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	   ABSTRACT: 
	  

Motivated by a search for electromechanical coupling in monolayer materials, we study graphene 

chemically modified by hydrogen adsorbed on one side and fluorine adsorbed on the other side.  Such 

adsorption under experimental conditions can potentially lead to a variety of configurations of atoms on the 

surface. We perform an exhaustive evaluation of candidate configurations for two stoichiometries, C2HF 

and C4HF, and examine their electromechanical properties using density functional theory. While all 

configurations exhibit an e31 piezoelectric effect, the lowest energy configuration additionally exhibits an 

e11 effect. Therefore, both e31 and e11 piezoelectricity can potentially be engineered into nonpiezoelectric 

monolayer graphene, providing an avenue for monolithic integration of electronic and electromechanical 

devices in graphene monolayers for resonators, sensors, and nanoelectromechanical systems (NEMS). 

 

KEYWORDS: graphene, piezoelectricity, two-dimensional materials, density functional theory, nano-

electromechanical systems (NEMS).   
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I. INTRODUCTION 

Among the greatest challenges in harnessing the power of nanotechnology is achieving 

dynamic control of mechanical, chemical and electronic properties of nanoscale devices. Many 

devices stand to benefit from such control including nanosized actuators,1-2 motors,3 robots,4 

locomotive devices,5	   and low-powered electronics using graphene nanoelectromechanical 

switches.6 Conversely, endowing nanoscale devices with a robust form of in situ mechanical 

sensory capabilities is a challenge that is closely linked to that of achieving dynamic control. One 

avenue that currently exists to tackle both challenges is to employ piezoelectric materials. For 

instance, in a set of emerging technologies termed (nano)piezotronics, piezoelectric materials are 

used to make electromechanical transistors, diodes and sensors.7 Piezoelectricity is traditionally 

thought to be an intrinsic feature of some materials exhibiting a nonzero first-order coupling 

between mechanical (e.g., stress or strain) and electrical (e.g., electrical polarization or 

macroscopic electric field) state properties. Piezoelectricity plays a crucial role in a variety of 

devices such as transducers,8 nanoscale generators,9 and sensors.10 Piezoelectric materials have 

two key defining characteristics: (1) they can sustain a macroscopic electric field by being 

electrically insulating in the field direction, and (2) they belong to a non-centrosymmetric point 

group11 (i.e., the crystal does not possess a point through which a spatial inversion leaves the 

entire structure invariant). The non-centrosymmetry requirement severely limits the number of 

materials that can be piezoelectric. Until recently, piezoelectricity has been primarily known as a 

bulk phenomenon exhibited by 3D crystals. However, there is no formal reason why the 

centrosymmetry argument does not apply in the two-dimensional subspace of atomically thin 

materials. Sparked by the isolation of graphene in 2004 by mechanical exfoliation,12 there is an 

explosively growing interest in using two-dimensional monolayer materials in the next 
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generation of NEMS and electronic applications, naturally raising the question of whether these 

monolayer materials can be used in a piezoelectric context. In prior work, we have shown that 

many commonly studied atomically thin crystals (BN, MoS2, MoSe2, WS2, and others) 

intrinsically have a strong piezoelectric effect.13  

In this work, we examine the piezoelectric potential of graphene, the most widely studied 

monolayer material. Graphene is an atomically thin layer of carbon atoms arranged in a 

honeycomb structure with many unique properties. Pristine, isolated graphene has high carrier 

mobility14 and is a zero band gap semiconductor where the valence and conduction bands are 

nearly conical when they intersect at a point that coincides with the Fermi energy. In addition to 

being an exceedingly thin material, it is also one of the most elastic and can withstand strains in 

excess of 10% before failure.15 Furthermore, it has been shown experimentally that graphene’s 

electronic properties can be modified by application of an electric field16 or mechanical strain.17-

19 Current applications of graphene include field-effect transistors (FETs),20 impermeable 

membranes used to trap gases,21 ultrafast photodetectors,22 and nanomechanical resonators.23  

Besides these exceptional electronic properties, however, graphene cannot intrinsically 

exhibit piezoelectric properties because it belongs to a centrosymmetric point group (6/mmm or 

