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Piezoelectricity in Monolayer Hexagonal Boron Nitride

Pablo Ares, Tommaso Cea, Matthew Holwill, Yi Bo Wang, Rafael Rolddn, Francisco Guinea,*
Daria V. Andreeva, Laura Fumagalli,* Konstantin S. Novoselov,* and Colin R. Woods

2D hexagonal boron nitride (hBN) is a wide-bandgap van der Waals crystal
with a unique combination of properties, including exceptional strength,
large oxidation resistance at high temperatures, and optical functionalities.
Furthermore, in recent years hBN crystals have become the material of choice
for encapsulating other 2D crystals in a variety of technological applica-
tions, from optoelectronic and tunneling devices to composites. Monolayer
hBN, which has no center of symmetry, is predicted to exhibit piezoelectric
properties, yet experimental evidence is lacking. Here, by using electrostatic
force microscopy, this effect is observed as a strain-induced change in the
local electric field around bubbles and creases, in agreement with theoretical
calculations. No piezoelectricity is found in bilayer and bulk hBN, where

the center of symmetry is restored. These results add piezoelectricity to the
known properties of monolayer hBN, which makes it a desirable candidate
for novel electromechanical and stretchable optoelectronic devices, and pave
a way to control the local electric field and carrier concentration in van der
Waals heterostructures via strain. The experimental approach used here also
shows a way to investigate the piezoelectric properties of other materials on
the nanoscale by using electrostatic scanning probe techniques.

Piezoelectricity is an important property of noncentrosym-
metric crystals that allows conversion of mechanical strain
into electric field, and vice versa.ll Recently, 2D crystals have
shown to be a unique platform to investigate and exploit such
property for many reasons. First, they have the ability to sustain
large strain (up to 10%) before rupture or plastic deformation,?!
while this is challenging to achieve in 3D crystals. Second,
many crystals are found to be piezoelectric only when reduced
to two-dimensionality. This is the case of semiconducting

transition metal dichalcogenides, in which
inversion symmetry is broken only in
their 2D forms, as recently observed in
single-layer MoS,.B¥l Furthermore, 2D crys-
tals are likely to show areas of nonuniform
strain near corrugations or bubbles that
naturally form on substrates.! In such
areas, strained-induced local charge den-
sities, p, are expected to appear owing to
the local variation in polarization, P, since
p()=-Y - P().5

2D hexagonal boron nitride (hBN) is
a van der Waals crystal with remarkable
propertiesi?*l and is an essential com-
ponent of many new 2D technologies.!
Recently, single-layer hBN has been theo-
retically predicted to be piezoelectric due
to its broken inversion symmetry.>®l
Boron and nitrogen atoms in hBN are
arranged in a honeycomb lattice simi-
larly as graphene, but the presence of dif-
ferent elements in the two sublattices of
its unit cell makes it noncentrosymmetric.
On the other hand, its bilayer and bulk
counterparts recover the inversion symmetry and, therefore,
no piezoelectricity is expected.>®l Here, we report experimental
evidence of piezoelectricity in monolayer hBN by directly visu-
alizing the strained-induced electric field in hBN single layers
using electrostatic force microscopy (EFM).°l EFM images
of monolayer hBN show enhanced electric contrast in cor-
respondence of nonhomogenous strain areas around bubbles
and creases. Such contrast vanishes on bilayer and few-layer
hBN, as expected. We support our experimental findings with
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detailed theoretical simulations, solving the elasticity equations
in a honeycomb lattice for deformations that mimic the
observed bubbles and creases.

EFM is a noncontact scanning probe technique that maps
the local electrostatic interaction between the tip and the
sample under study.”) We acquired EFM images by applying
an AC voltage bias at frequency o to the tip and measured
the frequency shift of the cantilever at its mechanical reso-
nance, detecting the electric response at the first and second
harmonics, ® and 2, respectively.l'?! We thus obtained two
simultaneous EFM images: the electric image at @, which is
proportional to the electric field on the surface,1%¢1l and
the dielectric image at 2w, which depends only on the tip-
sample capacitive interaction and the dielectric properties of
the samplel'%Pl (see the Experimental Section and Section S1
of the Supporting Information). The latter was required here
to investigate the impact of local capacitive variations on the
electric image.

