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a b s t r a c t

Strain engineering in graphene nanobubbles (GNB) has made significant progress in recent years opening
new possibilities to observe quantum phenomena such as Newton's ring oscillation and generation of
pseudomagnetic field. Here, we demonstrated that controlled formation of graphene nanobubbles is
possible on transferred graphene on standard SiO2/Si substrate by the application of external electric
field through the tip of piezoelectric force microscope (PFM). We manipulated their dimensional attri-
butes (height, area and volume) by varying tip ramp voltage and tip distance. Prominent out-of-plane
piezo-response (flexoelectricity) was observed using PFM in the newly created nanobubbles due to
the presence of non-uniform strain gradients in the nanobubbles. Moreover, we found quadratic
dependence of the effective piezoelectric coefficient proportional to the increasing bubble creation ramp
voltage. Our work motivates the exploration of flexoelectric properties and related applications with 2D
nanobubbles on different substrates.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The transfer of single layer graphene [1,2] on different substrates
(e.g. 285 nm SiO2/Si) often causes the formation of minute bulges (a
few hundred nanometers up to several microns) on the SLG surface,
reminiscent of the so-called graphene bubbles or blisters [3,4].
These structures originate from the entrapment of air molecules
between the SLG sheet and the underneath substrate and have
shown fascinating optical properties in the recent years [3,5]. For
example, optical standing waves formed in the vicinity of the gra-
phene surface are reported in large graphene bubbles with spectral
signature of size dependent oscillations in intensity and frequency
in the Raman spectra [5]. The curvature of the graphene bubbles is
known to vary with applied external electric field. This effect can be
used for adaptive lensing applications [3]. Moreover, under the
influence of anisotropic strain gradient the bubbles can generate
quasi-constant pseudomagnetic field and manifest further opening
of band gap [6,7]. In fact, strain engineering in graphene have been
shown to influence the electronic properties significantly, paving
the way to the investigation of piezoelectricity in graphene. The
.

centrosymmetric crystal structure of graphene prohibits the exhi-
bition of any piezo property in its pristine state. However, it can be
induced by breaking the inversion symmetry by doping, in-line
defects or deformations which lead to specific strain gradients
and internal polarization within the material [8e13]. It was
observed that vertical piezoresponse in suspended graphene sheets
were able to yield a high piezoelectric coefficient that is comparable
to traditional well-known piezo materials such as lead zirconium
titanate (PZT) [8]. Since then many 2D materials were predicted to
exhibit large piezoelectric effects [14e16]. Recent reports regarding
the out-of-plane piezoresponse in MoS2 and other transition metal
dichalcogenides [17e20] also provide further such evidence.
Moreover, piezoelectricity in monolayer hexagonal boron nitride
bubbles was reported where non-uniform strain induced charge
density r is expected to appear due to the variation in the local
polarization P, since rðrÞ ¼ �V:PðrÞ: [21,22] Furthermore, theoret-
ical investigation of flexoelectricity in crumpled thin sheets by
Wang et al. [23] established scaling laws for their electromechan-
ical behavior to prove that an extremely strong flexoelectric
response is achieved at submicron length scales. Zhuang et al. [24]
proposed a theoretical mechanical bending scheme that eliminates
the piezoelectric contribution to the total polarization, which
facilitated the direct measurements of the flexoelectric constants.
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Moreover, while flat 2D materials like graphene have low flexo-
electric constants due toweakp-s interactions, buckling is found to
increase the flexoelectric constants in monolayer group-IV ele-
ments. Low-dimensional biological membranes and 2D hollow
spheres have emerged with excellent flexoelectric response from a
wide range of applications such as nano-generators, artificial
muscles, micro-robots and MEMS [25,26]. In recent years, aligned
GaN nanorod on graphene sheets have been demonstrated as a
potential candidate for transparent piezoelectric flexoelectric ma-
terial with a wide range of applicability as self-powered nano/
biosensors, and piezo-phototronic effect enhanced solar cells and
light-emitting diodes [27].

