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Will a graphitic-like ZnO single-layer be an ideal
substrate for graphene?
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The interaction between graphene and substrates may destroy the intrinsic properties of graphene, and
reduce the potential applications of graphene in electronic devices. Here, we use first-principles
calculations to explore the possibility of a graphitic ZnO layer as an ideal substrate for graphene. Taking
graphitic ZnO with and without oxygen vacancies, we found that the intrinsic linear dispersion of

graphene is well retained. Additionally, the resultant bilayer structure of graphene and the graphitic ZnO
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Moreover, we also found that both the band dispersion and Fermi velocity of the bilayer structured
DOI: 10.1039/c4ra01077a graphene are robust towards an external electric field. Therefore, our results indicate that a graphitic

www.rsc.org/advances ZnO layer may be a suitable substrate for graphene in real applications.
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1. Introduction

Graphene, which is composed of a single layer of carbon atoms
arranged in a two-dimensional (2D) honeycomb lattice, has
attracted great research interest. Because of its unique proper-
ties,'”® graphene has been proposed as a potential material for
next-generation devices, including high-speed electronic* and
optical devices,” energy generation and storage,>” hybrid
materials,*® chemical sensors,>* and so on. However, in prac-
tical applications of graphene, the typical substrates, such as
Si0,,"™** SiC,"*™ and some metal surfaces,’? form strong
interactions with graphene, which destroy the intrinsic elec-
tronic states of graphene and significantly lower its carrier
mobility. So it is quite interesting to find a suitable substrate
which can better preserve the intrinsic properties of graphene.

Recently, there has been more and more work focusing on
the heterostructures of graphene and other 2D crystals, such as
graphene/graphitic born nitride,*>* graphene/MoS, nano-
sheets,?*® graphene/MoSe, nanosheets,**® graphene/graphitic
carbon nitride,*** and graphitic ZnO (g-ZnO).*® Differing from
traditional substrates consisting of thin films, such 2D crystal
based heterostructures have shown many novel properties.
Interestingly, most of these 2D crystals can preserve the high
carrier mobility of graphene, and improve its optical proper-
ties.** Consequently, such heterostructures hold great promise
for future applications.

On the other hand, almost all of the studies focus on the
perfect structures of 2D crystals, and the effects of defects are
totally ignored. However, in any real application, defects cannot
be fully avoided. For example, when the number of layers of ZnO
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(0001) film is reduced, it indeed prefers a graphitic honeycomb
structure.* However, oxygen vacancies (Vo) are naturally
abundant defects in ZnO. Therefore, the prepared graphitic
ZnO (g-ZnO) may contain many oxygen vacancies. For the gra-
phene/g-ZnO bilayer structure (GZO), how oxygen vacancies
affect the electronic structure of graphene is still not clear. Since
oxygen vacancies bring external carriers, it is natural to ask
whether g-ZnO with oxygen vacancies (g-ZnOV) could destroy
the high carrier mobility of graphene.

In the present work, we investigated the electronic structure
and optical properties of GZO with and without oxygen vacan-
cies via first-principles calculations. Our results indicate that
graphene shows weak interactions with g-ZnO and g-ZnOV.
Importantly, GZO with and without oxygen vacancies can better
preserve graphene’s intrinsic electronic properties, high carrier
mobility, and optical absorptions. Furthermore, the band
dispersion and Fermi velocity of these hybrid structures are
robust under an external electric field. According to our studies,
¢-ZnO may be a suitable substrate for graphene for practical
applications in electronic and photoactive devices.

2. Computational method

Our first-principles calculations were based on density func-
tional theory (DFT) with a generalized gradient approximation
(GGA)*® for the exchange correlation potential. The Perdew-
Burke-Ernzerholf (PBE) functional was used for the GGA as
implemented in the Vienna ab initio simulation package
(VASP).*® Avan der Waals (vdW) correction proposed by Grimme
(DFT-D2)*” was chosen due to its good description of long-range
vdW interactions.*®*® The structures were relaxed without any
symmetry constraints with a cutoff energy of 500 eV. Reciprocal
space was represented by a Monkhorst-Pack special k-point
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scheme*® with 5 x 5 x 1 grid meshes. The convergence criteria
of energy and force were set to 1 x 10™° eV and 0.01 eV A™%,
respectively. A vacuum space consisting of a 17 A normal to
graphene plane was used to avoid interactions between two
layers. The accuracy of our procedure was tested by calculating
the C-C bond length of graphene; our calculated result of
1.407 A is in good agreement with the experimental value
of 1.420 A.