We applied EFM to monolayer, bilayer, and few-layer hBN
resting on top of either thick hBN crystals (thickness =5-15 nm)
or graphene on SiO,/Si substrates, and not directly on top of
SiO,/Si substrates. This is because the use of a 2D crystal as
bottom layer promotes the formation of nonuniform strain areas
in the top layer. Such areas are observed around bubbles and
creases filled with hydrocarbons that spontaneously appear in
van der Waals heterostructures.[ Furthermore, the use of thick
hBN and graphene as bottom layers is beneficial to avoid the
influence of localized charges trapped at the SiO, interface, facil-
itating the visualization of strained-induced electric fields in the
monolayer hBN. We fabricated monolayer-hBN/thick-hBN and
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monolayer-hBN/graphene heterostructures using the standard
dry transfer techniquel'? (see the Experimental Section).

Figure 1 focuses on the results obtained for monolayer
hBN on top of thick hBN crystals. Figure 1a is a representative
topography image of a monolayer hBN region with several
bubbles and creases. The corresponding EFM electric image
(Figure 1b) shows high contrast over the bubbles which is
mainly due to the presence of molecules inside the bubbles.
However, it also shows high contrast around the bubbles where
the substrate is flat, extending hundreds of nanometers and
connecting various bubbles. A different behavior is found in
the corresponding dielectric image (see Figure S2c in the Sup-
porting Information). This shows the characteristic enhanced
contrast over the bubbles caused by the material trapped
inside, ' but no contrast around or between them. The
absence of dielectric contrast outside the bubbles rules out
that the origin of the electric contrast in these regions is a local
change in dielectric properties. In particular, this allows dis-
carding that the electric contrast outside the bubbles is caused
by molecules that might be trapped below the monolayer.
Electric and dielectric images obtained in other regions con-
firm these observations (see Figure S2d-f in the Supporting
Information). Furthermore, we did not observe such bright
areas in flat regions of the monolayer in the absence of bub-
bles and creases (see Figure S3 in the Supporting Information).
This again implies that the electric field variations detected
around them do not originate from molecules trapped at the
hBN/hBN or hBN/SiO, interface. Close-up images confirmed
these observations. Figure 1c shows the topography image of
a triangular bubble. The regions in the immediate vicinity of
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Figure 1. Monolayer hBN on thick hBN crystals. a) Topography of a representative region with bubbles and creases. b) Corresponding EFM electric
image, showing enhanced contrast around and between bubbles. c) Topography and d) electric images of a triangular bubble. e) Profiles along the lines
in (c) and (d) and in the corresponding dielectric image (see Figure S4c in the Supporting Information). A clear electric contrast extending hundreds
of nm outside the bubble is observed (green line), while this is absent in the topography (gray line) and the dielectric image (pink line). f) Simulated
topography image of a triangular bubble in monolayer hBN and corresponding calculated g) electric-field energy density and h) polarization (vector
field) and charge distribution (colormap). Color scales (from dark to bright): topography (both experimental and simulated) 20 nm; EFM 1.5 V; electric

field energy density 1.5 uV A 2 charge distribution —6 x 10'2 (green) to 6 x 10'2 (pink) e~ cm2,

Adv. Mater. 2020, 32, 1905504 1905504 (2 of 6) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

the bubble are flat and featureless (see profile in Figure le),
except for the creases from which the bubble originates. In con-
trast, the electric image (Figure 1d) clearly shows bright areas
surrounding the bubble which are not found in the dielectric
image (see Figure S4c in the Supporting Information), as evi-
denced by the corresponding profiles (Figure 1le). We therefore
conclude that such localized electric-field variations around
the bubbles originate from the hBN being strongly strained in
these areas. Additional images of triangular and elliptical bub-
bles further support this interpretation (see Figures S4d—f and
S5, respectively, in the Supporting Information).

To support our experimental observations, we theoreti-
cally calculated the piezoelectric behavior of monolayer hBN
in the presence of bubbles and creases that mimic those
experimentally observed. Figure 1f~h plots the results of
our simulations for the case of a triangular bubble similar to
that experimentally observed in Figure 1c,d. The shape of the
bubble is given by the equilibrium configuration of material
trapped between a flat substrate and a 2D crystal attracted by
van der Waals forces, as described in ref. [4]. For this shape,
we solved the discretized elasticity equations for the membrane
with a honeycomb lattice (see the Experimental Section and
Sections S3 and S4 in the Supporting Information), thus pro-
viding the strain tensor u;, and hence the piezoelectric induced
polarization P(r)=, Yaui(r), being v the 3rd rank piezo-