It is well-known that applying a voltage from an atomic force
microscopy (AFM) tip canmodify the surface of SLG by deformation
and/or electrochemical processes [28]. However, the bigger ques-
tion is whether it can also create a bubble with possibility of
piezoelectricity? Recently Jia et al. [7] showed that it was indeed
possible e at least on the Ge substrate on which the graphene was
grown and whose specific properties enabled the formation of
graphene nanobubble (GNB). Their work demonstrated program-
mable creation of GNB by applying negative tip voltage in AFM
mode on graphene film grown on Ge (110) substrate by chemical
vapor deposition (CVD). According to their findings, GNB are ex-
pected to be produced by voltage excited AFM tips from CVD gra-
phene over clean Ge (110) substrate due to the low GeeH bond
energy. The weak GeeH bond facilitates desorption of hydrogen
atoms from the substrate under a local electric stimulus with
negative tip bias. The hydrogen then forms H2 molecules and fills
the GNB as the surrounding graphene acts as an impenetrable
enveloping layer. Is a Ge substrate necessary, or is a similar result
can be achievable with transferred graphene using standard sub-
strates? Here, we attempt this tackle this problem and we
demonstrate the creation of nanobubbles in transferred graphene
onto 285 nm SiO2/Si substrate by applying electric field through the
AFM tip and present an in-situ piezo-effect investigation of the
created GNB.

2. Experimental part

2.1. Sample preparation

Preparation of graphene film was carried out using a standard
method [29e31] in a closed chemical CVD chamber Nanofab (Ox-
ford Instruments) on a 25 mm-thick copper foil (99.9%, MTI cor-
poration). Before the deposition, the Cu Foil was cleaned in a mild
ultrasonication bath consecutively for 10 min with de-ionised (DI)
water, followed by isopropyl alcohol and finally in DI water again
before letting it dry and flushing with nitrogen gun to remove all
contaminants and particulates from the surface. Henceforth, the
foil was first annealed at 1000 �C under 10�4 mbar and 5 sccm Ar
flow for 30 min. Afterwards the Cu foil exposed to the mixture of
hydrogen and methane in 1:7 ratio for 30 min to grow graphene.
The process was finished by a slow cooling process to room tem-
perature. Subsequently, the graphene films were transferred to the
target substrate, 285 nm thick SiO2 film on Si substrate, using a wet
transfer method. The wet transfer method forms a crucial process
to ensure transfer of CVD grown graphene into target substrates
without contaminant residues of the adhesion layer and intro-
ducing defects in the graphene. Generally, poly methyl methyl-
acrylate (PMMA) is a standard organic polymer used as a thin
adhesion layer during wet transfer of graphene [32e34]. However,
it is often observed that PMMA residues tend to stick to the gra-
phene surface as contaminants even after its removal using organic
solvents which affects the quality of the transferred graphene [35].
Hence, in order to circumvent this issue, we have chosen rosin
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based wet transfer method [36] instead of PMMA in the current
context to achieve high quality of transferred graphene.

A thin layer of rosin (Alfa-Aesar, dissolved in ethyl lactate with a
concentration of 50 wt%) was spin-coated on the CVD-grown gra-
phene film at 500 r.p.m. for 10 s and 1200 r.p.m. for 60 s. Then, the
rosin layer was air dried at room temperature for 24 h followed by
etching the Cu foil in an aqueous solution of ammonium persulfate
to obtain a rosin/graphene stack floating on the solution. After that,
the rosin/graphene stack was collected on the target substrate and
taken out from the solution. The rosin/graphene/target substrate
was first treated at 40 �C for 1 h, and then the temperature was
slowly increased to 120 �C during the next 20 min to evaporate the
residual water. Finally, the rosin layer was dissolved by acetone
(Analytical reagent, 99%) and isopropyl alcohol solutions (Analyt-
ical reagent, 99%) in sequence and then flushed using high-purity
nitrogen for drying and residual of the unwanted surface residues
before characterizations [36].

