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dvances in nanoscale fabrication are
leading to remarkably innovative de-
vices for electronics, photonics, en-
ergy harvesting, and other applications.' *
Microelectromechanical systems (MEMS)
are being extended to the nanoscale (NEMS)®
in the context of nanosized actuators,®’
motors,® robots,” and locomotive devices.°
The engineering of strain in the 2D material
graphene'’ may provide avenues to novel
2D electronic devices."~"? A fundamental
challenge with these technologies is being
able to dynamically control motion and
deformation at the nanoscale. Piezoelectric
materials are frequently used for dynamical
control of material deformation by the ap-
plication of an external electric field and are
central to a wide variety of applications from
pressure sensors?° to acoustic transducers?'
to high voltage generators.? Unfortunately,
nanocarbon materials like 2D graphene are
not intrinsically piezoelectric and are there-
fore notamenable to control with moderate
electric fields. One would like to make gra-
phene piezoelectric to endow dynamic con-
trol on existing graphene-based electronics
and other devices. Piezoelectricity is tradi-
tionally thought to be an intrinsic property
of a particular material phase, for example,
wurtzite structure. On the contrary, here we
find that piezoelectricity can be engineered
into intrinsically nonpiezoelectric graphene.
This new phenomenon is nanoscale, lacking a
direct bulk analogue,?*?* and provides prac-
tical paths toward manipulation and dynamic
control of the optical, chemical, electronic,
and other properties of nanoscale devices.
Graphene is a one-atom thick layer of
carbon atoms arranged in a honeycomb
lattice. This 2D carbon material has a num-
ber of anomalous optical and electronic
properties, including extraordinarily high
carrier mobility and being a zero band gap
semimetallic conductor where the valence
and conduction bands intersect at a single
Dirac point. It is extremely mechanically
flexible and one of the strongest known
materials.?* Graphene's realized applica-
tions include field-effect transistors (FETs)
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We discover that piezoelectric effects can be engineered into nonpiezoelectric graphene
through the selective surface adsorption of atoms. Our calculations show that doping a single
sheet of graphene with atoms on one side results in the generation of piezoelectricity by
breaking inversion symmetry. Despite their 2D nature, piezoelectric magnitudes are found to
be comparable to those in 3D piezoelectric materials. Our results elucidate a designer
piezoelectric phenomenon, unique to the nanoscale, that has potential to bring dynamical
control to nanoscale electromechanical devices.
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and membranes that can be used to trap
gases.* Recent experimental work has shown
that it is possible to modify bilayer
graphene's electronic properties by applying
an electric field normal to the plane.' Further
experimental control over electronic prop-
erties has been demonstrated in strained
graphene,® %7 where strain is found to
have an effect similar to the application of a
strong magnetic field.'> Numerous theoreti-
cal efforts predict that the control and en-
gineering of strain could lead to devices
where electronic and optical properties can
be manipulated using strategic mechanical
deformations, dubbed straintronics.'*~'528
Strain can be measured using a variety of
experimental approaches,*?°3° and some of
the first steps toward dynamical, reversible
control of strain and ripples in graphene have
been demonstrated utilizing temperature
changes coupled to graphene's thermal ex-
pansion properties.'

* Address correspondence to
evanreed@stanford.edu.

Received for review October 31, 2011
and accepted December 23, 2011.

Published online December 23, 2011
10.1021/nn204198g

©2011 American Chemical Society

VOL.6 = NO.2 = 1387

1387-1394 = 2012 @%{x)

WWwWW.acsnano.org



In this work, we demonstrate that piezoelectricity
can be engineered into graphene by chemical
doping. A key characteristic of piezoelectric materi-
als is that they belong to a noncentrosymmetric
point group (i.e., material without an inversion
center).?' Unlike its boron nitride counterpart,
2D h-BN,** 3% graphene exhibits inversion symmetry,
and thus, is not intrinsically piezoelectric. This in-
version symmetry element must be broken in order
to induce piezoelectricity. This can be accom-
plished by the adsorption of atoms on the surface
of graphene only on one side. Unlike the case of
2D h-BN, the patterned adsorption of atoms allows
one to selectively control the spatial regions on the
sheet that are endowed with piezoelectricity. The
one-sided doping of graphene and spatial control
of adatom distribution required to achieve the
structures considered in this work have been de-
monstrated in recent experiments.3>~3°