jk
electric tensor. For 2D crystals with D3p, symmetry lying in the xy-
plane (we choose the x-direction parallel to the zigzag edge, and
the y-direction parallel to the armchair edge), the only nonzero-
independent coefficient isP! y= ¥, = = % = ~Yipx = Yy For the
case of hBN and related 2D crystals with hexagonal symmetry,
the polarization can be written asP'3l P (r)=yA(r)xz, where
A(F) = (s (r) =1y, (F)) X—2u,,(r)y has the form of the gauge
field that appears in strained graphene.'"¥ We used the modern
theory of polarization that exploits the geometrical properties of
the Bloch wave-functions to obtain the electronic polarization,!
a method that has been applied to noncentrosymmetric hexag-
onal nanotubes!'® and 2D crystals.’>13] In particular, it has been
shown that it is possible to express the piezoelectric coefficient
in terms of the valley Chern number.’! For the case of interest
here, the piezoelectric coefficient of hBN takes the simple form
Y=N———Cuty =291x10™  Cm!, where 1 = 3.3 is the electron-
ay . . . . . .

phonon coupling in hBN,[3 g, =1.44 A is the interatomic dis-
tance, e is the elementary charge, and Cupe =Z 7C, =sign(A)

is the valley Chern number, where 7 is the' valley index,
A = 5.97 eV is the hBN bandgap, and C, = 7sign(A)/2. We refer
to Experimental Section and Supporting Information for details
in the numerical simulations steps. From these calculations, we
obtained the energy density generated by the piezoelectric effect
(Figure 1g), and the spatial distribution of the electronic polari-
zation P(r) and the piezoelectric charge density p(r) (Figure 1h).
Our simulations predict high contrast in energy density in the
strained areas around the bubbles in correspondence of piezo-
electric charge densities, in good agreement with our observa-
tions (Figure 1d). This can be understood as the EFM electric
signal detects the electric field variations arising from local
charge densities.l'% Our simulations predict a minimum in
the center of the bubbles, which we experimentally detected
in some of the EFM electric images (Figure 1b). However, the
EFM contrast over the bubbles is affected by other important
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contributions in addition to piezoelectricity, including the die-
lectric properties of the molecules trapped inside, as already
mentioned above, possible doping effects arising from them,
and topographic artifacts. Therefore, we limited our analysis to
the experimental contrast observed outside the bubbles, where
atomically flat and clean interfaces are present as a result of the
self-cleansing mechanism of hBN crystals which pushes con-
tamination away from the interfaces and gathers it into bub-
bles.l'”] We theoretically analyzed the triangular bubble at dif-
ferent orientations with respect to the crystallographic axes (see
Figure S15 in the Supporting Information). We found that the
energy density distribution does not depend on the bubble ori-
entation, which is also consistent with our experimental obser-
vations. We note that a slight anisotropy in the contrast was
experimentally detected around some bubbles. We attribute it
to the asymmetries and imperfections of real bubbles as com-
pared to the perfectly symmetric shapes of the bubbles that we
simulated as well as to the asymmetric shape and scan angle of
the AFM probe used in the experiments.

To better understand the experimental results, we inves-
tigated their dependence on the bottom layer used in our
experiments. To this aim, we fabricated and measured het-
erostructures in which the monolayer hBN was transferred on
a graphene layer instead of hBN crystals. Figure 2 plots rep-
resentative experimental results for monolayer hBN on top
of graphene. As shown in the topography image (Figure 2a),
we found bubbles and creases with size and shape similar to
those observed on hBN crystals. The corresponding EFM elec-
tric image (Figure 2b) also shows bright contrast in many flat
areas extending hundreds of nanometers around and between
bubbles and creases, as in the case of using hBN crystals as
bottom layer. This contrast again vanishes in the corresponding
dielectric image (see Figure S6¢ in the Supporting Infor-
mation), showing no features around or between bubbles.
Images obtained in other regions confirm these observations
(see Figure S6d-f in the Supporting Information). Again, we
did not observe any bright feature in the electric images in
the absence of bubbles and creases (see Figure S7 in the Sup-
porting Information). We thus conclude that the local electric
variations observed in our experiments do not originate in the
bottom layer. They are the consequence of the strain in the
hBN monolayer around bubbles and creases, in agreement
with our theoretical analysis. As a further evidence, we found
that for monolayer hBN on graphene, such bright areas tend
to extend over larger regions and have higher directionality
than those found on hBN crystals (see also Supporting Infor-
mation). Figure 2d is a close-up electric image in one of these
regions between two bubbles in monolayer hBN on graphene.
The corresponding topography image (Figure 2c) reveals the
presence of atomically thin creases (height =3 A) connecting
the two bubbles. Figure 2e shows a high-resolution topographic
image of a region around another bubble where atomically
thin creases are clearly visible. These ultrathin creases, which
are associated with strain concentration and release around the
bubbles,*!8 produce additional strain and, therefore, generate
an electric field that concentrates between bubbles. To support
this conclusion, we simulated the case of two elliptical bubbles
in the presence of atomically thin creases (Figure 2f~h), which
mimic the ones observed in Figure 2c (see also Figure S17,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Monolayer hBN on graphene. a) Topography of a representative region with bubbles and creases. The dashed line separates a monolayer area
(main part of the image) from a bilayer terrace (bottom right corner). b) Corresponding EFM electric image, showing enhanced contrast around and
between bubbles in the monolayer. c) Zoom-in on the region indicated by the rectangle in (a) showing atomically thin creases (marked by black arrows)
between two bubbles. The inset is the topography profile taken along the blue line. d) Corresponding electric image, showing enhanced contrast in
correspondence of such ultrathin creases. e) High-resolution topography image close to another bubble where ultrathin creases are clearly visible.
The inset is the topography profile taken along the blue line. f) Simulated topography of two elliptical bubbles connected by atomically thin creases and
corresponding calculated g) electric-field energy density, and h) polarization (vector field) and charge distribution (colormap). Color scales (from dark to
bright): topography 20 nm in (a), 2 nm in the rest; EFM 1.5 V; electric field energy density 75 uV A% charge distribution —6 x 102 (green) to 6 x 10'2 (pink)
e~ cm2. The height of the bubbles in (c), (e), (f) was 20 nm, the color scale in these panels was adjusted to 2 nm to visualize the atomically thin creases.