2.2. Piezoelectric force microscopy

Bruker Dimension ICON system was utilized to create approxi-
mately 100 GNBs by applying electric potential through the pie-
zolectric force microscopy (PFM) tip to measure the morphologies
and PFM response at ambient conditions. For the graphene bubbles
fabrication, antimony doped Si AFM tips (SCM-PIT V2, Bruker) with
spring constant 3 N/m were chosen. PFM images were acquired at
resonant a.c. voltage (265 kHz) with the amplitude a.c voltage at
3 V. All the images were processed using open-source software
package Gwyddion [37]. The correlation length T was calculated as
the distance at which the one-dimensional autocorrelation func-
tion along the scan lines of the surface topography decays to 1/e.
The bubble height hmax was computed as the difference between
maximum andminimum height within the marked bubble area, its
lateral radius as the radius of a circle with the same area. For the
d33eff evaluation we used the same ramp voltage as for the bubble
creation and to extract the amplitude displacement correlations
from the PFM hysteresis loop.

2.3. Raman spectroscopy

Raman spectroscopy was performed in a standard micro-Raman
set up (Alpha 300R) fromWitec, GmbH. The spectra were collected
in a backscattered geometry with beam diameter (1 mm) and 100�
Zeiss objective (NA ¼ 0.9) using linearly polarized 532 nm laser
excitation source with a 600 gr/mm optical grating.

3. Results and discussion

At first, we tracked the evolution of graphene topography from a
CVD graphene film on a 285 nm SiO2/Si in a time series scan using
PFM mode under resonant frequency condition (265 kHz) with a
static �3 V tip bias (no observable changes were found
below �3 V). Repeated scanning slowly modified the SLG topog-
raphy (Fig. 1ab). We quantified the change in surface morphology
using the correlation length (T). After an initial scan performed
without a driving voltage, T increased slightly for the first PFM scan,
which could be attributed to changes in tip-sample interactions.
Then, it systematically decreased after each scan, approximately
following the dependence TðnÞ ¼ ðan þ bÞ=ð1 þ cnÞ, where n is the
number of times the surface was scanned (Fig. 1c) and a, b and c are
constants. Interestingly, only the characteristic lateral dimensions
of the wrinkles, i.e. the correlation length, were changing. Param-
eters characterizing their vertical scale (such as average or root
mean square roughness) remained constant. The modification of
graphene topography under the tip voltage is consistent with



Fig. 1. Formation of graphene nanobubbles under applied tip voltage (a) Schematic
representation showcasing the change in graphene morphology when potential is
applied through the PFM tip (b) Snapshots depicting the evolution in the topography of
graphene surface under constant voltage tip bias �3V and resonant peak frequency
condition in a time series scan. The pseudocolor mapping range is the same for all
images. The dashed green circle is a guide to the eye showing the region where
prominent changes in the morphology is observed (c) Change of correlation length as a
function of number of image scan fitted by a linear rational function.
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previous observations [28] which suggests more formation of folds/
wrinkles in graphene with time and that strain engineering is
possible using the AFM tip. It also underlines that in electrical
modes we do not just measure the graphene, we also often modify
it, in particular when one region is scanned repeatedly.