Chemical doping of graphene with adatoms is an
active research area for both experiments*®*’ and
theory.**~* Hydrogen and fluorine covered graphene
(graphane and fluoro-graphene) have both been real-
ized in the laboratory and are found to be chemically
stable at ambient conditions.>*~>” Both of these ma-
terials have been synthesized in a form with adatom
coverage on only one side of graphene, among the
cases considered in this work. Surface structure and
island formation of alkali metal atoms have also
been studied on graphene and graphite.*'*5>° we
use density functional theory (DFT) to calculate the
stress and strain piezoelectric coefficients for a vari-
ety of experimentally realizable adatoms on gra-
phene and compare them to other piezoelectric
materials. Furthermore, we examine how the piezo-
electric coefficients vary as a function of adatom
surface coverage.

RESULTS AND DISCUSSION

Our piezoelectric coefficient calculations are per-
formed using DFT implemented within the Quantum-
ESPRESSO ab initio software package®' where exchange
and correlation effects are described using the spin-
polarized generalized—gradient corrected Perdew-
Burke-Ernzerhof (PBE) approximation.”> We have ex-
amined cases where graphene is doped with a uniform
coverage of lithium (Li), potassium (K), hydrogen (H),
and fluorine (F) atoms. We have also considered two
different atom dopants on opposite sides, such as H
and F, or F and Li. The unit cell and position of the
adatoms used in this work are shown in Figure 1. For all
cases, we employ periodic boundary conditions such
that each adatom is associated with two carbon atoms.
Our DFT calculations show that both Li and K prefer to
bind to graphene at the hollow site, which is the center
of the honeycomb, giving these structures hexagonal
(6mm) point group symmetry. On the basis of the top
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Figure 1. Unit cells for each of the adatom cases studied are
highlighted in yellow. Periodic boundary conditions are
employed in all cases.

site (directly over a carbon atom) bonding of covalent
interactions,®®>* we take H and F to bind at the top site
resulting in trigonal (3m) symmetry. For the cases
involving two atoms, both result in trigonal (3m) sym-
metry due to at least one of the two atoms binding at
the top site. The point group symmetries for each of
the six configurations mentioned above are summar-
ized in Figure 2b. These are compared to point group
symmetries for pure graphene (6/mmm) and hexago-
nal boron nitride (32) in Figure 2a. Of these, the 6mm,
32 and 3m point groups are noncentrosymmetric and
therefore piezoelectric.

From the point group symmetry, we can determine
which piezoelectric coefficients are nonzero (see Sup-
porting Information).3! In this work, we focus on cal-
culating the ds; and e3; coefficients, which are pre-
dicted by symmetry to be nonzero and are common to
all six configurations depicted in Figure 2b. These
coefficients relate in-plane strain to electric field and
electrical polarization normal to the plane, and are
relevant for the gate voltage geometries utilized in
FETs.