Supporting Information). The calculated electric field energy
density image (Figure 2g) clearly exhibits higher contrast that
extends between the two bubbles and matches the bright con-
trast observed in the EFM image in Figure 2d.

To further support our experimental results, we fabricated
and measured a series of control heterostructures for which
no piezoelectricity is expected. In particular, we investigated
the case of bilayer hBN, where the center of symmetry is
restored, as well as the case of graphene, which is centrosym-
metric because of the presence of the same element in the
two sublattices of its unit cell. Figure 3 shows representative
topography and EFM electric images of three heterostructures:
bilayer hBN on thick hBN crystals, bilayer hBN on graphene,
and graphene on graphene. Images were taken under the same
experimental conditions as in Figures 2 and 3. In all the cases,
we found bubbles of similar size and shape as those found
in monolayer hBN (Figure 3a,c,e). The EFM electric images
(Figure 3b,d,f) showed the usual high contrast over the bubbles
due to the presence of trapped molecules, but no features out-
side the bubbles, in contrast with our observations in monolayer
hBN (also see the dielectric images in Figure S8 in the Sup-
porting Information). We consistently found this behavior for
all the bubbles in bilayer hBN irrespective of the bottom layer
as well as in graphene on graphene. Figures S9 and S10 in the
Supporting Information report additional images of different
areas and bubbles in the control heterostructures. Further-
more, Figure S11 in the Supporting Information shows AFM
and EFM images of few-layer hBN on both thick hBN crystals
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and graphene layers, in which we did not observe any sign of
electric contrast outside the bubbles. All these experimental
observations agree with the expected absence of piezoelectricity
in bilayer and bulk hBN as well as in graphene. This strongly
supports our interpretation of the electric contrast found in
monolayer hBN as evidence of piezoelectricity. This also proves
that other possible sources of contrast such as doping effects
arising from the underlying layer, the presence of adsorbates
or free carriers, which are not included in our simulations, are
negligible, otherwise we would have detected them in these
control measurements. Finally, we note that we found the pres-
ence of atomically thin creases around the bubbles in graphene
over graphene (Figure S10d in the Supporting Information)
similarly as in monolayer hBN on graphene. However, no con-
trast was observed in the corresponding electric images. This
clearly rules out that the strain-induced electric field detected
in monolayer hBN in the presence of such ultrathin creases
(Figure 2d) originates in the underlying graphene. It again
supports our interpretation of such contrast as sign of piezo-
electricity in the monolayer hBN.

In summary, the experimental evidence that we have pre-
sented here clearly indicates the generation of piezoelectric
fields in highly strained monolayer hBN. We directly visual-
ized the local electric field generated in the monolayer by
strained regions around bubbles and creases, irrespective of
the underlying substrate, while this is absent in bilayer hBN,
few-layer hBN, and graphene, in agreement with the theory.
We calculated the piezoelectric coefficient of hBN, obtaining

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Control heterostructures: top) bilayer hBN on thick hBN crystal,
middle) bilayer hBN on graphene; and lower) graphene on graphene.
a,c,e) Topography of representative regions with bubbles and creases
and b,d,f) corresponding electric images (see corresponding dielectric
images in Figure S8 in the Supporting Information). Contrary to the
case of monolayer hBN (Figures 1 and 2), no bright areas were detected
around or between bubbles in the electric images. Color scales (from dark
to bright): topography 20 nm; EFM 1.5 V.