Next, we focused on a strategy to create GNB using the AFM tip.
We initially attempted to follow a previously reported protocol by
Jia et al. [7]. The protocol demonstrated programmable creation of
GNBs by applying negative tip voltage in AFM mode on CVD grown
graphene film deposited on Ge (110) substrate. According to their
findings, GNBs are expected to be produced by voltage excited AFM
tips from CVD graphene only over clean Ge (110) substrate due to
the low GeeH bond energy. However, in our case, under a fixed bias
to the AFM tip and scanning the SLG surface. it did not produce any
GNB. In our strategy, the creation of GNB was only possible when
the resonant frequency (265 kHz) a.c. voltage at 3V was applied to
the AFM tip in combination with a negative or positive bias or a
ramp d.c. voltage (from -2V to 2V, -4Ve4V, …, �12Ve12V). A point
was selected in the center of a flat graphene surface area and the tip
voltage was applied for ~4 min (wait time) before rescanning the
same area again to image the newly created GNB. Under the static
bias conditions (no ramp), the production of GNB was not reliable,
especially for applied positive bias. We found that the best condi-
tion, inwhich the GNBs were most consistently produced and most
homogeneous in shape, was the ramp d.c. voltage mode combined
with the a. c. resonant frequency voltage (3 V). We believe that a
ramp voltage facilitates in poling or ‘pre-stressing’ the graphene
surface in a more effective way by varying the voltage from a
minimum to a maximum. This helps to orient the direction of the
dipoles accordingly thus creating a more uniform shaped bubble.

Our observation suggests that GNB can be created using in situ
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by AFM tip under the electric field on transferred graphene as we
successfully obtained them on the standard SiO2/Si substrates. We
believe that the transfer of CVD graphene on a substrate generate
more wrinkles and thereby impacting the final shape of the bubble
under the applied field. The wrinkles are intrinsic part of surface
grown CVD graphene. This is often caused by the difference in
thermal expansion coefficients between graphene and the under-
lying substrate in the cooling process after high temperature
growth. Other conditions can include the surface roughness of the
substrate on which graphene is grown [38,39]. Furthermore, when
transferring CVD graphene on SiO2/Si substrates, some air con-
taining several types of molecules gets trapped inside which can
further generate larger wrinkles or bubbles. These molecules could
be positively or negatively charged. There have several reports
where themechanical properties and stability of bubbles have been
studied in great details by filling the interior with liquids/gases and
under pressurized conditions [40e46] Moreover, depending on the
polarity of the voltage applied through the AFM tip to induce the
electric field on the surface of SLG, one may very well expect the
selective desorption of gases to form the GNB which is reported
previously [7]. We also found that the wait time during which the
tip voltage was maintained on the SLG surface only influenced
whether GNBwere reliably produced (for ~ 4min) or not (for ~30 s).
However, it did not influence the physical attributes of the formed
GNBs as much as the tip voltage and the tip distance did.
3.1. Bubble geometry

Fig. 2a shows the evolution of the GNB formed at different ramp
voltages applied to the tip. Their physical attributes such as area A,
maximum height hmax and volume V are plotted in Fig. 2b as
functions of the ramp voltage (±2e±12V) for a constant tip distance
D of ~20 nm. All the parameters characterizing the size of the
nanobubbles generally increased with increasing the ramp voltage.
However around ~ ±8V a plateau or even a slight decrease seems to
have occurred. The same parameters were determined for the GNBs
created using the fixed ramp voltage ±12V but varying the tip
distance D from 40e100 nm (Fig. 2c and d). All three size param-
eters decreased with the distance. The height and volume
decreased more or less linearly, and their linear fits led to the
conclusion that the GNB would cease to be produced beyond Dmax

~140 nm. The fits gave Dmax ¼ 130 ± 22 nm from the bubble height
and Dmax ¼ 141 ± 5 nm from the volume. In contrast, the area A
decreased with D only up to D ~50 nm but remained approximately
the same for larger distances.

The shape of the bubbles is related to the adhesion energies due
to van der Waals (vdW) interactions between graphene and the
underlying substrate. For zero stress (ε ¼ 0), it should follow a uni-