Figure 3a shows how equibiaxial in-plane strain (i.e.,
equal strain in the 1- and 2-directions) of graphene
varies as a function of electric field applied perpendic-
ular to the surface for the configurations in Figure 2b.
This applied field was modeled using a periodic saw-
tooth potential®* where the width of the saw was 10 A.
Comparing to pure graphene, we see that doping with
atoms changes the electromechanical properties. We
find that there is an approximately linear relationship
between the field and strain at field amplitudes be-
tween —0.5 to 0.5 V/A for many of the atom cases we
have tested. The magnitudes of these fields are experi-
mentally achievable in graphene devices.' The slope of
each line gives the strain piezoelectric coefficient, ds;,
for each atom (see Supporting Information). The ds;
coefficients for all cases are highlighted in Table 1. We
observe that there are significant variations in piezo-
electric properties with respect to the dopant, more
than a factor of 3. Binding F to graphene results in
a very small change to the piezoelectric coefficient.
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Figure 2. (A) Point group symmetry for graphene and
hexagonal boron nitride (h-BN). Red box around point
group label indicates inversion symmetry is present. h-BN
lacks inversion symmetry, leading to piezoelectricity. (B)
Point group symmetry of lattice unit cells for each case of
atom adsorption considered here. We employ periodic
boundary conditions. In all cases, inversion symmetry is
destroyed, leading to piezoelectricity. A hexagon or triangle
in the center represents a Cg or C; rotational axes, respec-
tively, while dotted lines indicate mirror plane symmetry.
Gray ovals represent a 2-fold rotational (diad) axis and a
white dot in the center indicates a rotoinversion symmetry.
Carbon atoms are colored black, boron atoms are colored
red, and nitrogen atoms are colored blue. White-labeled
atoms indicate binding above the graphene sheet while
yellow-labeled atoms indicate binding below the sheet.
Hexagonal or trigonal point group symmetry results if an
atom prefers to bind at the hollow site or top site.

A similar observation is made when binding H and F
together on opposite sides of graphene. Both alkali
metal atoms that we tested (Li and K) result in moder-
ate changes in piezoelectricity. We find that adding F to
the top site (over a carbon atom) and Li to the hollow
site on the opposite side gives the largest value of ds;.

For context, we would like to compare our calculated
values to values of known piezoelectric materials. We
find that the maximum ds; coefficient that we calcu-
lated (3.0 x 10~ " pm/V) is comparable to a theoretical
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value of 3.3 x 107" pm/V for wurtzite boron nitride
(BN)** and a factor of 3 lower than that of wurtzite GaN
(—=1.0 pm/V).>® The latter are both 4-fold coordinated
3D materials with completely different structures than
the 2D materials. Despite these differences, the piezo
coefficients for doped graphene are comparable. Note
that the sign of the ds; coefficient will depend on the
choice of the 3-axis direction.

To determine the e3; piezo coefficients, we have
calculated the polarization change perpendicular to
the surface as a function of equibiaxial in-plane strain
in Figure 3b. For low strains between —1% to 1%, we
find that the relationship is linear for all atoms. The
slope of each line gives twice the es; piezoelectric
coefficient for each atom due to the equibiaxial in-
plane strain employed (see Supporting Information).
Table 1 shows that both alkali metals have the highest
piezoelectric coefficients, almost twice as much as the
other cases tested. Unlike the d5; coefficients, we find
that the addition of Li to F on graphene does not lead
to a significant enhancement of the e3; coefficient.

To make a direct comparison to a 3D material like
wurtzite BN or GaN, we must take into account the
difference in dimensionality since the coefficient units
for 2D materials are charge per unit length, while for 3D
materials, they are charge per unit area. A rough ac-
count can be made for the dimensionality>* by divid-
ing the e3; coefficient of Li adsorbed on graphene by
the graphite interlayer spacing of 3.35 A,>” providing a
value of e3q3p of 0.17 C/m?. We have also computed
e313p using the elastic stiffness tensor of graphite®®
and our calculated ds;, yielded a similar value of
0.19 C/m? (see Supporting Information). Comparing this
to the calculated ey, 5p of 0.731 C/m? for 2D h-BN,*? it is
smaller by more than a factor of 4. However, the e;; and
e3; coefficients are not directly comparable since the eq;
coefficient is generally larger. If we compare our calcu-
lated es; 3p to those of other bulk materials, we find it is
within a factor of 2 of the theoretical value®® of 0.31 C/
m? obtained for wurtzite BN and approximately a factor
of 3 less than the experimental value®® of —0.55 C/m? for
wurtzite GaN. It is notable here that the polarization
magnitudes in the graphene case have the potential to
be larger than those of wurtzite GaN due to the larger
elastic strains achievable in graphene before elastic
failure (critical strain larger than 10%).2* Our results for
both the stress and strain piezoelectric coefficients
demonstrate that it is possible to engineer piezoelec-
tricity into graphene that is comparable to known
piezoelectric materials.