D6h). We have previously discovered that an e31 piezoelectric response (i.e., one relating in-plane 

strain to electrical polarization normal to the plane) can be engineered into graphene by 

depositing adatoms on a single side of the graphene monolayer.24	   We find that, in these 

structures, the magnitude of the piezoelectric effect is on the same order of magnitude as that of 

known bulk wurtzite piezoelectrics. The demonstrated experimental ability25-27 to spatially 

pattern adsorbates on graphene’s surface could lead to devices that utilize this piezoelectric 

effect in applications where strain controls local electrical, optical, and chemical properties. 
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However, adatom adsorption is not the only way one could imagine breaking inversion 

symmetry in graphene. For example, others have performed calculations showing that an in-

plane (e11) piezoelectric effect can be induced by introducing carefully defined triangular holes 

in monolayer graphene, without adatom adsorption.28 In this work, we seek to determine the 

potential for engineering an e11 in-plane piezoelectric effect using the standard adatom chemical 

deposition techniques, which have been widely developed and utilized for monolayer graphene.  

The deposition of adatoms on graphene has been studied experimentally29-31 and 

theoretically32-38 with some studies focused on adsorption of either hydrogen or fluorine atoms 

on both sides (graphane and fluorographene).26, 39-40 Adsorption of H on a single side and F on a 

single side have also been experimentally realized and shown to be stable under ambient 

conditions when graphene is bound to a substrate.26, 39, 41 Both calculations42 and experiments21 

have shown that graphene can be impermeable to atom diffusion through the sheet even in the 

presence of defects. We are not aware of experiments to date in this rapidly developing area 

where atoms of different types are coadsorbed on opposite sides of graphene. However, our 

calculations suggest that it may be possible to extend the experimental machinery26, 41 used for 

single-sided adsorption to co-adsorb fluorine atoms on one side and hydrogen atoms on the 

other. Previous density functional theory (DFT) studies have examined one particular 

configuration35, 38 (#1 in Figure 1) or stoichiometry43 (C2HF) for H and F coadsorption on 

graphene. Unfortunately, it is experimentally difficult to control the location and stoichiometry 

of these atoms on graphene’s surface. As a result, there are many different structures that can 

potentially be formed, most of which are metastable, and each one possessing different 

electromechanical properties. 
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To elucidate the most energetically favorable adatom binding configuration, which one 

would expect to observe upon annealing under experimental conditions, we perform an 

exhaustive search among the possible configurations and stoichiometries of H and F coadsorbed 

on graphene. In addition, we calculate the Kohn-Sham DFT electronic band gap and 

piezoelectric response in graphene. We demonstrate, for the first time, that an e11 type of 

piezoelectric response, in addition to the previously predicted e31 response, can be engineered 

into monolayer graphene. This engineered piezoelectric effect provides an avenue for monolithic 

integration of electronic and electromechanical devices in graphene monolayers for resonators, 

sensors, and NEMS. 

 

II. COMPUTATIONAL DETAILS 

 We use density functional theory implemented within the Quantum-ESPRESSO ab initio 

software package.44 Electron exchange and correlation effects are described using the spin-

polarized generalized-gradient corrected Perdew-Burke-Ernzerhof (PBE) approximation.45 Ion 

cores are treated using ultrasoft (Vanderbilt) pseudopotentials and a nonlinear core correction is 

included for fluorine,46 with the 1s states being treated as core states. Periodic boundary 

conditions were used in all three dimensions using an orthorhombic unit cell, which contains 

four carbon atoms and either two or four adatoms for the graphene systems. The hexagonal 

primitive cell was not used in order to align the direction of polarization along one of the lattice 

vectors (i.e., the x-axis). Thus, the x-axis is defined to be along the armchair direction and the y-

axis corresponds to the zig-zag direction. A 20 Å vacuum layer was used in the z-direction to 

prevent periodic images from interacting with each other. The electronic wavefunction is 

expanded in a plane wave basis set with an energy cutoff of 60 Ry and a charge density cutoff of 
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500 Ry. Brillouin zone sampling was done using a Monkhorst-Pack mesh47 of 14×14×1. All 

ionic relaxations and cell optimizations were performed using a force convergence threshold of 1 

x 10-4 Ry/a0. A dipole correction was used to cancel out the artificial electric field due to the net 

electric dipole moment that arises in polar surface calculations.48  

 