versal scaling law hmax=R ¼
�

pg
5cY

�1=4
where R is the bubble radius, g

is the adhesion energy between the SLG and the substrate (SiO2/Si), Y
is the Young's modulus and c ¼ 0:7 [7,44,45]. The aspect ratio hmax/R
is plotted in Fig. 3a for the GNB over a wider range of ramp voltages
as a function of the nanobubble radius. Previously, hmax/Rwas found
to be 0.08e0.11 for R > 50 nm, or 0.18 for small GNB filled with
helium gas in the graphene interlayer. In our case, we found a wide
range of aspect ratios due to a more varied GNB shape. Nevertheless,
the average value ~0.07 matches closely the previously obtained
results and indicates the adhesion energy between the underneath
substrate and the graphene layer is small [7]. In addition, we
analyzed the shape of the base contour radius (R), as a function of the
height under different applied ramp voltages and at the constant
20 nm tip distance. It is argued that for the smaller GNB, with radii
R < 50 nm, the bottom part of the base could be fitted by a parabolic



Fig. 2. Evolution of GNB as a function of applied tip voltage and tip distance (a)
Topography of newly created GNB formed under different ramp voltage conditions (b)
Dependence of height, area, and volume of the newly created GNB as a function of
increasing ramp voltage from ±2 to ±12V (c) Topography of newly created GNB formed
under different tip distance conditions (d) Dependence of height, area, and volume of
the newly created GNBs as a function of increasing tip distance from 20 to 100 nm
under fixed ramp voltage ±12V

Fig. 3. Aspect Ratio and radial base profile of GNB (a) Aspect ratios of GNB as a
function of the base radius under different applied tip voltage (ramp mode). The gray
line shows the mean value ~0.07. (b) Radial profiles extracted from nanobubbles
formed under different ramp voltages. The dotted circles act as a guide to the eye to
depict that the shape of the radial profile mostly following a mixed Gaussian and
parabolic distribution. The inset figure shows one such example of GNB having a mixed
radial profile distribution formed under applied ramp voltage ~±8V
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function zðrÞ ¼ hmaxð1�r2 =R2Þ;where hmax is the maximum height
from the base and R is the radius of the bubble in accordance with
the membrane model [47]. However, in our case, the top part (apex)
in most of the nanobubbles transformed to a Gaussian profile
described by the equation zðrÞ ¼ hmaxexp

�� r2=2s2
�
, where s is the

width of the Gaussian profile. This change of the radial profile from
the base to the top apex for larger GNB (R � 50nm) was observed
previously [7] and is mainly attributed to the weakening of the vdW
interactions, which strongly varies with the distance between the
substrate and graphene as the radius of GNB changes. Selected radial
profiles of the GNB are plotted from ±2 to ±12V (ramp voltage) to
reveal this complex relationship as shown in Fig. 3b.
3.2. Piezoresponse

The measured piezoresponse of a 2D material can be classified
as piezoelectric or flexoelectric in nature. Piezoelectricity is
described by a third-order tensor resulting from uniform strain
mainly consists of ‘in-plane’ polarization and sometimes accom-
panied by ‘out of plane’ polarization [17,48]. On the other hand,
flexoelectricity is defined strictly as strain gradienteinduced po-
larization or electric gradienteinduced strain in crystalline solids,
described by the fourth-order tensor explicitly generating out of
plane (vertical) polarization only in the z-direction [17,19].
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Furthermore, flexoelectricity has no crystallographic constraint
[48], but a large strain gradient is needed to observe it. This is more
feasible at nanoscale material where a large gradient can be ach-
ieved by a small strain [18]. The polarization tensor can be written
as Pi ¼ eijkεjk þ fijklvεjk=vxl, where εjk is elastic strain (eijkεjk ¼ 0 for
non-piezo materials),eijk is the piezoelectric coefficient) and fijkl is
the flexoelectric coefficient [48e50]. Hence, even in the absence of
native piezoelectricity, the polarization exists due to non-uniform
strain, breaking the inversion symmetry and forming electrome-
chanical couplings. In recent reports, Kang et al. [19] mentioned the
role of surface corrugations in the generation of strain gradients in
MoTe2 for out-of-plane flexoelectricity, which is also relevant for
the GNB. Hence, the generation of piezoresponse and flexoelec-
tricity in modified graphene structures is plausible.