y=2.91x 1071 Cm™ (0.9 Cm~2 when normalized by the layer
thickness). This value is comparable to the bulk values of con-
ventional piezoelectric materials such as ZnO, AlN, and lead zir-
conate titanate (PZT) ceramics.') We can estimate the induced
polarization and the electric field energy density due to the
anisotropic strain gradient in our monolayer hBN membranes.
Although they vary strongly, they can reach relatively high levels
in some regions, =102 e~ cm™2 and =107° eV A2, respectively.
These are comparable to the carrier concentration in doped
graphenel?’ and to the energy density in capacitors used in
microelectronic circuits?! if scaled to two-dimensionality. Such
strain-induced electric fields can provide a significant scattering
mechanism if monolayer hBN is used as encapsulation layer
on top of graphene. At the same time, one can envisage that
special distribution of the carrier density in graphene can be
altered via strain in such monolayer encapsulation layer. Alter-
native methods to engineer the local strain could be used, such
as the use of periodic arrays of nanopillars,?2l and locally con-
trol the electric fields. The piezoelectricity of single-layer hBN
opens the door to its combination with other 2D crystals for the
development of devices with novel functionalities and self-pow-
ering potential. These results are also important as they show
that electrostatic scanning probe techniques such as EFM used
here or Kelvin probe force microscopy (which simply employs
an additional feedback to detect electric variations at the first
harmonic, ) are able to detect piezoelectricity of materials on
the nanoscale.
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Experimental Section

Samples Preparation: Samples were fabricated using the standard dry
transfer technique. Briefly, monolayer hBN was mechanically exfoliated
and identified on a double-polymer layer of polymethylglutarimide
(PMGI) and poly(methyl methacrylate) (PMMA). The PMGI layer was
developed from beneath the PMMA layer to create a free-standing and
easily manipulated membrane with the crystal on top. The membrane
was then inverted and positioned above the bottom layer (thick hBN
or graphene) using a set of micromanipulation stages—with accuracy
better than 5 um. The crystals were then brought into contact. The
PMMA was removed by simply peeling back the membrane, meaning no
solvent come into contact with either crystal to preserve the cleanliness
of the top surface.

AFM and EFM Imaging: Simultaneous AFM and EFM images
were acquired using a Nanotec Electronica AFM (see Supporting
Information Section S1 for details). The EFM force gradient was
measured at the first and second harmonic by using a phase-lock
loop and a multi-frequency lock-in amplifier (Zurich Instruments).
n-Doped silicon probes were used (Nanosensors PPP-FMR and PPP-
XYNCSTR, mechanical resonance frequencies =65 and 137 kHz and
spring constants =1.8 and 5.3 Nm™, respectively), calibrated using
the Sader's method.?’] Doped silicon tips had the advantage of a tip
radius of only a few nanometers, one order of magnitude smaller than
the typical radius of metal-coated probes, thus increasing the lateral
resolution of both topography and EFM images. Furthermore, unlike
metal-coated probes, n-doped silicon probes suffered no substantial
tip modifications during imaging and, therefore, ensured stable
measurement conditions.?* The cantilever was oscillated in resonance
with free amplitudes below 20 nm and setpoints imposing minimum
amplitude reduction. The cantilever was excited with an AC voltage
of amplitude 4-6 V and frequency 1.8 kHz. These measurement
conditions were carefully chosen to minimize all possible sources of
cross-talk.?’l The data were acquired and processed using WSxM
software.?%] All EFM images in this work were presented with the same
scale, contrast, and offset for better comparison.

Theoretical Calculations: For a given strain profile, the induced charge
density was obtained from the local variation of the polarization as
p(r)=en(r)=-V-P(r)=—y2-[VxA(r)] The numerical calculation
involved the following steps (see Supporting Information Sections S3
and S4 for details): i) The equilibrium configuration of a deformed single-
layer hBN membrane (61200 or 242 000 atoms, depending on the
cases, clamped boundary conditions) was obtained from the numerical
solution of the discretized elasticity equations for a given shape (e.g.,
circular, triangular, or elliptical bubbles). ii) The solution gave the strain
fields uj(r) generated in the crystal that minimize the energy, which
entered in the vector potential A(r) and which was used to calculate the
spatial distribution of electronic polarization P(r), piezoelectric charge
density p(r), the energy density generated by the piezoelectric effect
ug(r) = |P(r)|*/ (2&,4), where €, is the dielectric constant of the hBN film.

Supporting Information

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