III. RESULTS AND DISCUSSION 

For our calculations, H and F atoms are coadsorbed on opposite sides (i.e., all H atoms 

are on one side and all F atoms are on the other). This is the likely scenario for experiments 

where one side of the monolayer is exposed to hydrogen-rich and the other to fluorine-rich 

surroundings. This guarantees the removal of centrosymmetry, and suggests the possibility of 

piezoelectricity. As a starting point in our calculation, we also assume that fluorine and hydrogen 

covalently bind on top of a carbon atom in graphene similar to graphane39 and fluorographene.26, 

40 We verified the preference for top site binding by performing calculations starting with either 

H or F at a hollow site (middle of a carbon hexagon) and determining that this structure was 

unstable. In experiments, H and F can potentially bind to graphene in a variety of different 

configurations and stoichiometries. We consider two different stoichiometries: full coverage 

denoted by the formula unit C2HF and half coverage denoted by C4HF. We consider all possible 

configurations for each stoichiometry within the constraint of a four carbon atom rectangular unit 

cell. The total number of such configurations can be obtained using an expression for placing 3 

different types of indistinguishable objects in N=4 locations: N!/(nH!nF!ne!), where nH is the 

number of hydrogen atoms, nF is the number of fluorine atoms, ne is the number of empty carbon 

sites, and N= nH+nF+ne. This expression assumes only one adatom can occupy a carbon site. For 

C2HF, there are a total of 4!/(2! ×2! ×0!) = 6 possible initial configurations. For C4HF, there are a 
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total of 4!/(1! ×1! ×2!) = 12 possible initial configurations. For each stoichiometry, there are only 

3 unique configurations that are not symmetry-equivalent and where all like atoms bind on the 

same side. The cell-optimized structures for all unique configurations of C2HF and C4HF are 

given in Figure 1.  

In Table 1, we calculate the formation, binding and relative energies for each of these 

configurations along with the Kohn-Sham band gap. The formation energy per atom is defined 

as: 

	   Ef =
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and the binding energy per adatom is expressed as: 

	   Eb =
1

Nadatoms

Ed − Eg − NHEH − NFEF( ) ,	   [2]	  

Ed is the total energy of the optimized graphene-adatom system with energetically relaxed ion 

positions, Eg is the total energy of an optimized graphene 4-carbon atom rectangular unit cell, 

and EX are the total energies for X = H2, F2, H or F. NH and NF denote the number of H or F 

atoms, while Natoms and Nadatoms indicate the total number of atoms or adatoms in the unit cell. 

The formation and binding energies are a measure of chemical stability. A negative formation 

energy indicates that the structure is stable with respect to molecular desorption, while a negative 

binding energy indicates that the structure is stable with respect to the isolated adatoms. Most of 

the structures in Table 1 have negative binding and formation energies (with the exception of 

configuration 5) and hence, are expected to be chemically stable. 

We find that configuration 1 is the most energetically favorable, with hydrogen and 

fluorine being adsorbed on alternating carbon sites. This structure exhibits a change in point 

group symmetry from hexagonal 6/mmm to trigonal 3m, removing the inversion center and 
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potentially introducing piezoelectricity in graphene. It has also been examined in previous DFT 

calculations.35, 38, 43 Our calculations show it is more favorable by only 0.05 eV/atom over the 

next lowest energy structure, suggesting that other metastable structures could be observed 

experimentally. We find that configuration 1 has a Kohn-Sham band gap of 2.61 eV, similar to 

the gap of 2.63 eV that has been reported in literature38 for the same C2HF structure using the 

GGA approximation and PBE exchange-correlation functional. Configurations 2-4 also exhibit a 

gap and change the point group symmetry of graphene from 6/mmm to orthorhombic mm2 or 

monoclinic m, while configurations 5 and 6 are both monoclinic m, and do not exhibit a gap. 

