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It was recently shown that the electronic band alignment in lateral two-dimensional heterostruc-

tures is strongly dependent on the system geometry, such as heterostructure width and layer thick-

ness. This is so even in the absence of polar edge terminations because of the appearance of an

interface dipole between the two different materials. In this study, this work is expanded to include

two-dimensional materials that possess an electronic dipole over their surface, i.e., in the direction

transverse to the crystal plane. To this end, a heterostucture consisting of polar hydrofluorinated

graphene and non-polar graphane layers is studied with first-principles calculations. As for non-

polar heterostructures, a significant geometry dependence is observed with two different limits for

the band offset. For infinitely wide heterostructures, the potential step in the vacuum is equally

divided over the two sides of the heterostructure, resulting in a finite potential step in the hetero-

structure. For infinitely thick heterostructure slabs, on the other hand, the band offset is reduced,

similar to the three-dimensional case. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982791]

The experimental realization of heterostructures from

two-dimensional (2D) materials such as graphene and hexag-

onal boron nitride1–6 has stimulated the theoretical study of

such systems tremendously. Stacked heterostructures, which

result from stacking different 2D materials layer by layer on

top of each other, have been well studied by now.7–9 The

interaction among the different layers is usually of the van

der Waals-type in that case. But 2D heterostructures can also

be formed through covalent in-plane connections between

different sheets.10–12 In the latter case, special care is needed

to calculate the electronic band alignment. An important

aspect is the possibility of polar discontinuities at the edge/

interface of 2D polar materials or grain boundaries within

polycrystalline samples.13–16 In those cases, an electrostatic

instability can arise that leads to edge metallization or the

adsorption of ionic groups at the edge. But even in the

absence of in-plane polarity, some complications show up at

the interface of lateral 2D heterostructures. At first sight, the

absence of intrinsic electric dipoles seems to imply the valid-

ity of Anderson’s rule which states that the vacuum potential

can be used as a fixed reference level for the band align-

ment.17 However, it has been recently demonstrated18,19 that

there exists an interface dipole at the heterojunction of any

two 2D materials which leads to a band alignment that

depends on the specific geometry of the heterostructure. If

the lateral dimensions of the system are small enough, sub-

stantial steps in the vacuum potential above the heterojunc-

tion can be observed.

Here, we expand this previous work to 2D materials

with two inequivalent surfaces. The different structure or

composition of the surfaces leads to a net electric dipole

over the material. The 2D material therefore forms a dipole

layer that divides space into two regions with a different

vacuum potential. When such a polar layer is combined with

a non-polar layer into a lateral heterostructure, it is not

immediately clear how their respective bands should be

aligned. Even for an infinitely wide heterostructure, it is not

possible to align the vacuum levels of the two materials

according to Anderson’s rule because there are two different

vacuum levels for the polar material.

In our study, we make use of hydrofluorinated few-layer

graphene (HFG) which consists of a graphene multilayer that

is fully covered with hydrogen atoms on one side and with

fluorine atoms on the other. The strong covalent bonds with

the adsorbates turn the graphene multilayer to a thin diamond

film.20–23 Due to the different electron affinity of H and F, a

strongly polar layer is formed. The hydrofluorinated graphene

is subsequently combined with a fully hydrogenated graphene

(HG) sample (i.e., graphane). An example of such a hetero-

structure is shown in Figure 1. The reason for this specific

choice of artificial materials is fourfold: (i) They are both

wide-gap semiconductors, avoiding various extra effects due

to possible charge transfers and (ii) their similar lattice con-

stants make covalent in-plane connections possible with neg-

ligible strain.24 (iii) They also share the same diamond-like

3D bulk limit for thick multilayered systems and (iv) have

one surface (the hydrogenated one) in common while the

other is very different. These specific features turn out to

facilitate the understanding of the band alignment and allow

us to understand more complex systems. Note that although

we use the HG/HFG heterostructure as a convenient model,

there is some theoretical20–23,25–28 and experimental29–33 sup-

port that such systems could be made.