In Fig. 4abc, we show the PFM images (topography, phase, and
amplitude) measured as out of plane (vertical) piezoresponse of a
GNB created using ±10 V ramp and 20 nm tip distance. During our
measurements, no conclusive evidence of in-plane piezoresponse
was observed. We attribute the out of plane piezoresponse in the
GNB purely to flexoelectricity. It is evident from the images that the
shape of the nanobubble has a uniform slightly elongated contour
with good out-of-plane phase and inverted amplitude contrast due
to electromechanical coupling. As a measure of quantifiable out of
plane piezoresponse or flexoelectricity under the electric field, the
PFM signal calculates the piezoelectric coefficient d33 from PFM
signals. However, experimental uncertainties because of other
contributing factors such as electromechanical effects, electrostatic
effects, instrumental noise and topographical artifacts are always



Fig. 4. PFM response of the GNB (a) Topography, (b) Amplitude and (c) Phase image; (d) Amplitude displacement dependence as a function different ramp voltage. Driving a.c.
voltage is 3V at frequency ~265 kHz (e) Relationship between d33eff calculated from (d) as a function of bubble creation voltage (ramp voltage) with fitted quadratic dependence for
voltage <±12V (95% confidence intervals) (f) Schematic representation of local distribution of the strain gradients ðdzÞ depending on the shape and the radial profile of the bubbles
under applied electric field.
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present. Hence, in actual PFM experiments, it is popularly defined
as the effective piezoelectricity coefficient ðd33eff Þ [17]. There are
several methodologies reported in literature to evaluate the
piezoelectric coefficient in 2D materials.[8,9,17,20,48]. We esti-
mated the maximum effective piezoelectric coefficient d33eff to be
0.13 nm/V from the linear portion of the PFM hysteresis loop
(Fig. 4d) in the nanobubbles [51]. Furthermore, we find that d33eff
increases as a function of bubble creation voltage (ramp voltage) as
shown in Fig. 4de. For V < ±12 V, it can be fitted with a simple
quadratic function of the type d33eff ¼ d0 þ cV2, where d0 and c are
constants (Fig. 4e). The value for ±12 V (ramp mode) lies clearly
outside this trend as the coefficient seems to decrease again. A
possible explanation could be is that the highest voltage induces
substantial strain and thereby the GNBs undergo a structural
relaxation at the apex forming kinks/dents (supplementary infor-
mation), which in turn reduces the d33eff observed after GNB cre-
ation. In Fig. 4f, we provide a schematic representation to illustrate
the out-of-plane piezo-effect in the nanobubbles. We surmise that
the d33eff obtained for the different bubbles corresponds to the
average of all the local strain gradient displacements depending on
the radius or the shape of the bubbles under applied electric field.
4. Conclusions

We have created graphene nanobubbles in the single layer
681
graphene transferred on the traditional SiO2/Si substrate by
applying ramping voltage through the AFM tip. We investigated the
dimensional parameters (height, area and volume) of the nano-
bubbles as a function of the ramp voltage and tip distance. All
three-dimensional parameters seem to increase with increasing
ramp voltage but decreased with increasing tip distance except for
the area which remained constant beyond distance of 50 nm.
Furthermore, we confirm that the creation of GNB by AFM tip can
be independent of the underlying substrate and controllability of
the dimensional parameters is possible with transferred graphene.
We used PFM technique to measure the out of plane piezoresponse
or flexoelectricity in the nanobubbles resulting from the non-
uniform strain gradient distributed within the nanobubbles with
complementary phase-amplitude contrast. We estimate the
maximum d33eff from the PFM signal ~0.13 nm/V and observe
quadratic dependence with increasing bubble creation voltage. We
believe our work provides an impetus for creation of nanobubbles
with AFM tip under electric field to probe the flexoelectric prop-
erties with other 2D materials such as MoS2, WS2 etc. transferred
on different substrates for potential piezoelectric applications.
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