The lack of inversion symmetry and introduction of a band gap could potentially lead to a 

piezoelectric effect. This effect can be expressed using the full third-rank piezoelectric tensors 

eijk and dijk.  Their respective Maxwell relations are:  
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where Pi is the surface polarization, Ei is the macroscopic electric field, and σ jk or ε jk  are the 

stress or strain tensors, where i, j,k ∈ 1,2,3{ } , with 1, 2 and 3 corresponding to x, y, and z, 

respectively. The point group symmetry for each structure in Figure 1 places restrictions on the 

magnitude and uniqueness of the piezoelectric coefficients. Nonzero piezoelectric coefficients 

for trigonal 3m, orthorhombic mm2 and monoclinic m are listed in Table 2. Note that Voigt 

notation can be employed to reduce the number of indices to two.  

We calculate the e11 (e111 in tensor notation) piezoelectric coefficient using the Maxwell 

relation given in Equation 3 relating uniaxial in-plane strain to the change in surface polarization 
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along the same axis. To compute the change in polarization, we use the geometric phase 

approach introduced by King-Smith and Vanderbilt.49-50 The piezoelectric e11 coefficient can 

then be obtained by fitting to Equation 5: 

 P1(ε11)−P1(0) = e11ε11 ,	   [5] 

In Figure 2, we determine the change in polarization along the x-axis in response to a uniaxial 

strain  for configurations 1 and 4, which are the only structures that are not metallic and are 

allowed to have nonzero e11 piezoelectric coefficients by symmetry.11 For each strain state, the 

atomic positions are relaxed generating so-called relaxed-ion e11 coefficients, which are 

calculated from the slopes of Figure 2 and listed in Table 3. The notation e11,2D  is used in Table 3 

to denote a piezoelectric coefficient for a 2D material where the dimensions are charge per unit 

length. We find that configuration 1 results in the largest piezoelectric coefficient (6.30×10-11 

C/m), while configuration 4 exhibits a much weaker piezoelectric effect (7.9×10-12 C/m).  

To put the magnitudes of these coefficients into context, Table 3 compares the e11 

coefficients to those of monolayer boron nitride and a bulk, 3D piezoelectric material, α-quartz. 

For comparison to bulk materials, we calculate an approximate e11,3D relaxed-ion coefficient by 

dividing the e11,2D coefficient by the graphite interlayer spacing (3.35Å).51 Comparing the e11,2D 

coefficients of configuration 1 to 2D-hBN, we find that the piezoelectric effect is larger than 

might be expected and only a factor of 2 less than 2D-hBN. Comparing the e11,3D for 

configuration 1 (0.188 C/m2) to α-quartz (0.171 C/m2),52 we find that it is comparable, indicating 

that an in-plane piezoelectric response engineered by adsorbing atoms on graphene’s surface can 

actually be comparable to that in bulk materials used in practical applications. This piezoelectric 

response is also larger than the effect predicted to exist in graphene when nanoscale triangular 

holes are etched (0.124 C/m2),28 indicating that adatom adsorption is a fruitful path for 

ε11
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observation of e11 piezoelectricity.  Adatom adsorption also produces larger band gaps than the 

etching of shaped holes in graphene, enabling the application of larger amplitude fields across 

the material.   

An estimate of the voltage across a strained sample can be made using the electrostatic 

potential defined by two parallel line charges separated by a length L.  The voltage across freely-

suspended material can be approximated from the expression (SI):  

 V =
P
πε0

ln L
b
!

"
#

$

%
& ,	   [6] 

where P is the 2D polarization obtained from Equation 5, L is the distance between line charges 

(taken to be 1 micron), and b is the effective radius of the lines (assumed to be a lattice parameter 

of 2.57Å). This approximation suggests a voltage of 0.2 V assuming a 1% strain across a 1-

micron sample (10 nm change in length).   

Since the lowest energy configuration is found to exhibit the largest e11 piezoelectric 

effect, one might expect that an annealing process will maximize the piezoelectric properties of 

this material. For these calculations, we have assumed that the adatoms form a perfect crystal on 

graphene’s surface, neglecting the possibility of multiple domains. For configuration 1, reflection 

through the yz plane generates an equivalent energy structure but with opposite piezoelectric 

polarization direction.  Note that these are domains of the adsorbed adatoms rather than domains 

in the underlying graphene. Because pristine graphene does not favor a particular piezoelectric 

axis, domains with uncorrelated orientations could significantly diminish the e11 coefficient. It is 

possible that annealing the sample will minimize the number of domains, thus maximizing the 

piezoelectric effect.  

