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Observation of a giant two-dimensional
band-piezoelectric effect on biaxial-strained graphene

Xiaomu Wang1,2,4,5, He Tian1,4, Weiguang Xie2,3,4, Yi Shu1, Wen-Tian Mi1, Mohammad Ali Mohammad1,

Qian-Yi Xie1, Yi Yang1, Jian-Bin Xu2 and Tian-Ling Ren1

Piezoelectric materials used in the development of nanoscale mechanical sensors, actuators and energy harvesters have

received much attention. More recently, devices made of graphene are of particular interest because of graphene’s intriguing

electronic and mechanical properties. Intrinsic graphene has long been considered devoid of the piezoelectric effect, although

flexoelectricity has been exploited to demonstrate piezoelectricity in functionalized graphene and graphene nanoribbons. The

perceived lack of this property has restricted graphene’s use in nanoelectromechanical systems (NEMS) for electromechanical

coupling purposes. Here an unprecedented two-dimensional (2D) piezoelectric effect on a strained/unstrained graphene junction

is reported. In stark contrast to the bulk piezoelectric effect that results from the occurrence of electric dipole moments in

solids, the 2D piezoelectric effect arises from the charge transfer along a work function gradient introduced by the biaxial-strain-

engineered band structure. The observed effect, termed the band-piezoelectric effect, exhibits an enormous magnitude due to

the ultrathin structure of graphene. On the basis of the band-piezoelectric effect, a graphene nanogenerator and a pressure

gauge were fabricated. The results not only provide a versatile NEMS platform for sensing, actuating and energy harvesting, but

also pave the way for efficiently modulating graphene via strain engineering.
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INTRODUCTION

Graphene has proven to be a remarkable material for nanoscale

devices because of its unique physical properties.1 In particular,

graphene exhibits striking mechanical stiffness (with 1 TPa Young’s

modulus), ultrathin structure (down to a single atomic layer) and

exceptional robustness (stretchable up to 20%), which make it an ideal

platform for NEMS.2–8 In the context of NEMS, electromechanical

coupling is an important and highly desirable property. Among the

various coupling methods, the piezoelectric effect, in which a material

becomes electrically polarized under external strain, is the most

popular method. The piezoelectric effect is frequently used for

dynamical control of NEMS devices in sensing, actuating and

transducing applications.9–14 Unfortunately, all of the traditional

piezoelectric mechanisms are not applicable to intrinsic graphene.

Because of the centrosymmetric nature of graphene, the piezoelectric

effect is absent in intrinsic graphene.15 Achievement of piezoelectricity

in previous pioneering works requires the functionalization or

nanopatterning of graphene to break this centrosymmetry.16,17

Furthermore, in its intrinsic (semi-)metallic states, graphene is clearly

non-piezoelectric and/or non-flexoelectric.17 In addition, its single-

atom thickness leads to an ill-defined out-of plane strain gradient and

a questionable breakage of the centrosymmetric flexoeletricity.

Therefore, the flexoelectricity is in fact limited despite the expectation

of its enhancement in nanoscale systems.18,19 In summary, although

2D piezoelectricity has been demonstrated for functionalized graphene

and graphene nanoribbons, intrinsic graphene has long been con-

sidered devoid of the piezoelectric effect, which could provide a solid

electromechanical coupling pathway. Nevertheless, strain engineering

or using a pseudo-magnetic field is a predicted means of opening a

bandgap in intrinsic graphene.20,21 Although a series of spectroscopic

works have previously reported the strain-modified graphene electro-

nic structure, the direct electromechanical coupling of graphene under

shear strain has not yet been demonstrated.22–26

In this article, a unique 2D piezoelectric effect on a biaxial-strained

graphene/pristine graphene junction-based NEMS system is demon-

strated. An in-plane biaxial strain-controlled electrical polarization

across the junction can be achieved using this effect. The observed

piezoelectric effect, which is attributed to a strain-modified band

structure, is termed the band-piezoelectric effect. In situ Kelvin probe

force microscopy and transport measurements were used to monitor

the spatial distribution of the quasi-Fermi levels and to provide

evidence of bandgap opening. Furthermore, the band-piezoelectric

effect enabled the fabrication of a novel piezoelectric nanogenerator

and a high-sensitivity piezoresistive pressure sensor.
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MATERIALS AND METHODS