We performed first-principles calculations within the

density functional theory methodology as implemented in

the OpenMX code. Norm-conserving pseudopotentials and

pseudo-atomic localized basis functions34–36 are used. More

precisely, a double-valence plus single polarization orbital

basis set is used for all atoms. The exchange-correlation
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functional is approximated with the generalized gradient

method as described by Perdew, Burke, and Ernzerhof37

(PBE). Calculations for isolated graphane and hydrofluorogra-

phene are done within unit cells containing two carbon atoms

per atomic layer and a 12� 12� 1 k-point grid for the self-

consistent cycles. More accurate density of states calculations

are computed using a 33� 33� 1 k-point mesh. HG/HFG het-

erostructures are simulated with supercells of varying sizes

from 16 to 48 unit cells (u.c.) and up to several hundred car-

bon atoms per layer. As for the isolated systems, 1� 12� 1

and 1� 33� 1 k-point meshes are used for the self-consistent

cycle and density of states calculations, respectively. To avoid

interlayer interaction normal to the slabs, we make use of the

effective screening method (ESM),38 as implemented in

OpenMX. In this method, the periodic boundary conditions

are broken in one direction and can be replaced by vacuum

conditions. Previous calculations have shown that the results

of this method are consistent with those of very large vacuum

regions and periodic boundary conditions.18

Before studying 2D heterostructures of graphane and

hydrofluorographene, we first take a closer look at the iso-

lated systems. For comparison, we also consider fully fluori-

nated graphene (FG), known as fluorographene (FG). These

three functionalized graphene slabs are all semiconductors

with similar diamond-like C interiors but different surface

compositions. While HG and FG have two equivalent surfa-

ces, HFG has not and consequently exhibits a strong polarity

in the out-of-plane direction. The density of the charge car-

riers at the band edges is shown in Figs. 1(b)–1(d) for HG,

FG, and HFG slabs containing four C layers. The state corre-

sponding to the valence band maximum (VBM) of HG and

FG appears to be localized in the bulk, while the conduction

band maximum (CBM) is a surface state for HG and a bulk

state for FG. In fact, the FG VBM and CBM states are also

surface states, but this feature becomes only apparent for

thicker slabs (see supplementary material, Fig. S1). The

CBM state of HFG is localized at the H surface and is similar

to the CMB of HG. The VBM of HFG, on the other hand, is

localized at the F surface and resembles the VBM of FG. The

state below the VBM of HFG, denoted as VBM-1, is more

localized in the bulk with the bulk-like character increasing

as the number of layers is increased (see supplementary mate-

rial, Fig. S1). This state is similar to the VBM state of HG.

Because the CBM states of HG and HFG are surface states,

the VBM (and VBM-1) is more suited to study the band

alignment in this work. Therefore, we characterize the band

positions through the ionization energy (IE), defined as the

difference in energy between the vacuum level and the VBM.

The IEs of HG, FG, and HFG are plotted as a function

of the number of layers in Fig. 2. For HFG, two IEs can be

defined because the dipole over the system creates two dif-

ferent vacuum levels. Therefore, we plot the difference

between the two and compare it to the difference between

the IE of graphane and fluorographene. For thick slabs, these

differences seem to converge but they never become equal

because the energy of the FG-like surface state of HFG con-

verges to a value of about 0.1 eV above the bulk VBM, as

shown in the supplementary material (Fig. S2). The IE for

the H side of HFG will consequently never converge to the

IE of HG, because it is defined with respect to a surface state

above the bulk VBM. Therefore, it could be more meaning-

ful to define the IE of HFG at the H side with respect to the

bulk VBM, i.e., VBM-1, so that a thick HFG slab can be

regarded as the superposition of half a HG and half a FG

slab. To avoid these complications, we focus on variations in

the vacuum potential from which the band positions can be

unambiguously deduced.

Next, we combine HG and HFG into a lateral hetero-

structure. An example with two C layers is shown in Fig.

1(a), but we focus first on a monolayer system. To study the

band alignment, the differences in vacuum potential on both

sides of the heterojunction, above and below the heterostruc-

ture, are calculated. These differences are referred to as

DVHF
vac and DVHH0

vac (see Fig. 3) at the fluorinated and hydroge-

nated sides of HFG, respectively, with the labels H, H’, and

F defined in Fig. 1(a).

The vacuum potentials below and above a monolayer

HG/HFG heterostructure are shown in Fig. 4. Away from the

FIG. 1. (a) HG/HFG heterostructure model for a slab with two carbon layers.

(b) and (c) The density of the electron states corresponding to the VBM,

VBM-1, and the CBM of graphane, fluorographane, and hydrofuorogra-

phene, respectively.

FIG. 2. The evolution of the ionization energies of HG and FG as a function

of the number of layers, together with the difference between the two and

the potential difference over the HFG layer.
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interface, the potential at the HF side converges rapidly and

the difference between the two sides is well defined. On the

HH0 side, the potential converges much slower because of the

similar electron states at that side which can easily intermix.24

The potential difference is calculated as the difference

between the vacuum potential at the middle of the two materi-

als. For convenience, we define the potential step as a positive

quantity, i.e., DVHF
vac ¼ VF

vac � VH
vac and DVHH0

vac ¼ VH
vac � VH0

vac.