The calculated unit cell lattice parameters for graphene and
the g-ZnO monolayer were 2.46 and 3.25 A, which fully agrees
with previous experimental measurements and theoretical
studies.**> We constructed a supercell consisting of 32 carbon
atoms, 9 oxygen atoms and 9 zinc atoms as shown in Fig. 1(a). A
4 x 4 supercell of graphene was used to match a 3 x 3 supercell
of the g-ZnO monolayer. The g-ZnO monolayer was assumed to
be a substrate and we used a lattice constant similar to that of g-
ZnO. The lattice mismatch was only 0.92%, which was almost
the most suitable supercell. For GZOs with an oxygen vacancy
(GZOV), we used the term GZOV-n (n =1, 2, 3, 4, 5, 6) to denote
composite structures with different Vo positions, as shown
in Fig. 1.

3. Results and discussion

As shown in Fig. 1(a), there are six possible positions for the
oxygen vacancy to be located according to symmetry arguments.
To find the most energetically favorable structure, we freely
relaxed all of the atoms without any restriction. By calculating
the total energy of different configurations (as shown in
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Fig. 1 (a) Optimized structure of the GZO nanocomposite. The
numbers 1-6 represent six possible positions for the oxygen vacancy,
which are denoted as GZOV-n (n = 1-6). The gray, red, and blue balls
denote carbon, oxygen, and zinc atoms, respectively. (b) Optimized
energies correspond to different composite structures. The horizontal
axis 1-6, represents GZOV-1 to GZOV-6.
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Fig. 1(b)), we found that GZOV-2 is the most stable structure,
while all the other structures are higher in energy by at least 25
meV. Therefore, the following discussions are mainly focused
on the GZOV-2 structure.

First of all, the electronic properties of GZO and GZOV-2 were
carefully investigated. It has been well documented that mon-
olayered graphene shows a linear dispersion relationship E(k) =
+hvp|k| (vr is the Fermi velocity) at around the Fermi level. For
the GZO system, the linear dispersion character of graphene is
well preserved, as shown in Fig. 2(a). The calculated vg of GZO is
4.89 x 10° m s~ ', which agrees well with previous studies.* On
the other hand, for GZOV-2, it is quite surprising that the
intrinsic linear dispersion of graphene is also well preserved (as
shown in Fig. 2(b)), and the calculated v of GZOV-2 is 4.82 x
10° m s, which is very close to that of free-standing graphene.
Differing from hexagonal boron nitride (h-BN), both g-ZnO and
g-ZnOV cannot widen the energy gap of graphene. By carefully
looking at the calculated band structures of GZO and GZOV-2,
we found that there were two important characteristics: (1)
there was no chemical interaction between graphene and g-ZnO
(gZnOV); and (2) the electronic states contributed by g-ZnO
(g-ZnOV) were well separated with that of graphene.

To explore how the substrates affect the electronic properties
of graphene, we plot differential charge densities (Ap = p(GZO)
— p(graphene) — p(g-Zn0)/p(g-ZnOV)) in Fig. 3. It should be
noted that there is no charge transfer between graphene and
substrates, because the electronic structure of graphene is well
preserved. However, the inhomogeneous substrates indeed
induce charge redistribution in the graphene plane, forming
intralayer electron-hole puddles.*® Now, we can understand
why the GZOV-2 structure is the most favored in energy. For
g-ZnOV, most of the defective states are distributed around the
oxygen vacancy. Thus, the relative stability of GZOV is domi-
nated by the coulomb interaction between the defective states of
g-ZnOV and the delocalized 7 states. Consequently, when the
oxygen vacancy is located exactly in the middle of the hexagon of
graphene, the coulomb interaction is the weakest, favoring the
GZOV-2.

Since GZO has shown excellent optical properties, it is
interesting to study the optical properties of GZOV-2. As shown
in Fig. 4, we plot the imaginary part of the dielectric functions.
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Fig. 2 Electronic band structures of (a) GZO, and (b) GZOV.
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Fig. 3 Differential charge density with an isosurface value of 0.002 e
A3 for (a) GZO, and (b) GZOV. The red and blue regions indicate an
increase and decrease in electron density, respectively.

Although the absorption edges should have a rigid shift (of
about 1.5 eV) due to the underestimation of the band gap in
DFT calculations,* it has been shown that the tendency of the
calculated optical properties is reasonable.”**” Compared with
GZO, GZOV-2 exhibits similar a visible light response. More
importantly, all of the other GZOV structures have similar
optical properties. In other words, the positions of the oxygen
vacancies do not change the optical adsorption. Therefore, g-
ZnO can be used as an important substrate to enhance the
optical properties of graphene, which may hold great potential
in photocatalytic and photovoltaic applications.