Fabrication of 2D graphene NEMS
The device structure is schematically shown in Figure 1a. The device fabrication

was conducted on a highly p-doped silicon wafer with a 300-nm thick

thermally grown SiO2 dielectric layer. Silica cavities with a 5-μm diameter

were patterned using photolithography and then etched 400-nm deep via a

reactive-ion etching process at 2 Pa under Ar atmosphere and 20 s.c.c.m. CF4
flow using a 50W of radio frequency power (Supplementary Figure S1).

Subsequently, few-layer graphene (mostly mono- and bilayer samples were used

in our study) were prepared by mechanical exfoliation of Kish graphite.27 Gold

electrodes were cut out from a foil, lifted with a tip and then electrically

connected to suspended graphene (as schematically shown in Figure 1b) in a

‘loosely clamped’ configuration to avoid electrode-induced strain.28 Note that

there are two challenges in the fabrication process. First, the sealed cavity

prevents traditional patterning methods, such as lithography, because solution

treatment always causes the suspended graphene to collapse (see Supplementary

Information for details). In our experiments, a ‘lithography-free’ method was

used to fabricate the electrodes, as previously reported by Wang et al.29 Second,

graphene samples should be carefully selected to maximize the strain and to

obtain controllable deformation. For these purposes, membranes that exactly

match the cavity width are required, such as those shown in Figures 1c and d.

Samples with a large supported part or partially covered cavity should be

avoided. Furthermore, the initial internal stress in graphene devices must be

examined in advance.30 In fact, we observed large intrinsic ripples that reduce

the pressure load in some samples (Supplementary Figure S3).

Nanoindentation of 2D graphene NEMS
The nanoindentation experiments were performed using an atomic force

microscope (AFM; Bruker Dimension ICON, Billerica, MA, USA) under

contact mode. For piezoresistive and piezoelectric measurements, non-

conductive silicon tips and silicon tips with TiN-conductive coating layers

were used, respectively. The spring constants of all the tips were ~ 3Nm− 1. In

the piezoresistive experiment, the scan range was initially set to 6 μm (with

direction from edge to center) to fully deflect the graphene membrane. The

load was then moved to the center of the membrane by gradually decreasing

the scan range to 100 nm, which ensured a constant deformation (strain). In

the piezoelectric measurements, the scan range and scan rate were kept at 3 μm

and 1.6Hz, respectively. The electric measurements were performed using a

semiconductor analyzer (Keithley 4200, Keithley Instruments Inc., Cleveland,

OH, USA) with pre-amplifiers.

RESULTS

Piezoelectric effects in suspended graphene membrane

The band-piezoelectric effect in this NEMS platform is first demon-

strated by studying the spatial surface potential (SP) distribution in

bent graphene. To achieve this, Kelvin probe force microscopy was

used to obtain an in situ map of the Fermi levels of deformed

graphene. In this scenario, a back-gate voltage is applied to bend the

graphene while the deformation and work functions were simulta-

neously measured using an AFM in a dual-pass scan mode. The
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Figure 1 Suspended graphene membrane NEMS. (a) Schematic of the suspended graphene membrane cavity and the nanoindentation measurement setup.
As a result of the AFM tip indenting the graphene membrane, the charge gradient in this membrane is expressed by a color change. (b) The lithography-free
process flow. (c) AFM and (d) optical microscope images of a typical sample containing a monolayer graphene channel. (e) FEM simulation of the suspended
graphene membrane pressed by an AFM tip with a set point of 80 nm. AFM, atomic force microscope; NEMS, nanoelectromechanical systems.
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deformation and SP of the graphene membrane under different gate