Since it might be expected that piezoelectric effects
should be observable only for sufficiently large dopant
concentrations, we have examined how the piezo-
electric coefficients change as a function of atom
coverage. Using lithium as an example, we modeled
a range of atom coverage densities by putting a single
Liatomonal x 1,2 x 2,3 x 3,and 4 x 4 graphene
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Figure 3. (A) An external electric field applied perpendicular to the graphene sheet induces an equibiaxial strain in the plane
of the sheet. This results in a linear relationship between the electric field and strain at low fields, the slope of which gives the
ds, piezoelectric coefficient. Shown are calculations for the atom dopants depicted in Figure 1. Inset indicates the direction of
the positive electric field. (B) Applying an equibiaxial in-plane strain to graphene induces a change in the polarization
perpendicular to the sheet. At low strains, this relationship is linear where the slope gives twice the es; piezoelectric
coefficient. Inset designates the direction of positive polarization.

TABLE1. Values for the ds; and e;, Piezoelectric Coefficients
for All Atom Cases”

atom(s) d;; (pm/V) ey (Um)
Li 15 % 107" 55%x 107"
K 23x 107" 52x 10"
H 11 % 107" 20 x 107"
F 18 %1073 —26x 10"
HF 34 %1072 —31x 107"
FLi 30 % 107" 30 x 107"

“Doping with both F and Li give the largest d3; piezoelectric coefficient while
doping with either Li or K gives the largest es; piezoelectric coefficient.

Figure 4. Different concentrations of Li on graphene. Unit
cell is highlighted in blue and denoted by the formula unit
C,Liwheren=2,8,18,and 32. Periodic boundary conditions
are employed in all cases.

periodic supercell. This is depicted in Figure 4 where
the unit cells are highlighted in blue. These systems are
labeled by the formula unit C,Li where n =2, 8, 18, and
32, respectively. Figure 5a shows the equibiaxial in-
plane strain on the graphene sheet as a function of
electric field. The relationship between the field and
strain varies with the coverage of Li on the graphene
surface. In the inset of Figure 5a, we plot the value of
the ds, coefficient as a function of Li coverage. We find
a maximum in the piezoelectric coefficient at Cgli,
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Figure 5. (A) Equibiaxial in-plane strain as a function of
electric field applied perpendicular to the plane for different
coverage densities of Li on graphene. The inset shows thata
maximum in the ds, piezoelectric coefficient occurs for CgLi
or 1 Li for every eight carbon atoms. (B) Change in the
polarization perpendicular to the plane as a function of
equibiaxial in-plane strain for different coverage densities
of Li on graphene. The top inset indicates that a maximum in
the es; piezoelectric coefficient occurs for CglLi similar to
that in panel A. The bottom inset indicates how the static
dipole moment changes as a function of Li coverage.
Convergence of the dipole moment is reached for the case
of Ca,Li or one Li for every 32 carbon atoms.

