is
comparable to the size of the samples used for piezoelectric
measurement. Consequently, the grains in polycrystalline
Si cannot be thought to be randomly oriented, and the over-
all piezoelectric response is determined by the dominant
equivalent orientation of the samples.

The generation of the electric response under bending
deformation in Si crystals is similar to the flexoelectric
effect observed in dielectric materials [32–41]. However,
the flexoelectric effect should not be an important mecha-
nism for the observed piezoelectric-like response in bent

Si plates. This conclusion is supported by the fact that
the piezoelectric-like response of bent Si plates is sig-
nificantly reduced by abrasion. Furthermore, for abraded
p-type Si plates, almost no piezoelectric-like response can
be measured. If the flexoelectric response is a major mech-
anism for the measured piezoelectric-like response, the
effective db measured in abraded p-type Si crystals should
not be zero. Although a modeling study indicates that
the flexoelectric response from the bulk can be affected
by the change of surface polarization by a factor of two
[42], the large variation of effective db by abrasion (as
high as 10 times) cannot be explained by the change of
flexoelectric response caused by the change of surface
polarization state. The flexoelectric mechanism is also dif-
ficult to explain the large variation of the effective db by the
change of doping, which leads to n-type and p-type Si with
different resistivity values, and the change of electrode
materials.

To support the conclusion that the flexoelectric effect is
not a major mechanism for the piezoelectric-like response
in bent Si plate, the magnitude of the response from the
flexoelectric effect is estimated. The bulk static flexoelec-
tric coefficient, μ, of Si can be roughly estimated by
[32,37,38]

μ = χ
q
a

, (4)

where χ is the dielectric susceptibility of Si and a is the
dimension of the unit cell of Si. The size of the unit cell
of Si crystals is 5.43 × 10−10 m, as determined by XRD
(see the Supplemental Material [18]). The value of μ of Si
is estimated to be about 3 × 10−9 C m−1. The magnitude
of the estimated coefficient is consistent with the modeling
result for Si crystals, which is typically around or below
1 nC m−1 [43]. Under bending, the flexoelectric response
can generate a piezoelectric-like response, and the effective
db from the flexoelectricity can be calculated by [44]

db = 3μ′
12l2

2c11h3 . (5)

For (100) Si crystals, c11= 1.69 × 1011 Pa [45]. The effec-
tive flexoelectric coefficient μ′

12 in Eq. (5) includes the
contribution from the transverse flexoelectric coefficient
μ12 and the longitudinal flexoelectric coefficient μ11, but
mainly from μ12 under bending deformation [44]. If we
assume μ′

12 is equal to μ12 and is overestimated to be
5 nC m−1, the calculated effective db is about 0.15 pC N−1

using Eq. (5), which is much lower than the measured
effective db (typically >10 pC N−1 and can be as high as
75 pC N−1). Consequently, the contribution of the flexo-
electric effect to the reported effective db is small. In addi-
tion to the bulk static flexoelectric response, the surface
piezoelectricity, which is often included in the flexoelec-
tric response, has a similar magnitude to that of the bulk
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flexoelectric response [33,34]. Therefore, the contribution
of surface piezoelectricity to the reported effective db is
also negligible.

IV. CONCLUSION

We discover that, under bending deformation, a
piezoelectric-like electromechanical response can be mea-
sured in nonpiezoelectric Si crystals. Experimental results
indicate that the piezoelectric-like response is not intrinsic,
but originates mainly from the surface of the Si crystals.
The piezoelectric effect from the surface may be produced
by the oxidation of Si crystals upon their exposure to
the atmosphere. In addition to the piezoelectric surface,
the depletion layer, after the formation of the Schottky
contact between the Si crystals and the metal electrode,
is important for achieving a stronger piezoelectric-like
response. The depletion layer may protect the charge gen-
erated by the piezoelectric surface from being screened
by the conduction charge because the surface layer is
thin. The conductive Si bulk also plays an important role
in the observed piezoelectric-like response, and the weak
piezoelectric response from the surface is amplified by the
high conductivity of the bulk. Our finding has significant
technical and fundamental implications. Most importantly,
it is possible that micro- or nanoscale electromechani-
cal devices can be directly designed and fabricated using
Si crystals, without the integration of other piezoelectric
materials, simplifying the design of these devices. Our
study also provides an in-depth understanding of the nature
of the surface of Si crystals, which is important for the
fabrication of high-performance semiconductor devices.
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