voltages are shown in Figures 2a and b (device #1). Here to better

study the pressure-induced modification of suspended graphene, we

focus on the SP differences between the suspended and supported

graphene. Therefore, the global SP shifts in response to different gate

voltages are removed from the curves in Figure 2b. For a small gate

voltage, the graphene membrane is nearly unchanged, with only a

small natural bending. Because the dielectric capacitance density is

different for the supported and suspended graphene parts (CSilica:Cair=

5.2:1), the Fermi level in the suspended membrane is higher than the

Fermi level outside the cavity. Under a − 1 V gate voltage, the measured

SP difference (~30meV) approximately agrees with the theoretical

Fermi-level shift (21meV). With increasing gate voltages, the enhanced

capacitive force bends the graphene down. However, the Fermi level of

the bent graphene becomes continuously lower compared with that of

the supported graphene, which is in stark contrast to the theoretical

results that only consider different electrical doping levels arising from

the dissimilar dielectrics. Under a gate voltage of − 4 V, the measured

Fermi level in the center is ~ 120meV lower than the supported part.

By contrast, the electrical gating effect predicts that the Fermi level at

the center should be 80meV higher. This anomalous electric doping

effect indicates that the biaxial strain modifies the electronic structure

of graphene and introduces a potential gradient across the cavity

boundary. Consequently, this potential difference drives charges

separately in the bent interface, resulting in piezoelectric behavior.

The band-piezoelectric effect is further demonstrated by anomalous

gate-controlled deformation. Under large gate voltages, the graphene

membrane exhibits anomalous up-bending that is opposite to the

capacitive force interaction resulting from electrical gating, as illu-

strated in Figures 2c–e (device #2). (The ripples in the AFM curves

were attributed to tip-induced resonance. See Supplementary

Information for details.) Interestingly, the up-bending behavior

exhibits different characteristics for different gate voltage polarities.

Under a positive gate voltage (n-type doping of graphene), the

membrane bends upward immediately on applying a voltage above

a certain threshold (Figure 2c). This phenomenon can be understood
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Figure 2 Piezoelectric effect of graphene NEMS revealed by KPFM measurements. (a) Mechanical deformation of the suspended graphene membrane under
different negative back-gate voltages. (b) Surface potential difference distribution of the bent membrane in a. The scan line follows the dashed line in
Figure 1c. (c) Anomalous mechanical deformation of the suspended graphene membrane under different positive gate voltages. Up-bending is observed for
large gate voltages. The scan line follows the dashed line in the inset. The edges between (monolayer) suspended graphene, graphite and the supported part
are marked with dashed lines. Inset: Optical image of the device in panel c. (d) Temporal evolution of the mechanical deformation of the device under −5 V
gate voltage scanned by an AFM tip biased at −1 V and (e) AFM tip biased at 1 V. AFM, atomic force microscope; KPFM, Kelvin probe force microscopy;
NEMS, nanoelectromechanical systems.
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by considering the reversed polarity between electrical dopants and

piezoelectric charges, that is, the interaction turns to a repulsive

Coulomb interaction when the piezoelectric charges dominate. How-

ever, in the case of a negative gate voltage (p-type doping of graphene),

the membrane only bends upward after scanning it with a negatively

biased AFM tip. Furthermore, the membrane bends upward gradually,

and the entire process typically takes a few tens of seconds to complete

(Figure 2d). The deformation is otherwise unaltered, excluding

the possible contribution from electrostatic interactions between the

graphene membrane and the AFM tip (Figure 2e). Scanning the

graphene membrane by a negatively biased tip under tapping mode,

the positive charges are gradually removed from the graphene, giving

rise to a converse piezoelectric effect, which may explain the

anomalous up-bending under negative gate voltages. To verify the

biaxial-strain-engineered graphene band alternation, we fabricated a

microcavity and covered it with a graphene membrane. This mem-

brane was deformed by nanoindentation and the resulting transport

properties were measured.

DISCUSSION

Biaxial strain-modified graphene band structure

To explore the mechanism of our 2D band-piezoelectric effect, it is

necessary to understand how the biaxial strain affects the electronic

properties of graphene. A useful tool to understand this influence is

the study of the dynamical transport of graphene field-effect transistor

during bending of the suspended membrane. The measurement was

performed while the suspended membrane was pressed by an AFM

tip. The deformation and corresponding transport results under

different pressure loads are shown in Figures 3a and b (device #3).