Although we have shown that g-ZnO may be one of the most
suitable substrates for graphene, it is not clear whether such a
situation will be changed in real applications. As we know, an
external electric field E. is inevitable for practical applications
in electronic devices. Therefore, it is quite interesting to explore
the response of GZO and GZOV under an external electric field.
To simulate the external electric field, a sawtooth like potential
was applied along the direction perpendicular to the graphene
plane, and the positive direction of the electric field was defined
from the g-ZnO plane to the graphene plane. Fig. 5 shows the
calculated band structures of GZO and GZOV-2 under an
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Fig. 5 Electronic band structures of (a) GZO, E¢yy = —3 V nm~?, (b)
GZO, Eexe = =1V nm™, (c) GZO, Eye = 1V nm 2, (d) GZO, Eye = 3V
nm~t (€) GZOV-2, Eee = =3V iM%, () GZOV-2, Ege = =1V nm ™2, (g)
GZOV-2, Eexe = 1 V. nm™% and (h) GZOV-2, Eee = 3V nm L. The
positive direction of Egy is from the g-ZnO plane to the
graphene plane.

external electric field. It is quite clear that the linear dispersion
relationship around the Dirac point is robust against an
external electric field. For GZO, the occupied bands resulting
from g-ZnO are quickly shifted in energy by the external electric
field, and are almost degenerate with the Fermi level of gra-
phene under an external electric field of 3 V nm™". However, for
GZOV-2, we can see that the relative shift in energy is much
smaller than that for GZO.

On the other hand, the mobility of the carriers is the most
important characteristic of graphene, and is closely related to
its potential applications. From electronic band calculations,
we calculated the Fermi velocities of GZO and GZOV-2 under the
applied external electric field. As shown in Fig. 6 the calculated
vp of GZO decreased slightly when the field changed from —3 to
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Imaginary part of the dielectric function of (a) graphene, (b) g-ZnO (c) g-ZnOV, (d) GZO, (e) GZOV-1, (f) GZOV-2, (g) GZOV-3, (h) GZOV-4,

(i) GZOV-5, and (j) GZOV-6 for the polarization vector perpendicular to the surface.
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Fig. 6 Variation of the Fermi velocities of GZO and GZOV-1to GZOV-
6 against external electric field.

Fig. 7 Differential charge density with an isosurface value of 0.002 e
A=3for GZOV-2, Eeye = —3V nm™L. The positive direction of Eey is from
the g-ZnO plane to the graphene plane. The red and blue regions
indicate an increase and decrease in electron density, respectively.

3 Vnm™', namely, vy changed from 4.91 x 10° m s~ to 4.84 x

10°> m s~ with a small fluctuation of about 1.44%, which could
be regarded as a constant. For GZOV-2, our calculated results
showed that ¢ had the same tendency, and kept its high-speed
character. For comparison, we also calculated the vy of all of the
other GZOV structures, and found that »r was only changed by
2.27%,1.95%, 1.83%, 1.87%, 2.18% for GZOV-1, GZOV-3, GZOV-
4, GZOV-5, and GZOV-6, respectively. Obviously, vr in all of the
GZOV structures gives rise to the high-speed character.

Why doesn’t E., destroy the high carrier mobility of gra-
phene? To explore this issue, we plotted the differential charge
density of GZOV-2, Eeye = —3 Vnm™ ', in Fig. 7. It is worth noting
that E., does not lead to charge transfer between graphene and
substrate, but induces dipole-dipole interactions to screen the
external electric potential. So we come to the conclusion that
the monolayered g-ZnO may be one of the most suitable
substrates for graphene to preserve its intrinsic electronic
properties, high carrier mobility under a wide range of external
electric field regardless of oxygen vacancies, and positions of
the vacancies.

4. Conclusions

In conclusion, we have theoretically demonstrated that a g-ZnO
monolayer is a perfect substrate for graphene. Oxygen vacancies
in g-ZnO do not have many unfavorable influences on the
intrinsic electronic states of graphene, regardless of the posi-
tions of the vacancies. High carrier mobility can be preserved in
both GZO and GZOV structures. Optically, oxygen vacancies do
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not destroy the enhanced visible light response of GZO more
than simple graphene and g-ZnO monolayers. Furthermore, the
band structures and Fermi velocities of GZO and GZOV are
robust towards the external electric field for a wide range of field
strengths.
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