 Using the two-dimensional elastic stiffness tensor for trigonal 3m point group symmetry, 

we calculate the d11 coefficient (Equation 4) for configuration 1 from the following expression: 
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  d11 =
e11

(C11 −C12 )
, [7]	  

To obtain the elastic coefficients, we compute the total energy per unit area for a 5x5 grid with 

axial in-plane strains (ε11 and ε22) ranging from -0.01 to 0.01 in steps of 0.005. Atomic positions 

are relaxed at each strain to give the relaxed-ion elastic coefficients. Planar C11, C22, and C12 

coefficients are obtained by fitting the total energy to the general expression: 

	   U =
1
2
C11ε11

2 +
1
2
C22ε22

2 +C12ε11ε22 , [8] 

C11 and C22 are identical for trigonal structures such as configuration 1. We calculated C11 = C22 

= 243 N/m and C12 = 25 N/m for configuration 1. These coefficients satisfy the Born stability 

criteria53 where the only relevant conditions for a two-dimensional trigonal lattice are C11 > 0 

and C11 - |C12| > 0. In addition, phonon modes calculated for configuration 1 show no imaginary 

frequencies, indicating that this structure is mechanically stable.  

Using our fitted values of C11 and C12 for configuration 1, we calculate a d11 piezoelectric 

coefficient of 0.235 pm/V, which is a factor of 3 lower than the d11 for hexagonal boron nitride 

(0.60 pm/V) and an order of magnitude lower than α-quartz (2.31 pm/V).  For context, if we 

assume that a field of 0.1 V/nm is applied to a 10-micron length of material, we find that this 

would result in a 0.002% strain or 2.4 Å change in length.   

The symmetry of these structures also supports a nonzero e31 piezoelectric coefficient, 

which relates the in-plane strain to electrical polarization normal to the plane. Our earlier work 

has shown this is possible even for metallic materials24 such as configurations 5 and 6 since they 

are only conducting in the plane, allowing for static polarization and electric field normal to the 

surface. It should be noted, however, that configuration 1 is the only structure where e31 = e32 

because of its trigonal 3m symmetry. Due to the small thickness, it is experimentally possible to 
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apply electric fields as large as 0.3 V/Å16 normal to the plane, a feature that is not shared by bulk 

analogues and will be very useful in nanoscale devices such as relays and FETs. In Figure 3, we 

show that a linear relationship exists between uniaxial strain, ε11, and polarization normal to the 

graphene sheet for all six configurations in Figure 1. We determine e31,2D from the slope of the 

lines in Figure 3 and list them in Table 4. It can be seen that most of the configurations have 

similar values for e31,2D with the largest being configurations 1 and 6 (-3.0×10-11 C/m), indicating 

that configuration 1 exhibits both e31 and e11 types of piezoelectricity. These e31,2D coefficients 

are slightly lower than the effect we predicted for Li adsorbed on graphene in earlier work 

(5.5×10-11 C/m), but lie within the range of other adatoms such as H, F and the combination of Li 

and F.24   

 

IV. CONCLUSIONS 

 We have demonstrated that the arrangement of hydrogen and fluorine atoms on the 

surface of graphene can affect its electromechanical properties. An exhaustive search of 

configurations for C2HF and C4HF resulted in the identification of six unique configurations, 

three for C2HF and three for C4HF. Of these configurations, the most energetically favorable one 

is where all carbon sites are occupied with alternating hydrogen atoms above the surface and 

fluorine atoms below the surface. Because it has the lowest energy, this configuration can 

potentially be obtained by using an annealing process to minimize the number of grains in the 

sample and maximize the piezoelectric effect. Of all the configurations studied here, only two 

potentially exhibit in-plane (e11) piezoelectricity. The lowest energy configuration exhibits both a 

non-zero e11 and e31 piezoelectric effect. For this case, the effect is comparable to an existing 

bulk piezoelectric material. We anticipate that this work will open up the possibility for the 
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creation of new nanoelectromechanical devices such as FETs, relays and sensors, which utilize 

this engineered piezoelectric effect in graphene to dynamically control mechanical motion at the 

nanoscale level. Such piezoelectric devices could be monolithically integrated with other 

electronic devices on a single piece of graphene by controlling the spatial regions that are 

chemically modified and endowed with piezoelectricity. 
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Figure 1. Unique configurations for (a) C2HF and (b) C4HF. Point group symmetry is also 
given. Primitive cells are shown in blue. Note that a hexagonal primitive cell is shown for 
configuration #1, but a 4-carbon atom rectangular unit cell was used for all configurations. 
	  