which corresponds to one Li atom for every eight car-
bon atoms (2 x 2 supercell). As coverage decreases, we
see that the piezoelectric coefficient becomes smaller
and eventually reaches near-zero for Cs,Li or one Li
atom for every 32 carbon atoms (4 x 4 supercell). We
find that the static dipole moment of Li on graphene
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Figure 6. (A) Lowdin analysis for the partial charge on Li as a function of applied electric field at different concentrations on
graphene. Linear relationship observed for all but Cs,Li case, similar to trends for ds;. Charge transfer occurs with a change in field for
fields more negative than —0.1 V/A. (B) Li height above graphene as a function of applied electric field for different Li coverages. For
C3,Li, the minimum was observed at —0.1 V/A. For fields more positive than —0.1 V/A, the charge is fixed on Li while moving away
from graphene. For fields more negative than —0.1 V/A, charge transfer takes place as the Li height above graphene increases.
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Figure 7. Equibiaxial in-plane strain as a function of applied
electric field for different positions (hollow, bond and top
site) of Li on graphene for CgLi. Unit cells for each of these
positions are given in the inset. In all cases, the calculated
ds, coefficients given in the legend are similar demonstrat-
ing that the position does not strongly affect the piezo-
electric coefficient.

increases as the coverage decreases, leading to a
stronger interaction with the field (Figure 5b bottom
inset). However, the enhanced interaction is dimin-
ished by the ratio of Li to C atoms at low coverages. The
competition between these effects provides a max-
imum in the Figure 5a inset.

The e3; coefficient follows a similar trend as the ds;
as shown in Figure 5b. The top inset of Figure 5b shows
that a maximum is again reached for Cgli or one Li
atom for every 8 carbon atoms. Low coverage again
leads to small values, including a possible sign flip. The
results we have obtained for both ds; and e3; as a
function of coverage, therefore, show that the magni-
tude of piezoelectricity in graphene can be engineered
by varying the concentration of atoms on the surface.

The case of Cs,Li exhibits nonlinear behavior
(nonlinear piezoelectricity) in ds; for fields more nega-
tive than —0.1 V/A. The ds; piezoelectric coefficient is
approximately zero only for small field magnitudes. For
fields more negative than —0.1 V/A, there is an abrupt
nonlinear behavior and onset of linear decrease in the
strain with a slope of 0.19 pm/V, similar to higher
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Figure 8. Equibiaxial in-plane strain as a function of applied
electric field for two different crystal patterns of Cs,Li,. Unit
cells for each of these patterns are given in the inset. Different
arrangements of Li atoms on surface result in changes in the
ds; piezoelectric coefficient by approximately 20%.

coverage cases. We find that this nonlinearity is asso-
ciated with the onset of a charge transfer process
between Li and graphene that occurs at —0.1 V/A fields.
We have performed a Léwdin analysis to calculate the
partial charges on Li, which are shown in Figure 6a
as a function of applied field for each concentration
studied. We see that for fields more positive than —0.1 V/A,
partial charge on Li remains constant, but for fields more
negative than —0.1 V/A, there is significant charge transfer.
Furthermore, if we examine how the height of Li above
graphene changes as a function of field for each coverage
(Figure 6b), we find there is a minimum at —0.1 V/A for
Cs,Li compared to the other coverages, which are relatively
linear. For fields more positive than —0.1 V/A, the charge is
fixed as the distance from Li to graphene increases. For
applied fields more negative than —0.1 V/A, charge
transfer takes place while the Li moves away from gra-
phene. These results suggest that the large piezoelectric
response for applied fields more negative than —0.1 V/A is
associated with charge transfer from graphene to Li.

We have also examined the effect of adatom posi-
tions on the piezoelectric response. Potassium and
lithium atoms are found to be relatively mobile on the
surface of graphite and graphene.*'***° Such diffusion of
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atoms away from the configurations studied in Figure 1 is
not expected to destroy the ds; and es; piezoelectricity
because centrosymmetry is absent regardless of the adatom
location. Using a coverage of Cgli, we have calculated
ds; coefficients for cases where the Li atom is positioned
either at the hollow, bond, or top site. In Figure 7, we show
how equibiaxial in-plane strain varies under applied
electric fields perpendicular to the surface for these
adatom positions. We find that the slopes, and hence
the ds; coefficients, are within 5% of each other. These
results indicate that the piezoelectric response does not
strongly depend on adatom location.