As observed before,18 the potential step in the vacuum

depends on the width of the heterostructure. Therefore, we

investigate the variation of DVvac as a function of inverse het-

erostructure width (Fig. 5). For comparison, we also show the

valence band alignment as calculated from the atom-

projected density of states at the center of the slab on both

sides of the heterostructure. With increasing width, the poten-

tial steps in the vacuum above and below the heterostructure

are seen to converge to the same value. This value of approxi-

mately 2.5 eV equals half the difference in IE between the

two sides of HFG (see Fig. 2). Therefore, we can conclude

that the vacuum step due to the polarity of HFG is equally

divided between both sides of the heterostructure for infi-

nitely wide heterostructures.

As a final study of the geometry dependence of polar

heterostructures, we investigate the variation of the vacuum

potential step as a function of heterostructure thickness at

constant width. It is convenient to take the ratio of the

potential steps from the two sides of the heterostructure. As

seen in Fig. 6, this ratio depends linearly on the hetero-

structure with a slope that decreases with increasing hetero-

structure width. Two different limiting situations can be

constructed from this figure, as schematically depicted in

Fig. 7. First, the ratio of the potential steps for a hetero-

structure with a given thickness converges to one as the

width increases, as was also explicitly shown for the mono-

layer case in Fig. 5. Second, for infinite heterostructure

thickness, the ratio becomes infinite indicating that the vac-

uum levels at the H side are aligned.

FIG. 3. Schematic drawing of the important energy levels in graphane and

hydrofluorographene. The arrows indicate the energy differences as defined

in the text.

FIG. 4. The potential in the vacuum below (HH0), above (HF), and inside a

monolayer HG/HFG heterostructure with a width of 16 u.c. The dashed lines

represent lattice averaged potentials.

FIG. 5. The difference in vacuum potential below (HH0, red) and above (HF,

blue) the heterostructure and the band offset (black) as a function of inverse

heterostructure width for a monolayer system.

FIG. 6. Ratio of vacuum steps from both sides of the heterostructures as a

function of slab thickness for different widths.
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As recently shown in the literature, the dependence of

the band alignment on the geometry (width and thickness)

of 2D lateral heterostructures is a consequence of the emer-

gence of an interface dipole at the heterojunction between

two 2D materials.18,19 For a periodic array of slabs, the band

alignment changes linearly with the inverse heterostructure

width.19 This behavior is also seen for the polar heterostruc-

tures in our work, although a slight nonlinearity can be

observed in Fig. 5. For the limit of an infinite heterostructure

width, the influence of the interface dipole vanishes and the

vacuum potential step is equally divided over the two sides

of the heterostructure, as can be understood from basic elec-

trostatics (see supplementary material, Fig. S3). This obser-

vation is easily generalized to heterostructures made of two

polar crystals. The potential steps in the vacuum determine

the band alignment in the bulk of the heterostructure and

can lead to a band offset. This band offset can induce a

charge polarization (interface dipole) at the heterojunction,

similar to heterostructures in 3D,39–43 which tends to reduce

the band offset. Contrary to the 3D case, the interface dipole

has finite range in 2D and gives rise to the observed geome-

try dependence. As the 2D heterostructure slab thickness

increases, the total interface dipole grows until the (3D)

bulk band alignment is reached. In our special case, the bulk

regions of the two sides of the heterostructure were chosen

to be the same (i.e., diamond) so that the band offset in the

bulk disappears.

In this study, we expanded previous work on the band

alignment of lateral 2D heterostructures to include two-

dimensional materials that possess an electronic dipole over

their surface. We made use of a well-chosen model heterostruc-

ture consisting of non-polar graphane and polar hydrofluori-

nated graphene layers. Similar to non-polar heterostructures, a

significant geometry dependence is observed with two distinct

limits for the band offset. Infinitely wide heterostructures have

potential steps in the vacuum that are equally divided over the

two sides of the heterostructure. This leads to a finite potential

step in the heterostructure and, consequently, an interface

dipole. This interface dipole becomes dominant for infinitely

thick heterostructure slabs, resulting in a reduced band offset,

similar to the 3D case. For the studied HG/HFG heterostruc-

ture, the band offset completely vanishes because of the equal

bulk limits of HG and HFG. Note that this is not a trivial result

because the different surface dipoles are still present in the

system.

See supplementary material for further details on the

electron states corresponding to the band extrema of HFG

and their edge/bulk character. We also provide a schematic

picture of the electrostatic potential due to polarized surfaces

in a slab.
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