	  
	  
Table 1. Binding, formation and energies relative to configuration #1 for all of the unique 
configurations (shown in Figure 1) for CnHF where n = 2 or 4. Kohn-Sham band gaps are also 
given for each structure. Binding energies are given in eV/adatom while formation energy and 
energies relative to configuration #1 are given in units of eV/atom. 
	  
Stoichiometry Config. # Ef (eV/atom) Eb (eV/adatom) ΔE (eV/atom) Band Gap (eV) 
C2HF  1 -0.43 -2.59 0.00 2.61 
C2HF 2 -0.36 -2.44 0.07 2.63 
C2HF 3 -0.39 -2.49 0.05 2.44 
C4HF 4 -0.18 -2.27 0.25 3.56 
C4HF 5 0.21 -1.09 0.64 Metallic 
C4HF 6 -0.22 -2.40 0.21 Metallic 
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Table 2. Nonzero eijk and dijk piezoelectric coefficients for trigonal 3m, orthorhombic mm2 and 
monoclinic m point groups. Voigt notation is used to reduce the number of indices as indicated.  
	  

 Trigonal 3m Orthorhombic mm2 Monoclinic m 
eijk 

 

 

 

 
dijk 

 

 

 

 

 

 

	  
	   	  

e111 = e11
e122 = e12 = −e11
e212 = e26 = −e11
e311 = e31
e322 = e32 = e31

e311 = e31
e322 = e32

e111 = e11
e122 = e12
e212 = e26
e311 = e31
e322 = e32

d111 = d11
d122 = d12 = −d11

d212 =
1
2
d26 = −d11

d311 = d31
d322 = d32 = d31

d311 = d31
d322 = d32

d111 = d11
d122 = d12

d212 =
1
2
d26

d311 = d31
d322 = d32
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Figure 2. Applying uniaxial strain  along the x-direction (defined in lower right inset) of the 
graphene sheet induces a change in calculated polarization along the same axis for configurations 
1 and 4. Atoms are relaxed under uniaxial strain along the x-direction to obtain the relaxed-ion 
coefficient. The lower right inset indicates the coordinate system and direction of polarization. 
	  
	  
	  
Table 3. Values for the relaxed e11,2D piezoelectric coefficients for configurations 1 and 4. 
Values for e11,3D were determined by dividing the e11,2D coefficient by the graphene interlayer 
spacing for each doped-graphene structure. The d11 coefficient for configuration 1 is obtained 
from the relationship between e11,2D and the elastic tensor. These values are compared to 
calculated values for 2D-hBN and experimental values for α-quartz. 
	  

Formula Unit e11,2D (10-10 C/m) e11,3D (C/m2) 
C2HF (#1) 0.630 0.188 
C4HF (#4) 0.079 0.017 

2D-hBN 1.384 0.416 
α-quartz --- 0.171  
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Figure 3. Applying uniaxial strain 	  along the x-direction (defined in top inset) of the graphene 
sheet induces a change in polarization normal to the plane for each configuration for C2HF and 
C4HF. Atoms are relaxed under uniaxial strain along the x-direction to obtain the relaxed-ion 
coefficient. The top inset indicates the coordinate system and direction of polarization. 
 

 
Table 4. Values for the relaxed e31,2D piezoelectric coefficients for all configurations of C2HF 
and C4HF. Values for e31,3D were estimated by dividing the e31,2D coefficient by the graphene 
interlayer spacing. These values are compared to the e31 coefficient for Li adsorbed on graphene 
computed in earlier work.24  
 

Formula Unit e31,2D (10-10 C/m) e31,3D (C/m2) 
C2HF (#1) -0.30 -0.090 
C2HF (#2) -0.26 -0.076 
C2HF (#3) -0.21 -0.063 
C4HF (#4) 0.04 0.012 
C4HF (#5) 0.24 0.070 
C4HF (#6) -0.30 -0.091 

C2Li 0.55 0.17 
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