The deformation could be dynamically controlled by adjusting the

contact force set point (Figure 3a). The transfer curves exhibit a strong

dependence on the applied pressure. Specifically, the high current on/

off ratio (defined as the carrier density/current at the charge neutrality

point) pronouncedly increases (Figure 3b). The anomalous transport

behavior in Figure 3b can be understood by the competition between

the field effect and piezoelectric effect. On one hand, as the positive

gate voltage increases, electrons are accumulated on graphene due to

the field effect. On the other hand, the applied gate voltage bends

graphene through the electrostatic force, resulting in piezoelectric

charges. The negligible bending at the initial stage does not influence

the total carrier density, which contributes a normal ambipolar

transport behavior around the charge neutrality point. However, with

large gate voltages, the piezoelectric charges dominate the channel

sheet carrier density, creating a decreasing carrier density. As a

consequence, the sheet resistance decreases again.

The aforementioned results are absent in control samples made of

fully supported graphene, suggesting that the deformation of

suspended graphene membrane is the dominant factor that alters

the electronic property of graphene (Supplementary Information). The

exact origin of the increased resistance contrast is unknown at the

current stage. Most likely, a small electrical bandgap (estimated as

~ 90meV from the Ids–Vg curves) is opened by the strain field. In

contrast to measurements performed on a suspended graphene strip,

where the strain direction is at a random angle with the zigzag

edge,31,32 in this NEMS platform, there will always be a radial strain

exactly in parallel with the zigzag edge, giving rise to an observable

electronic bandgap.

Elucidation of the band-piezoelectric effect

The band-piezoelectric effect can be explained by considering a

bandgap opening—the work function mismatch between the bent

and supported graphene results in band bending and thus drives

charges to separate and accumulate in the space charge region. This

process gives rise to polarization across the suspended/supported

graphene boundary.

The 2D band-piezoelectric effect arises from the pressure-modified

band structure, which highlights the unique property of strain-

engineered 2D materials. The band piezoelectricity obtained in

conductive graphene is distinctly different from all the traditional

piezoelectric effects in two ways. First, a charge transfer process is

responsible for the formation of macroscopic dipoles. This process is

clearly different from the bulk piezoelectric effect, which is due to the

occurrence of electric dipole moments in ions or molecules. Second,

the piezoelectric effect typically occurs in insulators because conduc-

tive metallic materials have a very short screening length, which

weakens the polarization. Here piezoelectricity in semi-metallic
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graphene is reported, which is due to the low-carrier density in the

suspended graphene, yielding a very long screening length and

ensuring an observable voltage drop along the device.

Piezoelectric coefficient

Benefitting from its ultrathin and easily bendable structure, the

graphene membrane presents an ultrahigh direct piezoelectric

coefficient (~37 nCN− 1, approximately two orders of magnitude

higher than traditional piezoelectric materials and functional

graphene16–17), although the converse piezoelectric coefficient is small

(~12.5 μmV− 1) due to graphene’s semi-metallic property and large

quantum capacitance.

Here we define the piezoelectric coefficients according to the

constitutive relations

D
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where D, E, ε and σ are the polarized electric displacement vector, the

applied electric field vector, the produced stress tensor and the applied

strain tensor, respectively. In addition, e, s cc and cd are the dielectric

tensor, the elastic compliance tensor, the converse piezoelectric

coefficient and the direct piezoelectric coefficient, respectively. To

evaluate the piezoelectric material, we consider two piezoelectric

coefficients, which are defined as follows:

cc: the strain per unit electric field at constant stress

cd: the electric displacement per unit stress at constant electric field.

Typically, in 2D materials, these two coefficients are 2× 2 tensors.

In this device configuration, the radial response dominates the

experimental results. Therefore, the radial elements could be estimated

directly from the definition.

The direct piezoelectric coefficient is estimated for an AFM-pressed

nanogenerator experiment. The set point was held at 80 nm, resulting

in an ~ 240 nN pressure force (calculated from the product of the set

point and the tip spring constant). The polarized electric displacement

is estimated as 6.3× 10− 3Cm− 2 by multiplying the band bending

across the membrane (90meV for 30 nm of membrane bending) by

the quantum capacitance of the suspended graphene (7 μm cm− 2).