In addition to adatom position, we have studied the
effect of crystallographic patterning of adatoms on the
graphene surface for a fixed concentration of Cs,Lis.
Two lithium atoms are placed in different hollow sites
as shown in the inset of Figure 8. Our results show that
there is an approximately 20% change in the ds;
piezoelectric coefficient depending on how the Li
atoms are positioned with respect to each other. The
coefficients are similar to the C;gli case which has
similar stoichiometry. Patterning appears unlikely to
result in substantive changes to the piezoelectric
coefficients we have calculated in this work.

While we have focused these studies on adsorbed
atoms, one might imagine that in-plane defects of
graphene like vacancies or substitutional impurities may
generate a piezoelectric effect. However, we expect in-
plane defects to exhibit inversion symmetry to a significant
degree, and therefore, lack a significant piezoelectric effect.

CONCLUSION

Engineered piezoelectricity at the nanoscale may
lead to new devices, from electronics and photonics to

METHODS

We use density functional theory implemented within the
Quantum-ESPRESSO ab initio software package.”’ lon cores are
treated using ultrasoft (Vanderbilt) pseudopotentials®’ in all
cases except for potassium, which was treated using a norm-
conserving pseudopotential.®> A nonlinear core correction is
included for both potassium and fluorine. Electron exchange
and correlation effects are described using the spin-polarized
generalized-gradient corrected Perdew—Burke—Ernzerhof
(PBE) approximation.®® All calculations were done using
periodic boundary conditions and a primitive cell with one
atom for every two carbon atoms except when noted. The
electronic wave function is expanded in a plane wave basis
set with an energy cutoff of 60 Ry. Brillouin zone sampling
was done using a Monkhorst-Pack mesh®® of 14 x 14 x 1 for
all atom cases and a Gaussian smearing of 0.02 eV was used
for the electronic occupations. We scaled this k-point mesh to
8x8x1,6x6x1,and4x4x1fora2x23x3,and4 x4
supercell, respectively, in order to study atom surface cover-
age effects. A 20 A computational lattice cell dimension in the
z-direction (perpendicular to the graphene sheet) was used to
prevent periodic images of graphene from interacting with each
other. All ionic relaxations and cell optimization were performed
using a force convergence threshold of 3 x 10~* Ry/au. Single
atom adsorption on one side gives rise to an asymmetric surface
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energy harvesting, chemical sensing, and high fre-
quency acoustics. Adsorbing atoms on the surface of
graphene breaks inversion symmetry, inducing piezo-
electricity of magnitudes comparable to known values
for other 2D and 3D materials. Unlike existing piezo-
electric materials, this fundamentally new form of
piezoelectricity is engineered into a nonpiezoelectric
material, made possible by the 2D nanoscale nature of
graphene. The applied electric fields' and chemical
doping*®*' required to observe these effects in
graphene are readily experimentally accessible. For ex-
ample, chemically stable, single-sided hydrogen and
fluorine adatom deposition has already been demon-
strated.>> 37 We see that doping with a combination of
F and Li results in the largest change in the ds; piezo-
electric coefficient while doping with only Li results in
the greatest change in the e3; coefficient. Our study of
Li surface coverage shows that the piezoelectric
coefficients reach a nontrivial maximum when there
is one Li atom for every 8 carbon atoms. A coverage of
Cs,Li exhibits nonlinear behavior in ds; at fields of
—0.1 V/A, which can be attributed to abrupt charge
transfer from graphene to Li. Furthermore, we have
seen that positioning and patterning of Li on
graphene do not result in significant changes to the
piezoelectric coefficient. The demonstrated experi-
mental ability to spatially pattern adsorbates on
the graphene surface®” 3? could lead to devices
where, for example, strains are spatially concentrated
to control local electrical and chemical properties.
We envision that this work could potentially lead to
the creation of new piezoelectric devices based not
just on graphene, but other 2D and low-dimensional
materials as well.

with a net electric dipole moment. We use a dipole correction to
cancel out the artificial electrical field that arises from this dipole
moment.®*
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