The macroscopic stress is calculated by multiplying the average

of the simulated FEM strain in the whole membrane by the Young’s

modulus (as shown in Figure 1e), resulting in a value of 1.7 × 105 Pa.

From the constitutive law, the direct piezoelectric constant can be

calculated as ~ 37 nCN− 1.
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Devices utilizing the band-piezoelectronic effect

On the basis of this new type of band-piezoelectric effect, a piezo-

electric nanogenerator and a piezoresistive pressure sensor within a

graphene NEMS platform have been demonstrated.

A nanogenerator can be designed based on the novel 2D piezo-

electric effect. The deformation caused by an AFM tip results in charge

separation due to the modified band structure of the bent membrane.

Hence, the separated charges can accumulate on external electrodes

with proper work functions and produce an output voltage. This

process can be depicted by the band diagram of the piezoelectric

nanogenerator that is schematically shown in Figure 4a. Note that in

the 2D configuration the graphene membrane is always in tensile strain

and has an accumulation of positive charges. Therefore, the physical

principle for generation of piezoelectric energy in our device is different

from, for example, the generation of piezoelectric energy from 1D ZnO

nanowires, where the output voltage is determined by the coupling of

piezoelectric effect and the semiconducting properties of ZnO.9

In the experimental setup, the electronic signal across a large

resistive load between the gold cathode and conductive AFM tip

(which serves as the anode) was monitored in real time. During the

entire measurement, no external bias was applied. As the AFM tip

bent the graphene membrane, forward output voltages were detected,

as demonstrated in Figure 4b (device #1). The efficiency of the

maximum electric power transferred from mechanical energy is

estimated as 2.2%. In addition, a two-terminal piezoresistive pressure

sensor was fabricated based on the deformation-modified band

structure. Replacing the voltmeter by an ammeter, the output current

characteristics were revealed, as shown in Figure 4c. Note that there

are two factors that limited the measured short circuit current in this

device. First, as discussed above, in contrast to conventional semi-

conductor piezoelectricity, there is no Schottky barrier in this device

due to the semi-metallic nature of intrinsic graphene. Second, to

maximize the open circuit voltage, an ‘inverted’ electrode configura-

tion was used, that is, the cathode is a high work function metal, while

the anode is a low work function material. Thus, the internal

resistance of our nanogenerator is extremely low. Actually, as shown

in Figure 4c, the output current quickly decreases after the tip touches

the graphene membrane.

As shown in Figure 4d, a reproducible resistance change is observed

in response to the applied pressure in the regime where the membrane

is not overstressed (device #3). Owing to the one-atom thickness of

the layer of graphene, which intuitively leads graphene to be very

amendable to external strain, the pressure sensor naturally exhibits a

high sensitivity of ~ 0.2 kPa− 1, with a compact footprint.

In conclusion, an unprecedented band-piezoelectric effect on a

biaxial-strained suspended graphene NEMS platform was observed.

The piezoelectric and piezoresistive effects are attributed to the strain-

field-modified band structures. As a result of its ultrathin structure,

the graphene NEMS device exhibits an extremely high piezoelectric

coefficient up to several nCN− 1, which is approximately two orders of

magnitude higher than that of bulk piezoelectric materials. Unlike

piezoelectricity or flexoelectricity, in which the polarization is traced

down to the molecular scale, the band-piezoelectric dipoles result from

a macroscopic charge accumulation. The applied biaxial strain was

observed to shift the work function as well as modify the band

structure of the suspended graphene. This effect drives charges with

opposite polarities separately in response to the band misalignment

through the deformation boundaries. A strain-opened transport

bandgap was also hypothesized to explain the observed behavior.

On the basis of this NEMS platform, a piezoelectric nanogenerator and

a resistive pressure sensor was also fabricated with an energy efficiency

of 2.2% and a sensitivity of 0.2 kPa− 1. These findings not only open

an avenue for novel 2D electromechanical coupling and graphene

strain engineering, but also pave the way for sensing, actuating and

energy harvesting using graphene NEMS devices.
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